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Abstract

Ischemic stroke is the third cause of death in the developed countries and the main reason of severe disability.

Brain ischemia leads to the production of damage-associated molecular patterns (DAMPs) by neurons and glial cells
which results in astrocyte and microglia activation, pro-inflammatory cytokines and chemokines production, blood-
brain barrier (BBB) disruption, infiltration of leukocytes from the peripheral blood into the infarcted area, and further

transplantation in the near future.

exacerbation of tissue damage. However, some immune cells such as microglia or monocytes are capable to
change their phenotype to anti-infammatory, produce anti-inflammatory cytokines, and protect injured nervous
tissue. In this situation, therapies, which will modulate the immune response after brain ischemia, such as
transplantation of mesenchymal stem cells (MSCs) are catching interest. Many experimental studies of ischemic
stroke revealed that MSCs are able to modulate immune response and act neuroprotective, through stimulation of
neurogenesis, oligodendrogenesis, astrogenesis, and angiogenesis. MSCs may also have an ability to replace injured
cells, but the release of paracrine factors directly into the environment or via extracellular vesicles (EVs) seems to
play the most pronounced role. EVs are membrane structures containing proteins, lipids, and nucleic acids, and
they express similar properties as the cells from which they are derived. However, EVs have lower immunogenicity,
do not express the risk of vessel blockage, and have the capacity to cross the blood-brain barrier. Experimental
studies of ischemic stroke showed that EVs have immunomodulatory and neuroprotective properties; therefore,
they can stimulate neurogenesis and angiogenesis. Up to now, 20 clinical trials with MSC transplantation into
patients after stroke were performed, from which two concerned on only hemorrhagic stroke and 13 studied only
on ischemic stroke. There is no clinical trial with EV injection into patients after brain ischemia so far, but the case
with miR-124-enriched EVs administration is planned and probably there will be more clinical studies with EV
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Introduction

Stem cell-based regenerative medicine is quickly catching
attention, and there is an accumulation of data that positive
effects of stem cell therapy frequently depend on their im-
munomodulatory properties. Stroke induces an extensive
neuro-inflammatory response, which seems to be respon-
sible for the propagation of brain damage. Therefore, there
is a link between stem cells and stroke, which centers on
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inflammation, and it has a high potential to be exploited in
both basic research and clinical setting.

Brain ischemia

Brain ischemia is one of the most important pathologies
of the central nervous system (CNS). Ischemic stroke ac-
counts for 87% of all stroke cases and it is the third most
frequent cause of death people over 60 years old in de-
veloped countries and the leading cause of severe dis-
ability. It is estimated that every year, 15 million people
in the world are affected by stroke, 5 million of which
die and another 5 million suffer from long-term disabil-
ity [1]. World statistics show that stroke affects women
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more often than men and is the second cause of death
of females after 60 years old and represent 60% of all
deaths caused by stroke [2]. According to the available
data, 3—7% of all health care funds in developed coun-
tries are allocated for the treatment of people with
stroke [3]. In ischemic stroke, serious damage of the ner-
vous tissue occurs as a result of blocking the blood sup-
ply to the brain with subsequent insufficiency in the
delivery of oxygen and nutrients [1]. The main factors
increasing the incidence of ischemic stroke are hyperten-
sion, coronary heart disease, diabetes, smoking, hyper-
cholesterolemia, transient ischemic attack, and atrial
fibrillation [4].

During brain ischemia, the damage of the nervous tis-
sue is observed in two areas—“ischemic core” in which
the blood flow is lower than 10 mL/100 g/min and where
the death of most cells occurs, and “ischemic penumbra”
in which the blood flow is 10-20 mL/100 g/min, no
neuronal death is observed but changes in tissue struc-
ture are visible. Oxygen and glucose deprivation in the
area of the ischemic core leads to the reduction of neur-
onal adenosine triphosphate (ATP) production, which
causes a decrease in the ionic gradient along the cell
membrane and an increase in the Na* ion level and Ca**
in the cytoplasm. Glutamate accumulation and N-me-
thyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptor acti-
vation lead to a further influx of Ca®* ions to the cells
[1]. These processes result in the damage of cytoplasmic
cell membrane, destruction of cell structures, activation
of “inflammatory” cascade, and apoptosis and necrosis of
cells [5]. In the ischemic penumbra, an increase in the
level of glutamate derived from the ischemic core in-
duces an increase in Ca®* ions and Ca**-dependent en-
zymes which activates the production of apoptosis
mediators such as nitric oxide, free radicals, or arachi-
donic acid [1]. These processes can initiate programmed
cell death or necrosis depending on the magnitude of
damage and the metabolic state of the cells.

Currently, to treat patients after ischemic stroke, re-
perfusion therapy with thrombolytic drugs such as intra-
venous tissue plasminogen activator (tPA) or mechanical
thrombectomy (MT) is used. Unfortunately, these ther-
apies have many limitations, such as a narrow thera-
peutic window, which is up to 4.5h from the onset of
ischemic stroke in the case of tPA and up to 6-8h in
the case of MT, with only a limited number of cases
benefiting from the extended time window till 24 h [6].
In addition, the tissue plasminogen activator is not ef-
fective for patients, who have high-level artery occlusion,
when the thrombus is large or the stroke is extensive
[7]. The rehabilitation of patients after ischemic stroke is
frequently insufficiently effective and in many cases does
not restore lost functions. Hence, there is a continuous
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search for new therapeutic strategies aimed at protecting
neurons in the area of penumbra, preventing further cell
damage during tissue reperfusion in the acute phase of
the stroke, as well as the replacement of dead cells [5].
The current research is focused not only on the elimin-
ation of pathophysiological processes occurring in neural
cells after ischemic stroke, but also on the modulation of
local inflammatory response to ischemia.

Inflammatory contribution to ischemic brain damage

The organism reacts to brain ischemia through induc-
tion of local and systemic inflammation in the absence
of infectious pathogens, which is called “sterile
inflammation.”

Local cellular reactions induced by brain ischemia

Shortly after the onset of ischemic stroke, the insulted
neurons and glial cells produce DAMPs, which lead to
astrocyte activation up to 28 days after the ischemic epi-
sode (Fig. 1). Activated astrocytes are capable of rapid
proliferation and they change their shape and functions
[8]. Upon activation, they secrete pro-inflammatory cyto-
kines, chemokines, and metalloproteinases [9]. Factors
released from astrocytes, including interleukin-1p (IL-
1B) and matrix metalloproteinases (MMPs), contribute
to the damage of the blood-brain barrier and increased
infiltration of leukocytes from the blood to the nervous
tissue [10, 11]. The inflow of these cells leads to further
progression of damage in the subacute phase of stroke
and so-called secondary damage. Astrocytes can also
play a positive role in the response to ischemia. As a re-
sult of polarization, they change their phenotype and are
capable to uptake extracellular glutamate as well as se-
crete neurotrophic factors, thus to protect the damaged
brain tissue [11].

Microglial cells, similarly as astrocytes, are also the
first line of the innate immune response in the CNS and
are activated a few minutes after ischemic stroke onset
(Fig. 1). The peak of activation is usually visible 48—72 h
after the onset of ischemia, and this activation persists
up to several weeks after tissue damage [12]. Activated
microglia change their shape to amoeboid and acquire
phagocytic capacity [8]. Quiescent microglial cells resid-
ing in the brain may become antigen-presenting cells
(APC) to T cells as well as they can enhance T cell re-
sponse to the major histocompatibility complex (MHC)
class II antigens by increasing the expression of add-
itional molecules, including CD40, CD80, and CD86
[13]. Analogically to astrocytes, microglia may both acti-
vate and inhibit the immune response in the nervous tis-
sue after brain ischemia. Microglial cells with the pro-
inflammatory M1 phenotype secrete pro-inflammatory
mediators such as interleukin-1 (IL-1), tumor necrosis
factor o (TNF-a), and MMP-9, which are involved in the
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leakage of the blood-brain barrier. Polarization of micro-
glial cell phenotype from pro-inflammatory M1-type to
anti-inflammatory M2-type results in the release of anti-
inflammatory cytokines, including transforming growth
factor B (TGF-P) and interleukin-10 (IL-10), and activates
T regulatory cells (CD4" CD25%), which modulate im-
mune reactions and reduce inflammatory response [14].
Activation of astrocytes and microglia cells and the fac-
tors released by them cause further disruption of the blood-
brain barrier and increased migration of leukocytes from
the peripheral blood [15] as shown in Fig. 1. An increased
inflow of monocytes to the damaged tissue is observed
within the first 24 h after cerebral ischemia. There are two
subpopulations of monocytes: CD14"CD16~ cells with pro-
inflammatory properties and CD14"CD16" monocytes with
anti-inflammatory properties [16]. Increased number of
monocytes is observed up to 7 days after stroke [17]. Some
studies revealed that the proportion of pro-inflammatory
monocytes decreases over time, while the percentage of
anti-inflammatory monocytes increases. This is accompan-
ied by the decrease in pro-inflammatory mediators such as
chemokine from the group CC (p) ligand 2 (CCL2), and
the increase in anti-inflammatory factors, including TGEF-
B1 [16]. M2-type macrophages are becoming predominant
in the damaged brain tissue over time. Interestingly, they
originate from pro-inflammatory monocytes
(CD14"CD16") migrating from the bloodstream in the early
stages after stroke [18]. However, there are some contrary
studies showing the polarization of anti-inflammatory M2-
type macrophages towards pro-inflammatory M1-type
macrophages in subacute and chronic phases of cerebral

ischemia [19]. Nevertheless, the transformation of M1-type
macrophages (CD16"CD32"CD86") towards M2-type mac-
rophages (CD206"Arginase-17) is essential for the induc-
tion of tissue regenerative processes. M2-type
macrophages, known for its immune-regulatory properties
in existing in vitro tests [20], play an important role in en-
dogenous repair and neuroprotection processes of neural
tissue damaged by ischemia [18]. Another cell type involved
in innate immune responses induced by ischemia in the
brain is neutrophils, which appear in the damaged brain tis-
sue immediately after stroke [21]. They accumulate in the
vicinity of the ischemic area and release pro-inflammatory
cytokines, free oxygen radicals, and proteolytic enzymes,
which cause additional destruction of the nervous tissue,
especially in the area of the penumbra surrounding the le-
sion core [11, 22]. The number of neutrophils present in
the brain after ischemia corresponds directly to the size of
ischemic damage [8]. Increased neutrophil influx from the
vascular bed is the result of the production of MMP-3 and
MMP-9 by them as well as BBB disruption [23]. The latest
research by Neumann et al. shows that the interaction of
neutrophils with microglial cells suppresses the neuropro-
tective effect of the latter and increases the area of the
lesion after stroke [24]. Neutrophil phagocytosis by micro-
glial cells in the nervous tissue may be an important factor
in reducing ischemia-induced damage [24, 25]. Fast-acting
innate immune response also induces mechanisms of adap-
tive immune response. Peripheral blood-originated lympho-
cytes play a pivotal role in adaptive immune response and
both T and B lymphocytes infiltrate the brain after
ischemia.
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There are both aff T cells and y8 T cells observed in
the neural tissue damaged by stroke [26]. The cytotox-
icity of the perforins released by CD8" T cells and the
effect of IL-21 produced by CD4" T lymphocytes are im-
portant direct mechanisms of damage associated with
the action of off T lymphocytes [27, 28]. In turn, regula-
tory T cells (Tregs) show protective properties, especially
in the later phase after stroke. It seems that the positive
effect is associated with the release of IL-10 and TGF-f
[29] as well as with inhibitory effect of Tregs on the pro-
duction of MMP-9 by neutrophils [30]. However, other
authors suggest that regulatory T cells may have an ad-
verse effect, causing microvascular dysfunction in the
damaged tissue [31].

Recent reports suggest that regulatory B cells to a
greater extent than regulatory T lymphocytes suppress the
inflow of pro-inflammatory cells to the site of injury. uMT
(~/-) mice with B cell deficits showed a larger area of the
lesion after brain ischemia and a much longer time to im-
prove neurological functions than wild-type mice [32]. B
lymphocytes in the acute phase of stroke are protective
against damage of nervous tissue by release of IL-10,
which inhibits the production of pro-inflammatory cyto-
kines by T lymphocytes [32]. However, the suppression of
immune responses after stroke by B cells is questioned by
other authors. The studies performed by Elvington et al.
on a murine model of ischemic stroke indicate a
pathological role of immunoglobulins accumulating in the
nervous tissue, including autoantibodies against phospho-
lipids, which induce neuronal death and increase the area
of damages as late as 4—7 weeks after ischemia [33]. It has
also been shown that the accumulation of antibodies cor-
relates with impaired function of the hippocampus, which
results in short-term memory disturbances within a few
weeks after the onset of ischemic stroke [34]. However, in
the case of intravenous administration of immunoglobu-
lins, blocking of complement protein activation and a clear
neuroprotective effect in a model of brain ischemia are ob-
served [35].

A number of papers emphasize the significant contri-
bution of y§ T cells in the immune response after stroke.
The effector mechanisms of y0 T cells are associated
with the production of interleukin-17 (IL-17) [23]. The
synergistic stimulation of astrocytes by IL-17 and TNEF-
a, released after ischemia by activated microglial cells
and macrophages, causes neutrophil infiltration as a re-
sponse to an increased amount of chemokines in the
damaged tissue, including the CXC group CXCL-1 che-
mokine. Blocking IL-17 with antibodies or inhibiting the
activation of CXCL-1/CXCR2 (CXC group receptor 2)
decreases the inflammatory response after stroke and re-
duces the lesion area [36].

Ischemic stroke causes also natural killer (NK) cell in-
filtration into the brain. It seems that NK cells are
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involved in the early phase of the immune response to
tissue damage. Neuronal death has been shown to be as-
sociated with the effects of interferon-y (IFN y) and per-
forins released by NK cells 3 h after reperfusion [36—38].
Dendritic cells (DCs) are involved in the immune re-
sponse after brain ischemia as well. It has been shown
that in addition to their classical role in the antigen-
dependent response, DCs are able to modulate local tis-
sue reactions, regardless of migration to lymphoid or-
gans or antigen presentation [39, 40]. A significant
number of positive CD11c cells appear 24 h after stroke
induction and it peaks at 3 days. Dendritic cells present
in the damaged hemisphere are characterized by
CD172a"/IRF4" phenotype. The interleukin-23 (IL-23)
produced by them induces the release of IL-17 from yd
T cells and, as a consequence, neutrophil infiltration into
the damaged tissue [41].

Mast cells present in the meninges and cerebral blood
vessels are also involved in the inflammatory reactions
after ischemic stroke. Mastocytes secrete cytoplasmic
granules containing a vasoactive substance, histamine;
anticoagulant, heparin; TNF-o; and proteases, e.g., tryp-
tase, chymase, MMP-2, and MMP-9, contributing to the
damage of the blood-brain barrier, cerebral edema, and
neutrophil infiltration to the damaged nervous tissue
[42, 43]. Mast cells may phagocytose, serve as antigen-
presenting cells, and modulate the mechanisms of sec-
ondary immune response [44].

Mediators of inflammatory reactions

Mediators of inflammatory processes such as cytokines
and chemokines are also observed in the ischemic area.
These proteins are secreted by activated cells present in
the brain such as neurons and glial cells and cells mi-
grating from the peripheral blood after an occurrence of
ischemia. Interleukin-1 (IL-1) is the main pro-inflamma-
tory cytokine that appears several hours after ischemic
brain damage [45]. IL-1a is mainly produced by not only
microglial cells [45], but also astrocytes, endothelial cells,
and neurons [10]. IL-1 stimulates astrocytes to secrete
cytokines and chemokines and to increase the produc-
tion of MMP-9, which causes the blood-brain barrier
disruption [46]. In addition, it affects endothelial cells,
by increasing the expression of adhesion molecules,
mainly intercellular adhesion molecule 1 (ICAM-1) and
vascular cell adhesion molecules 1 (VCAM-1), which ini-
tiates neutrophil penetration into the damaged tissue
[47].

In the initial phase after stroke, interleukin-6 (IL-6)
appears in the damaged brain tissue [48] and its elevated
level is observed up to 12 months after ischemia [49]. In
the nervous tissue, IL-6 is produced by microglia cells,
macrophages derived from peripheral blood monocytes,
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astrocytes and neurons [50]. IL-6 was originally thought
to be a pro-inflammatory cytokine, but based on recent
research, it can play a dual role in response to ischemia.
It contributes to the brain injury through T and B
lymphocyte stimulation and activation of acute-phase
proteins [48]. Other studies have shown that IL-6 can be
neuroprotective [51, 52]. Biological activity of IL-6 en-
hances the activity of IL-1, which may also inhibit its
pro-inflammatory effect by the synthesis of its receptor
antagonist (IL-1Ra) [53].

Important cytokines with pro-inflammatory effects,
which appear in the brain as a result of ischemia, are
interleukin 17A (IL-17A) and interleukin 23 (IL-23). IL-
17A is secreted by y& T cells as a result of their activa-
tion through a cascade of cytokines released by aff T
lymphocytes and microglial cells following brain damage,
and it initiates neutrophil infiltration [36, 54]. Previous
studies have shown that blocking IL-17A with specific
antibodies is neuroprotective in a murine model of is-
chemic stroke [36]. IL-23 is produced by M2 macro-
phages and dendritic cells. Its elevated level in the brain
is already observed 24 h after the onset of ischemia. The
main action of IL-23 is the activation of y§ T lympho-
cytes [23]. The inhibition of the IL-23/IL-17 cascade
limits the stroke size after stroke [41].

Additionally, to the growth of IL-1, IL-6, IL-17, and
IL-23 observed a few hours after ischemia, there is an in-
crease of TNF-a. It seems that TNF-a is responsible for
initiating the inflammatory process after brain injury
[55]. In the initial period after stroke, TNF-« is produced
by neurons and in a later phase by microglial cells, astro-
cytes, lymphocytes, and macrophages derived from the
peripheral blood [37]. Elevated TNF-a level in the blood
and cerebrospinal fluid of patients is found 24 h after the
onset of ischemic stroke and lasts for 1-2weeks [55].
TNE-a causes apoptosis of neurons, enlargement of the
damaged area, and the increase of neurological deficits
[56]. TNF-a also induces the migration of leukocytes
from the vascular bed to the vicinity of the lesion [37].
Experimental studies have shown that specific anti-TNE-
a antibodies administered to the ventricular system be-
fore induction of ischemic episode have neuroprotective
effects limiting the area of injury [57].

Another pro-inflammatory cytokine involved in reac-
tions after ischemia of the brain is interferon gamma
produced by leukocytes, mainly by af T cells and NK
cells [58]. Experimental studies have shown an elevated
level of INF-y 24-72h after the ischemic stroke onset.
The main action of INF-y is the activation of chemokine
interferon-y inducible protein 10 (IP-10/CXCL10) secre-
tion [59]. Systemic administration of anti-INF-y anti-
bodies to animals after stroke reduces T cell infiltration
in injured tissue and limits the damage [60]. The inter-
leukin-4 (IL-4) observed in the brain after ischemia
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performs regulatory functions. It is mainly produced by
not only off T cells, but also NK cells, mast cells [61],
and damaged neurons [62]. The main role of IL-4 is to
control the differentiation of Th2 lymphocytes and B
lymphocytes. CNS studies have shown that IL-4 stimu-
lates the conversion of microglial/macrophage cells from
the M1 pro-inflammatory phenotype into anti-inflamma-
tory cells with the M2 phenotype, thus protecting
against nervous tissue damage [62].

Among anti-inflammatory cytokines, there is an increase
in interleukin-10 during cerebral ischemia. Interestingly,
this is accompanied by the reduction of IL-10 in the per-
ipheral blood of patients in the acute phase of the stroke
within the first 12-24h [63, 64]. IL-10 is released by
microglia cells with M2 phenotype, activated astrocytes,
and regulatory T cells. This cytokine inhibits the synthesis
of pro-inflammatory factors, promotes the survival of neu-
rons and glial cells, acts protectively, and stimulates
neuro-regeneration [14, 65]. Experimental studies have
shown that the administration of IL-10 to rats with focal
cerebral hypoxia results in the reduction of the tissue
damage [66]. Data on the neuroprotective effects of IL-10
has also been confirmed in clinical trials [67].

Transforming growth factor p (TGF-p) is another
cytokine playing a beneficial role in the immune re-
sponse after stroke. Elevated level of TGF-f is observed
in patients’ blood at the first day after ischemic stroke
[68]. In the experimental models of brain ischemia, the
increase in TGF-$ was evident within the first hours of
the onset of an ischemic episode. In damaged nervous
tissue, TGF-P is produced by M2 phenotype microglia
cells and regulatory T lymphocytes [69]. The neuropro-
tective effect of TGF-PB is caused by an activation of
many mechanisms to protect neurons against death, in-
cluding reduction of damage associated with excitotoxi-
city of glutamate; secretion of chemokines, including
monocyte chemoattractant protein (MCP-1) and macro-
phage inflammatory proteinla (MIP-1a); and inhibition
of apoptosis in the damaged nervous tissue [11, 70].

The increase in cytokine activity in the nervous tis-
sue after brain ischemia is accompanied by an in-
crease in the level of chemokines—heparin-binding
proteins of 8—14 kDa mass, acting through surface re-
ceptors belonging to the G-protein-coupled receptor
superfamily (GPCRs). Due to its construction, four
groups of chemokines are distinguished: CXC («), CC
(B), CX3C (8), and CX3C (y). In the immune re-
sponse after stroke, chemokines show both pro-and
anti-inflammatory activities, and their role is to re-
cruit leukocytes to the site of injury and stimulate
immunologically active cells [71].

One of the chemokines, which is present after cerebral
ischemia, is the chemokine group CXC ligand 12
(CXCL12), also called stromal cell-derived factor (SDF-
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1), which is mainly produced by damaged neurons. Stud-
ies have shown that CXCL12 stimulates pro-inflamma-
tory response in the acute phase of ischemic stroke by
binding to the CXCR4 receptor. Blocking CXCL12 or its
receptor results in reduced leukocyte infiltration to the
lesion site, decreased production of pro-inflammatory
cytokines, and reduced blood-brain barrier damage [72,
73]. In the later phases of stroke, CXCL12 plays a bene-
ficial role by activating processes of neurogenesis and
angiogenesis [74] and protection of newly formed neu-
rons [75].

The chemokine released during the acute phase of is-
chemic stroke is chemokine group CXC ligand 1
(CXCL1), also known as GRO or KC, secreted mainly by
macrophages and endothelial cells. A significant increase in
its level was found in cerebrospinal fluid 24 h after ischemia
[76] and in the blood serum of patients [77]. The main
function of CXCL1 is to stimulate neutrophil and immuno-
logically competent cell infiltration to the site of injury,
which results in an increase of inflammatory reactions and
nervous cell death in the brain ischemia area [78].

Another chemokine following ischemic stroke is CC
(B) ligand 2 (CCL2) chemokine, also called a monocyte
chemotactic protein-1 (MCP-1), produced by microglia
cells, astrocytes, neurons, and inflowing leukocytes. Sig-
nificant increase of MCP-1 level is observed a few hours
after brain ischemia and lasts for several days after ische-
mia [79]. In the acute phase of ischemic stroke, MCP-1
has a pro-inflammatory effect. Studies have shown that
blocking of chemokine or its receptor CCR2 reduced
monocyte infiltration to the damaged tissue, decreased
production of pro-inflammatory cytokines, and the re-
duced blood-brain barrier permeability and lesion area
[80, 81]. The positive effect of MCP-1 in the regener-
ation of damaged tissue has been demonstrated long
time after the onset of ischemia. Liu et al. proved that
MCP-1 participates in neurogenesis processes by recruit-
ing neuroblasts from the sub-chamber zone to the lesion
site [82] and maintaining the integrity of neurovascular
unit [16].

Macrophage inflammatory proteins (MIPs), MIP-1«
(CCL3) and MIP-3a (CCL20), are also involved in in-
flammatory response after ischemic stroke. MIP-1a is se-
creted mainly by microglial cells and monocytes, and its
highest level is observed between 8 and 72 h after ische-
mia. The most important activities of MIP-1la include
recruitment of monocytes into damaged nervous tissue
and activation of astrocytes and microglial cells [83].
MIP-3a is released mainly by astrocytes in the presence
of IL-1p and TNFa and it stimulates IL-1B and nitric
oxide synthase production. Experiments by Terao et al.
showed that blocking of MIP-3a secretion results in a
reduction of the damaged area in the rat model of brain
ischemia [84].

Page 6 of 17

Another chemokine produced in large quantities by
neurons, astrocytes, microglia cells and incoming macro-
phages, T cells, and NK cells is the chemokine group
CX3C ligand 1 (CX3CL1) called fractalkine or neurotac-
tin. Experimental studies on a murine model of brain is-
chemia have shown that blocking CX3CL1 or its
receptor CX3CRI results in reduction of negative effects
of tissue ischemia, including excitotoxicity reactions,
production of reactive oxygen species (ROS), pro-inflam-
matory cytokines release, blood-brain barrier damage,
leukocyte infiltration, and apoptosis of cells in the in-
jured area [85, 86]. Rosito et al. noticed that fractalkine
stimulated the secretion of the chemokine group CXC
ligand 16 (CXCL16) by glial cells which induced protec-
tion of damaged nervous tissue and reduction of excito-
toxicity induced by the presence of glutamate [87].

Many enzymes are involved in the immune response
after ischemic stroke. The most important are matrix
metalloproteinases, including MMP-2 and MMP-9,
whose level and activity increases in a short time after is-
chemia. MMPs are involved in the depletion of the
blood-brain barrier as well as the destruction of myelin
sheaths [88]. It seems that in turn in chronic phase of
stroke metalloproteinases play a beneficial role by acti-
vating the production of vascular endothelial growth fac-
tor (VEGF), which is important in the process of
neovascularization and the conditioning of the environ-
ment [89]. Ischemic stroke leads to increased production
of cyclooxygenase (COX-2) induced by neurons, neutro-
phils, and endothelial cells. COX-2 causes an increase in
inflammatory reactions through participation in the for-
mation of toxic prostanoids and peroxides. Its blockage
results in a reduction of the blood-brain barrier damage
and limitation of leukocyte migration from the blood to
the brain [90]. Ischemia also induces the expression of
nitric oxide synthase (NOS), which causes the release of
large amounts of nitric oxide (NO) by neutrophils,
microglia cells, macrophages, and endothelial cells. In
the initial stage after stroke, NO plays a beneficial role
by inducing vasodilation, while in the later stages, it in-
tensifies nervous tissue damage [91]. Recent studies indi-
cate that the synthesis of nitric oxide via environmental
conditioning may act neuroprotective in the area of is-
chemia [92].

Inflammatory reactions after hemorrhagic stroke

Primary brain damage after hemorrhagic stroke is
mainly caused by the sudden increase of intracerebral
pressure by rapid extravasation of blood. Secondary in-
jury after hemorrhagic stroke is related to the induction
of inflammatory reactions due to the negative impact of
the gradual decay of blood components on the sur-
rounding brain tissue [93]. The systemic effectors of the
immune response such as inflammatory cells, cytokines,
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chemokines, and proteases leak to the brain and contrib-
ute to the progression of the injury [93, 94]. Thrombin
activates cytotoxic, excitotoxic, and immune reactions
which cause edema formation, blood-brain barrier dam-
age, and leukocytes infiltration [95, 96]. Hemoglobin re-
leased from red blood cells initiates the generation of
free radicals which lead to oxidative damage and induce
inflammatory reactions [97]. Hemin causes the increase
of iron concentration, decrease of glutathione, and re-
lease of free radicals leading to further tissue damage
[95].

Few minutes after the onset of hemorrhagic stroke,
microglial cells are activated. Microglia cells are the first
type of inflammatory cells involved in immune response
after hemorrhagic stroke [98]. They can act neuroprotec-
tively by clearing the hematoma and debris of damaged
cells through phagocytosis. However, microglia cells may
also spur the immune reactions after hemorrhagic stroke
by releasing of pro-inflammatory mediators such as
TNEF-a, IL-1B, NOS, or MMP-9 which leads to infiltra-
tion of leukocytes and further progression of the tissue
damage [98, 99].

Neutrophils are the first type of leukocytes, which in-
filtrate to the injured brain after hemorrhagic stroke.
They appear in the early stage after injury and achieve
the highest number 3 days after the hemorrhagic damage
[100]. Recent studies performed on a rat model of colla-
genase-induced hemorrhagic stroke revealed that neu-
trophil depletion reduced MMP-9 expression, blood
vessels disruption, blood-brain barrier leakage, axon
damage, and astrocyte and microglial/macrophage acti-
vation [101].

Another type of leukocytes contributing to the im-
mune response after hemorrhagic stroke is CD8+ T cells
and CD4+ T cells. The studies on animal models re-
vealed that the number of CD8+ lymphocytes increased
24 h after the injury and achieve the highest level 2-7
days after the onset of hemorrhagic stroke [102]. An-
other experimental work showed that the elevated num-
ber of CD4+ T lymphocytes appeared 4 days after
induction of hemorrhagic stroke [103]. The decrease of
both types of T cells caused by fingolimod led to the im-
provement of neurological functions and edema reduc-
tion 24 and 48 h after hemorrhagic stroke as well as a
decrease of pro-inflammatory mediators: interferon-y,
IL-17, and intracellular adhesion molecule-1 [104].

Astrocytes are another type of cells playing an import-
ant role in inflammatory reactions after hemorrhagic
stroke. The experimental studies showed that the num-
ber of reactive astrocytes in the peri-hematomal region
is elevated from 1 to 7days after the onset of
hemorrhagic stroke [105]. Activated astrocytes induce
pro-inflammatory reactions and participate in edema
mainly by induction of MMP-9 [106]. Moreover,

Page 7 of 17

Mestriner et al. revealed the similar plasticity of acti-
vated astrocytes in perilesional sensorimotor cortex and
striatum after ischemic and hemorrhagic stroke [107].

Experimental therapy of brain ischemia using MSCs and EVs
Experimental therapies aimed at reducing immunological
reactions after ischemic stroke using immunologically ac-
tive cell inhibitors or mediators of inflammation have not
been successful so far. In this situation, new therapeutic
strategies using immunomodulation mechanisms are
sought, one of which is transplantation of mesenchymal
stem cells or extracellular vesicles derived from them.
There are various mechanisms of action involved in
potential therapeutic activity of mesenchymal stem cells
including neuroprotection, immunomodulation, and
stimulation of a new synapse formation as well as activa-
tion of neurogenesis, astrogenesis, oligodendrogenesis,
and angiogenesis (Fig. 2). Current research suggests that
this therapeutic effect is mainly related to the impact of
the MSC secretome on endogenous stem cells and host
microenvironment and to a lesser extent the direct dif-
ferentiation of MSCs into neural cells [5, 108].

MSCs in the experimental therapy of brain ischemia using
in vitro models

The results of experimental studies in brain ischemia
models, in vitro, showed that even a short-term presence
of MSCs results in a positive effect on neurons at the
site of injury and reduction of unfavorable inflammatory
processes. In vitro ischemic studies of the brain were
performed using hypoxia- and glutamate-induced excito-
toxicity models and oxygen and glucose deprivation
(OGD). The work of Huang et al. showed that co-culture
of MSCs with neural N17 cells previously subjected to
oxygen and glucose deprivation restores the prolonged
proliferation of N17 cells as a result of OGD, reduces
their apoptosis, and decreases TNF-a level which proves
the protective and anti-inflammatory effect of MSCs
[109]. Experiments performed using neurons or neuro-
blastoma cells have shown that MSCs reduce the death
of these cells caused by ischemia in both experiments
with co-cultures of cells and using supernatants from
the MSCs culture, indicating on the neuroprotective
properties of mesenchymal stem cells [110, 111].

In studies conducted by other authors using mouse
spinal cord explants, primary retinal ganglion or brain
neuron motifs, the presence of MSCs induces neurite
growth in the basal ganglia (DRG) and survival of retinal
ganglion cells (RGCs), cortical and dopaminergic neurons
[5, 112, 113]. Positive effects of MSCs have been demon-
strated by Hung et al. who added a supernatant from the
MSC culture to the primary culture of human endothelial
cells isolated from the aorta. It turned out that the
addition of MSCs supernatant to endothelial cells
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damaged by ischemia increases their survival, reduces
apoptosis, and stimulates the process of angiogenesis
[114]. The increased level of VEGF and MCP-1 derived
from MSCs in conditioned media was probably respon-
sible for the anti-apoptotic and pro-angiogenic effects.

MSCs in the experimental therapy of brain ischemia using
in vivo animal models

Results of mesenchymal stem cells obtained in experi-
ments in vitro were verified in in vivo experiments using
animal models. A series of structural studies were per-
formed to evaluate the therapeutic properties of MSCs
and functional and behavioral tests, using numerous ex-
perimental animal models, many types of MSCs, and
various delivery routes. A common method of cell trans-
plantation into the brain after ischemic damage is intra-
cerebral surgery. As one of the first, Zhao et al. showed
that bone marrow mesenchymal stem cells (BM-MSCs)
transplanted into the rat’s cerebral cortex migrated to
the area of damage were able to survive in the host’s
brain, differentiated into mature neurons, and assisted in
the restoration of lost functions, which was confirmed
by behavioral tests [115].

In other studies, it was observed that after transplant-
ation, MSCs can differentiate into neural cells, although
more often into astroglial cells than into neurons. How-
ever, they did not show the ability to migration or fur-
ther differentiation, so it is difficult to suppose that new
neural cells derived from MSCs were responsible for the

functional improvement of animals. The positive effect
of transplantation was probably related to the paracrine
activity of MSCs. This effect was demonstrated in the
experiments of Leong and Liao groups, who observed
that MSCs transplanted intracerebrally in the rat model
of stroke induce neuronal activity, reduce cell death, and
stimulate angiogenesis [116, 117]. In addition, MSCs
transplanted intracerebrally can modulate the immune
response associated with cerebral ischemia. The factors
they produce, including TGEF-p, inhibit the secretion of
MCP-1 and limit the infiltration of CD68" cells to the
damaged tissue [118, 119].

The intracerebral injection of MSCs is a relatively inva-
sive procedure, which is why the systemic routes of appli-
cation are increasingly used for transplantations. The
most commonly used route of MSC systemic administra-
tion in the model of brain ischemic stroke is intravenous
transplantation. Intravenous transplantation of MSCs in a
rat model of brain ischemia increased also a proliferation
of neural progenitors in the subventricular zone (SVZ) as
well as the number of oligodendrocytes, neurofilaments,
and synapses which is accompanied by a simultaneous in-
crease in the level of synaptophysin and VEGF [120, 121].
Studies involving MSCs derived from embryonic cells
have shown that their intravenous administration resulted
in their migration to the area of cerebral ischemia. There-
fore, after colonization, they expressed neural markers and
endothelial cell antigens and were neuroprotective [122].
According to Lee et al., MSCs administered intravenously
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in a rat model of ischemic stroke to stimulate the effects
of SDF-1/CXCR4, which is important in the area of dam-
age they infest [123]. In some experiments, after intraven-
ous administration of MSCs, there were not any cells in
damaged tissues or their number was very small, although
transplanted MSCs were responsible for the improvement
of impaired functions in stroke.

Intra-arterial route of cell delivery to the brain in the ani-
mal model of brain ischemia has been increasingly used
[124]. Compared to intravenous administration, it turned
out that intra-arterially transplanted MSCs were present in
the cerebral cortex and peripheries of the lesion, expressed
astrocyte and neuronal markers, and induced faster im-
provement in neurological function in animals [125-127].
Other studies on animal models have shown that despite
the small number of MSCs visible in the area of cerebral is-
chemia after their transplantation, increased axonal growth
and re-myelination [128], stimulation of angiogenesis with
a simultaneous decrease in microglial cell activity, and de-
crease in MMP-9 were observed [125]. Beneficial effects of
intra-arterially transplanted MSCs in the rat model of brain
ischemia, including an increased number of axons, were ob-
served up to 1 year after transplantation [127]. Genetic ana-
lysis revealed the presence of exogenous MSCs of males in
the female brain which co-expressed astrocytes, neurons,
and endothelial cell markers. Transplanted cells were also
found in other recipient organs. Attempts at intra-arterial
transplantation of MSCs were also carried out in large ani-
mals. Mesenchymal stem cells derived from human umbil-
ical cord blood transplanted in the dog model of brain
ischemia were observed in the area of injury, and they
expressed markers typical for neurons and astrocytes. After
MSC injection, a smaller area of damage and faster im-
provement of motor functions were noted in comparison
with animals that did not receive a transplant [129]. Immu-
nomodulatory properties of intra-arterially transplanted
MSCs were demonstrated in the rat brain injured by stroke,
where a statistically significant decrease in IL-2 mRNA and
IL-6 mRNA levels was observed [130]. At the same time,
transplant recipients showed a decrease of the lesion area
and reduction in neurological symptoms caused by an epi-
sode of cerebral ischemia. Acosta et al. observed that BM-
MSCs administered intravenously in the rat model of
chronic ischemic stroke migrated to the spleen. A decrease
in the number of cells expressing MHC class II antigens
and reduction in TNF-a level indicates modulation of the
general immune response, which may result in a 30% re-
duction of the damaged area [131]. The advances in preci-
sion of intra-arterial administration through advanced
imaging using real-time magnetic resonance imaging (MRI)
further attract this route of cell delivery [132].

Therapeutic effects of MSCs in the animal model of
brain ischemia were also observed after intranasal ad-
ministration. Wei et al. have shown that transplantation
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of hypoxic BM-MSCs with increased expression of mi-
gration-related proteins such as CXCR4, MMP-2, and
MMP-9 results in more efficient colonization of ische-
mic damaged tissue by transplanted MSCs as well as in-
creased cell survival in the lesion periphery [133].
Intranasal injection can also be effective and a minimally
invasive way of cell administration in newborns. Experi-
ments performed by van Velthoven et al. revealed that
after intranasal transplantation of MSCs in suckling rats
after ischemia shows a smaller area of damage, increased
proliferation of neural progenitors in the injured hemi-
sphere, and quicker restoration of motor functions
[134]. In addition, after intranasal administration of BM-
MSC:s to rats in the model of brain ischemia, there is an
increase in angiogenesis, faster recovery of the neurovas-
cular unit, improvement of blood flow in the cerebral
cortex, and return of sensory-motor and olfactory func-
tions [135].

MSC-derived extracellular vesicles (EVs) in the experimental

therapy of brain ischemia

It has been recently shown that the positive effects of
MSCs are at least partially related to the production of
EVs [136]. EVs contain membrane receptors and pro-
teins, lipids, and nucleic acids including various forms of
RNA and can be used to treat various diseases instead of
cells, showing a similar effect. The biggest advantages of
EV application are low immunogenicity; lower risk of
vessel blockage and microvascular thrombosis; poten-
tially better ability to cross the blood-brain barrier after
systemic transplantation; the ease of creating a large-
scale production of genetically modified EVs; a higher
surface to volume ratio and the associated stronger
transfer of active particles to the target tissues; and rela-
tively easy genetic modification of the miRNAs con-
tained in EVs. The therapeutic effect of EVs in brain
ischemia can be related to the modulation of a number
of processes, including induction of neurogenesis, activa-
tion of angiogenesis, inhibition of apoptosis, modulation
of the immune response, and reprogramming of cells
[137] (Fig. 2).

In vitro studies using cortical neuron cultures have
shown that EVs isolated from MSCs stimulate the
growth of nervous cells [138]. EVs present at superna-
tants derived from MSC culture act neuroprotective
through increasing of neuronal survival as well as stimu-
lation of neural cell regeneration in the model of glu-
tamate-induced excitotoxicity [139]. Lin and co-workers
proved that EVs isolated from MSCs protect rat PC12
cells from damage caused by glutamate through activa-
tion of the PI3K/Akt pathway [140]. Experiments con-
ducted by another group have shown that EVs derived
from MSCs isolated from fat cause an increase in C8II
protein kinase expression in the immortalized mouse
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hippocampal cell line and induce neuronal proliferation
[141].

Due to the small size and the ability to cross the blood-
brain barrier, EVs are often transplanted systemically. EVs
from MSCs transplanted into rats 24 h after induction of
brain ischemia activate endogenous neurogenesis, increase
the number of axons, and improve vital functions of ani-
mals [142]. Moreover, after the administration of EVs
isolated from MSCs, long-term neuroprotection and
modulation of the peripheral immune response have been
observed [143]. Similarly, the transplantation of EVs re-
leased from MSCs in a model of brain ischemia in sheep
fetuses was neuroprotective. In these animals, the reduc-
tion of the lesion area and general improvement of func-
tions impaired after ischemia were observed, which gives
hope for the treatment of hypoxic-ischemic brain damage
in newborns [144]. Chen et al. revealed that EVs isolated
from adipose-derived mesenchymal stem cells (AD-MSCs)
have similar properties to those derived from bone mar-
row. Transplantation of EVs from AD-MSCs into rats 3 h
after brain ischemia resulted in the decrease of the dam-
aged area, modulation of the immune response, and im-
provement of neurological function [145]. Otero-Ortega
et al. showed that the EVs implanted intravenously in the
rats with subcortical stroke model improve signal trans-
duction, axonal growth, and white matter restoration as
well as reduce motor deficits caused by ischemia [146].
Until now, there are no published reports of intra-arterial
delivery of EVs in a model of ischemic stroke, but there
are the recent reports of EV labeling for detection in MRI
(147, 148].

EVs have also an impact on angiogenesis in the brain
after ischemia. Xin et al. demonstrated that EVs injected
intravenously into the rat model of stroke increase the
expression of von Willebrand factor (vWF) in the area of
injury [142]. The results of other authors indicate the ac-
tivation of long-lasting angiogenesis in the mouse brain
after intravenous transplantation of EVs from MSCs
[143]. In turn, Chen et al. observed an increased expres-
sion of markers related to angiogenesis, including CD31,
vWE, and VEGF and the growth in the number of small
vessels in the injured area after intravenous transplant-
ation of EVs isolated from AD-MSCs, which significantly
improved the blood flow in the rat brain after ischemic
stroke [145]. Positive effects of EV transplantation in
cerebral ischemia models were also observed using EVs
derived from non-MSCs cell types. Hayon et al. showed
that intravenously transplanted EVs isolated from plate-
lets increased proliferation of endogenous neural cells,
induced angiogenesis, and improved general motor and
cognitive functions in rats after ischemic stroke [149].
EVs from platelets contain growth factors that stimulate
the proliferation of neural progenitor cells and the res-
toration of the neurovascular unit, which can be used in
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the therapy of brain ischemia [149, 150]. Furthermore, it
has been shown that the secretome of apoptotic mono-
nuclear cells isolated from the peripheral blood of
healthy donors transplanted into rats after ischemic
stroke have neuroprotective effects, reduce brain dam-
age, and restore neurological functions impaired after is-
chemia [151].

One of the main mechanisms responsible for the
therapeutic properties of EVs injected in the brain ische-
mia is the transfer of miRNAs between cells. In vitro ex-
periments have shown that EVs from MSCs stimulate
axonal growth through the process in which miRNA is
involved [138]. In vivo studies confirmed that EVs
modulate responses after ischemic stroke by transferring
miRNA. EVs from MSCs contain miRNA which affect
post-transcriptional gene regulation and expression of
proteins in target cells, contributing to faster improve-
ment of neurological functions in animals subjected to
ischemic stroke. Various types of miRNAs are involved
in these processes, including miR-133b [152]. Experi-
ments have shown that EVs from MSCs stimulate en-
dogenous brain cells to produce miRNAs, affecting brain
plasticity after ischemia [137]. In addition, Huang and
colleagues have shown that the increase of miR-124-3p
in EVs derived from microglial cells activates the polarity
of these cells towards the anti-inflammatory phenotype,
inhibits pro-inflammatory reactions, and induces the re-
construction of damaged neurons [153]. At present,
there are also attempts to use genetically modified EVs.
In vitro studies with the OGD model have proven that
EVs from astrocytes treated with EVs isolated from
MSCs with miR-133b overexpression significantly in-
crease neurite growth in primary cortical neuronal cul-
tures as compared to EVs derived from control cells
[154]. Xin et al. also showed that EVs isolated from
MSCs enriched with miRNA-17-92 significantly improve
neurological functions, enhance neurogenesis and oligo-
dendrogenesis, and increase dendritic plasticity in rats
after brain ischemia compared to EVs lacking additional
miRNA [155]. The same group revealed that EVs derived
from MSCs with overexpression of mi-R-133b are more
potent than EVs derived from control cells in enhancing
brain plasticity and to return lost functions in the rat
model of stroke [154]. Additional EV modifications, e.g.,
intra-nasally transplanted EVs derived from embryonic
stem cells encapsulated in curcumin reduce activation of
astrocytes, increase the expression of a nuclear-specific
protein for mature neurons (NeuN) and endothelial tight
junctions in the mice model of ischemic stroke [156].

MSCs in human clinical stroke studies

The main principles of MSC application in clinical trials
with patients after stroke were established at a meeting
of scientists, representatives of companies, and members
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of the National Institutes of Health named “Stem Cell
Therapies as an Emerging Paradigm for Stroke (STEPS)”
[157]. It has been considered that prior to clinical trans-
lation, ethical, technical, and medical problems should
be solved. From an ethical and safety point of view, the
use of MSCs is more justified than an application of em-
bryonic stem cells as they are derived from adult tissues
so are ethically neutral and possess a lower risk of neo-
plastic transformation. Technical problems are related to
the determination of an appropriate time needed for iso-
lation as well as proliferation and characterization of
MSCs. It is also necessary to determine the route of
MSC transplantation. Intracerebral administration brings
beneficial effects; however, it is more invasive than intravas-
cular cell transplantation. Another problem is choosing the
right time between stroke and MSCs administration, as well
as the adequate number of cells and the frequency of applica-
tions. It is also necessary to confirm the lack of negative in-
fluence of MSCs on other patients’ illnesses and medicines,
as well as to demonstrate the rationale for using genetically
modified cells [108]. Despite these difficulties, the beneficial
results obtained in experimental animal studies justify their
transfer to the clinical phase and the transplantation into pa-
tients with brain ischemia. So far, 20 clinical trials have been
carried out using MSCs in stroke patients, of which only 2
were hemorrhagic stroke and 13 were attempted with ische-
mic stroke [158] (Fig. 3). In most studies, MSCs derived from
the bone marrow were administered systemically.
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One of the first phase I/II clinical trials was conducted
by Bang et al. who transplanted BM-MSCs intraven-
ously, twice within 9 weeks after ischemic stroke. The
study included five patients undergoing MSC transplant-
ation and 25 control patients, and the total dose of given
cells was 1 x 10° BM-MSCs. In the group of people after
BM-MSC transplantation, there were not any deaths
caused by cell transplantation, recurrence or post-trans-
plant abnormalities, while a significant improvement in
Barthel’s Index in comparison with control patients was
noticed during the first year of observation [159]. Lee et
al. performed a 5-year clinical study with two intraven-
ous administrations of autologous BM-MSCs in 85 pa-
tients after ischemic stroke. Interestingly, there was
an observed much longer survival of patients, which
received MSCs (72% of patients), as compared to the
control group (34% of patients). The improvement of
the clinical condition in patients who received MSCs
was accompanied by an increase of the SDF-1 level in
the blood and a smaller degree of damage in the sub-
granular zone of the lateral ventricles [160].

Bhasin et al. conducted clinical two trials using intra-
venous transplantation of BM-MSCs into people with
chronic ischemic stroke and hemorrhagic stroke. The
first study involved 12 people, of whom six received 5—
6x10”cells and was followed up till 24 weeks. There were
no deaths or significant side effects in the group of
treated patients, while a slight increase in the Fugl-
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Meyer index and the modified Barthel index was re-
corded as well as an increase in the activation of Brod-
man BA4 and BA6 fields demonstrating enhanced
neuroplasticity in patients who received BM-MSCs
[161]. The second clinical trial was carried out according
to the same protocol but the number of people was in-
creased to 40 subjects. In this group of patients, no side
effects or deaths due to transplanted cells were also ob-
served. From all of the tested parameters, only a statisti-
cally significant increase in the modified Barthel index
was found [162]. Honmou and colleagues conducted a
clinical trial in 12 people with white and gray matter in-
juries resulting from past ischemic stroke. All patients
were administered intravenously 0.6—1.6 x 10° autolo-
gous BM-MSCs from 36 to 133 days after the onset of
cerebral ischemia. No adverse effects of transplanted
cells were observed and MSC transplantation caused a
reduction in the lesion area by at least 20% within 1
week after BM-MSCs injection [163]. Savitz et al. admin-
istered intravenously 8.5x 10’ bone marrow mono-
nuclear cells (BM-MNCs) to 11 patients between 7 and
30 days after the stroke. Cell infusion was carried out
within 4 h after bone marrow aspiration. There were no
side effects, while statistically significant improvement in
the following factors was observed: National Institute of
Health Stroke Scale (NIHSS), Barthel index, and the
modified Rankin Scale [157].

In recent years, Hess et al. conducted a randomized,
double-blinded, phase II clinical trial using placebo con-
trol in patients with ischemic stroke within 24—48 h of an
ischemic episode. The study was conducted in 129 people,
of whom 67 patients received intravenous infusion of mul-
tipotent adult bone marrow progenitor cells, commercially
available from Lonza, and compared to 62 subjects who
received a placebo. During the 90 days of the study, no
side effects were observed; however, no significant func-
tional improvement was found in the group of patients
who received the cells in relation to patients who received
placebo [164]. Sudrez-Monteagudo et al. performed a clin-
ical trial with stereotactic administration of BM-MNCs
into five people after ischemic and hemorrhagic stroke,
which occurred in the thalamus, striatum, and primary
motoric cortex. Patients were transplanted to the brain
from 1.73x10” up to 55 x 10 autologous BM-MNCs.
During 1 year of follow-up, all patients with MNC trans-
plantation showed a slight functional improvement and
no side effects [165].

Currently, the number of clinical trials with intra-ar-
terial administration is quickly increasing. Barbosa da
Fonseca et al. performed a clinical trial in six people
with 59-82-day-old ischemic stroke. Patients received
1.25-5 x 10° autologous bone marrow mononuclear cells
intra-arterially, of which 2 x 107 cells were labeled with
99 mTc. BM-MNCs were present in the brain for up to
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24 h after administration, and there were also observed
in the liver, lungs, spleen, kidneys, and bladder. No ad-
verse effects were found after 120 days of analysis [166].
Similarly, the safety of the cell application was confirmed
by Battistella et al. The authors administered intra-arte-
rially 1-5 x 10® autologous BM-MNCs to six people.
During the 180days of observation conducted in pa-
tients who received a transplant of cells, they did not ob-
serve any side effects [167].

Ghali et al. conducted a clinical trial in 39 patients in
the subacute phase of ischemic stroke, 21 of whom re-
ceived intra-arterially autologous mononuclear cells de-
rived from the bone marrow and 18 people served as a
control group. BM-MNC graft did not induce any sig-
nificant adverse effects, but in these patients, no signifi-
cant improvement of motor skills, reduction of speech
disorders, or reduction of the brain injury area was ob-
served compared to the control group [168]. Friedrich et
al. performed intra-arterial BM-MNC infusion in 20
people at an early stage after stroke (3—7 days). After cell
transplantation, the improvement measured by modified
Rankin Scale index was observed in 30% of patients after
90 days of follow-up; in the remaining 40% of the pa-
tients, an overall improvement in health was noted.
There were no adverse effects of transplantation [169].
Moniche et al. conducted a phase I/II clinical study by a
single-blinded study in a group of 20 patients. Five to
9 days after ischemia, 1.59 x 10® autologous BM-MNCs
were administered via intra-arterial route. No side effects
were observed 6 months after transplantation [170].
Jiang and colleagues performed a clinical trial in four pa-
tients, three of whom underwent ischemic stroke and
one had hemorrhagic stroke. Researchers transplanted
2 x 10’ umbilical cord-derived mesenchymal stem cells
(UC-MSCs) to the middle cerebral artery. No complica-
tions were observed after 6 months. Two of three pa-
tients with brain ischemia and UC-MSCs transplantation
showed an increased muscle strength and improved
modified Rankin Scale index in the assessment carried
out 90 and 180 days after the transplantation [171]. The
advances in imaging including demonstration of safety
of real-time MRI in the first clinical case may further fa-
cilitate wider adoption of intra-arterial route for the de-
livery of stem cells and their derivatives to the central
nervous system [172].

Currently, due to the promising results obtained in
preclinical studies, an application of EVs in the therapy
of brain ischemia is of great interest from the clinical
point of view. To date, no clinical trial of EV transplant-
ation has been performed in patients with ischemic
stroke. However, the study with transplantation of miR-
124-enriched EVs isolated from mesenchymal stem cells
to patients in the acute phase after cerebral ischemia is
planned [158]. The growing interest in EV-based therapy
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among not only scientists and doctors, but also pharma-
ceutical companies should unfold in the near future and
serve as a platform for the development of protocols for
the use of EVs in clinical trials.

Conclusions

Brain ischemia activates immune cells, which start pro-
ducing pro-inflammatory cytokines and chemokines
leading to blood-brain barrier disruption and further
progression of tissue damage. Experimental studies re-
vealed that mesenchymal stem cells transplantation into
animal models of ischemic stroke modulate immune re-
sponse; act neuroprotective; stimulate neurogenesis, oligo-
dendrogenesis, and astrogenesis; and activate angiogenesis.
Clinical trials in patients after ischemic stroke showed that
MSCs do not cause significant side effects and in some trials
beneficial outcome of cell transplantation was observed.
Nowadays, an alternative for MSC transplantation seems to
be an infusion of EVs. Experimental studies revealed that
EVs have similar properties as the cells from which they are
derived and they have additional advantages such as low im-
munogenicity or no risk of vessel blockage. The benefits
resulting from EVs application will probably commence clin-
ical trials in patients after ischemic stroke in the near future.
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factor B; TNF-a: Tumor necrosis factor a; tPA: Tissue plasminogen activator;
Tregs: Regulatory T cells; UC-MSCs: Umbilical cord-derived mesenchymal
stem cells; VCAM-1: Vascular cell adhesion molecules 1; VEGF: Vascular
endothelial growth factor; vWF: Von Willebrand factor

Acknowledgements
Not applicable.

Authors’ contributions

SD is responsible for the conception and design and writing the initial form
of the manuscript and its editing. AA is responsible for the conception and
design and manuscript editing. BL and MJ are responsible for the
conception and design, financial support, manuscript editing, and final

Page 13 of 17

approval of the manuscript. All authors declare contribution to this paper. All
authors read and approved the final manuscript.

Funding

This work was supported by MS&HE KNOW 06 project, NCR&D STRA
TEGMED1/235773/19/NCBR/2016 “EXPLORE ME" project, and NIH
ROTNS091100.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"NeuroRepair Department, Mossakowski Medical Research Centre, PAS, 5
Pawinskiego Street, 02-106 Warsaw, Poland. 2Departmem of Diagnostic
Radiology and Nuclear Medicine, University of Maryland, Baltimore, HSF Il
620 W. Baltimore street, Baltimore, MD 21201, USA.

Received: 2 March 2019 Accepted: 29 August 2019
Published online: 12 September 2019

References

1. Roy-O'Reilly M, McCullough LD. Sex differences in stroke: the contribution of
coagulation. Exp Neurol. 2014,259:16-27.

2. Samai AA, Martin-Schild S. Sex differences in predictors of ischemic stroke:
current perspectives. Vasc Health Risk Manag. 2015;11:427-36.

3. Chamorro A, Dirnagl U, Urra X, Planas AM. Neuroprotection in acute stroke:
targeting excitotoxicity, oxidative and nitrosative stress, and inflammation.
Lancet Neurol. 2016;15(8):869-81.

4. Schneider AT, Kissela B, Woo D, Kleindorfer D, Alwell K, Miller R, et al.
Ischemic stroke subtypes: a population-based study of incidence rates
among blacks and whites. Stroke. 2004;35(7):1552-6.

5. Gervois P, Wolfs E, Ratajczak J, Dillen Y, Vangansewinkel T, Hilkens P, et al.
Stem cell-based therapies for ischemic stroke: preclinical results and the
potential of imaging-assisted evaluation of donor cell fate and mechanisms
of brain regeneration. Med Res Rev. 2016;36(6):1080-126.

6. Nogueira RG, Jadhav AP, Haussen DC, Bonafe A, Budzik RF, Bhuva P, et al.
Thrombectomy 6 to 24 hours after stroke with a mismatch between deficit
and infarct. N Engl J Med. 2018;378(1):11-21.

7. Bhaskar S, Stanwell P, Cordato D, Attia J, Levi C. Reperfusion therapy in
acute ischemic stroke: dawn of a new era? BMC Neurol. 2018;18(1):8.

8. Ahmad M, Dar NJ, Bhat ZS, Hussain A, Shah A, Liu H, et al. Inflammation in
ischemic stroke: mechanisms, consequences and possible drug targets. CNS
Neurol Disord Drug Targets. 2014;13(8):1378-96.

9. Dong VY, Benveniste EN. Immune function of astrocytes. Glia. 2001;36(2):
180-90.

10.  Amantea D, Bagetta G, Tassorelli C, Mercuri NB, Corasaniti MT. Identification
of distinct cellular pools of interleukin-1beta during the evolution of the
neuroinflammatory response induced by transient middle cerebral artery
occlusion in the brain of rat. Brain Res. 2010;1313:259-69.

11. Amantea D, Micieli G, Tassorelli C, Cuartero MI, Ballesteros |, Certo M, et al.
Rational modulation of the innate immune system for neuroprotection in
ischemic stroke. Front Neurosci. 2015,9:147.

12. Denes A, Vidyasagar R, Feng J, Narvainen J, McColl BW, Kauppinen RA, et al.
Proliferating resident microglia after focal cerebral ischaemia in mice. J
Cereb Blood Flow Metab Off J Int Soc Cereb Blood Flow Metab. 2007,27(12):
1941-53.

13. Yang |, Han SJ, Kaur G, Crane C, Parsa AT. The role of microglia in central
nervous system immunity and glioma immunology. J Clin Neurosci Off J
Neurosurg Soc Australas. 2010;17(1):6-10.

14.  Picascia A, Grimaldi V, lannone C, Soricelli A, Napoli C. Innate and adaptive
immune response in stroke: focus on epigenetic regulation. J
Neuroimmunol. 2015;289:111-20.



Dabrowska et al. Journal of Neuroinflammation

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

(2019) 16:178

Whitney NP, Eidem TM, Peng H, Huang Y, Zheng JC. Inflammation mediates
varying effects in neurogenesis: relevance to the pathogenesis of brain
injury and neurodegenerative disorders. J Neurochem. 2009;108(6):1343-59.
Gliem M, Mausberg AK, Lee J-I, Simiantonakis |, van Rooijen N, Hartung H-P,
et al. Macrophages prevent hemorrhagic infarct transformation in murine
stroke models. Ann Neurol. 2012;71(6):743-52.

Kim E, Yang J, Beltran CD, Cho S. Role of spleen-derived monocytes/
macrophages in acute ischemic brain injury. J Cereb Blood Flow Metab Off
JInt Soc Cereb Blood Flow Metab. 2014;34(8):1411-9.

Gliem M, Schwaninger M, Jander S. Protective features of peripheral monocytes/
macrophages in stroke. Biochim Biophys Acta. 2016;1862(3):329-38.

Hu X, Li P, Guo Y, Wang H, Leak RK, Chen S, et al. Microglia/macrophage
polarization dynamics reveal novel mechanism of injury expansion after
focal cerebral ischemia. Stroke. 2012;43(11):3063-70.

Mosser DM, Edwards JP. Exploring the full spectrum of macrophage
activation. Nat Rev Immunol. 2008;8(12):958-69.

Price CJS, Menon DK, Peters AM, Ballinger JR, Barber RW, Balan KK, et al.
Cerebral neutrophil recruitment, histology, and outcome in acute ischemic
stroke: an imaging-based study. Stroke. 2004;35(7):1659-64.

Wang Y, Qin Z-H. Molecular and cellular mechanisms of excitotoxic
neuronal death. Apoptosis Int J Program Cell Death. 2010;15(11):1382-402.
Shichita T, Sugiyama Y, Ooboshi H, Sugimori H, Nakagawa R, Takada |,
et al. Pivotal role of cerebral interleukin-17-producing gammadeltaT
cells in the delayed phase of ischemic brain injury. Nat Med. 2009;15(8):
946-50.

Neumann J, Henneberg S, von Kenne S, Nolte N, Mller AJ, Schraven B, et
al. Beware the intruder: real time observation of infiltrated neutrophils and
neutrophil-microglia interaction during stroke in vivo. PLoS One. 2018;13(3):
e0193970.

Cuartero M, Ballesteros |, Moraga A, Nombela F, Vivancos J, Hamilton JA, et al. N2
neutrophils, novel players in brain inflammation after stroke: modulation by the
PPARy agonist rosiglitazone. Stroke. 2013;44(12):3498-508.

Gelderblom M, Leypoldt F, Steinbach K, Behrens D, Choe C-U, Siler DA, et al.
Temporal and spatial dynamics of cerebral immune cell accumulation in
stroke. Stroke. 2009;40(5):1849-57.

Clarkson BDS, Ling C, Shi Y, Harris MG, Rayasam A, Sun D, et al. T cell-
derived interleukin (IL)-21 promotes brain injury following stroke in mice. J
Exp Med. 2014;211(4):595-604.

Liesz A, Zhou W, Mracské E, Karcher S, Bauer H, Schwarting S, et al.
Inhibition of lymphocyte trafficking shields the brain against deleterious
neuroinflammation after stroke. Brain J Neurol. 2011;134(Pt 3):704-20.

Liesz A, Zhou W, Na S-Y, Hdmmerling GJ, Garbi N, Karcher S, et al. Boosting
regulatory T cells limits neuroinflammation in permanent cortical stroke. J
Neurosci. 2013;33(44):17350-62.

Li P, Gan Y, Sun B-L, Zhang F, Lu B, Gao Y, et al. Adoptive regulatory T-cell
therapy protects against cerebral ischemia. Ann Neurol. 2013;74(3):458-71.
Kleinschnitz C, Kraft P, Dreykluft A, Hagedorn I, Gobel K, Schuhmann MK, et
al. Regulatory T cells are strong promoters of acute ischemic stroke in mice
by inducing dysfunction of the cerebral microvasculature. Blood. 2013;
121(4):679-91.

Ren X, Akiyoshi K, Dziennis S, Vandenbark AA, Herson PS, Hurn PD, et al.
Regulatory B cells limit CNS inflammation and neurologic deficits in murine
experimental stroke. J Neurosci. 2011;31(23):8556-63.

Elvington A, Atkinson C, Kulik L, Zhu H, Yu J, Kindy MS, et al. Pathogenic
natural antibodies propagate cerebral injury following ischemic stroke in
mice. J Immunol Baltim Md 1950. 2012;188(3):1460-8.

Selvaraj UM, Poinsatte K, Torres V, Ortega SB, Stowe AM. Heterogeneity of B
cell functions in stroke-related risk, prevention, injury, and repair. Neurother
J Am Soc Exp Neurother. 2016;13(4):729-47.

Arumugam TV, Woodruff TM, Lathia JD, Selvaraj PK, Mattson MP, Taylor SM.
Neuroprotection in stroke by complement inhibition and immunoglobulin
therapy. Neuroscience. 2009;158(3):1074-89.

Gelderblom M, Weymar A, Bernreuther C, Velden J, Arunachalam P,
Steinbach K, et al. Neutralization of the IL-17 axis diminishes
neutrophil invasion and protects from ischemic stroke. Blood. 2012;
120(18):3793-802.

ladecola C, Anrather J. The immunology of stroke: from mechanisms to
translation. Nat Med. 2011;17(7):796-808.

Gan 'Y, Liu Q Wu W, Yin J-X, Bai X-F, Shen R, et al. Ischemic neurons recruit
natural killer cells that accelerate brain infarction. Proc Natl Acad Sci U S A.
2014;111(7):2704-9.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 14 of 17

Satpathy AT, Brisefio CG, Lee JS, Ng D, Manieri NA, Kc W, et al. Notch2-
dependent classical dendritic cells orchestrate intestinal immunity to attaching-
and-effacing bacterial pathogens. Nat Immunol. 2013;14(9):937-48.

Steinman RM, Idoyaga J. Features of the dendritic cell lineage. Immunol
Rev. 2010;234(1):5-17.

Gelderblom M, Gallizioli M, Ludewig P, Thom V, Arunachalam P, Rissiek B, et
al. IL-23 (interleukin-23)-producing conventional dendritic cells control the
detrimental IL-17 (interleukin-17) response in stroke. Stroke. 2018;49(1):155—
64.

Lindsberg PJ, Strbian D, Karjalainen-Lindsberg M-L. Mast cells as early
responders in the regulation of acute blood-brain barrier changes after
cerebral ischemia and hemorrhage. J Cereb Blood Flow Metab Off J Int Soc
Cereb Blood Flow Metab. 2010;30(4):689-702.

Strbian D, Karjalainen-Lindsberg M-L, Tatlisumak T, Lindsberg PJ. Cerebral
mast cells regulate early ischemic brain swelling and neutrophil
accumulation. J Cereb Blood Flow Metab Off J Int Soc Cereb Blood Flow
Metab. 2006;26(5):605-12.

Rao KN, Brown MA. Mast cells: multifaceted immune cells with diverse roles
in health and disease. Ann N Y Acad Sci. 2008;1143:83-104.

Luheshi NM, Kovécs KJ, Lopez-Castejon G, Brough D, Denes A. Interleukin-
Ta expression precedes IL-18 after ischemic brain injury and is localised to
areas of focal neuronal loss and penumbral tissues. J Neuroinflammation.
2011;8:186.

Yang Y, Estrada EY, Thompson JF, Liu W, Rosenberg GA. Matrix
metalloproteinase-mediated disruption of tight junction proteins in cerebral
vessels is reversed by synthetic matrix metalloproteinase inhibitor in focal
ischemia in rat. J Cereb Blood Flow Metab Off J Int Soc Cereb Blood Flow
Metab. 2007;27(4).697-709.

Sobowale OA, Parry-Jones AR, Smith CJ, Tyrrell PJ, Rothwell NJ, Allan SM.
Interleukin-1 in stroke: from bench to bedside. Stroke. 2016;47(8):2160-7.
Smith CJ, Emsley HCA, Gavin CM, Georgiou RF, Vail A, Barberan EM, et al.
Peak plasma interleukin-6 and other peripheral markers of inflammation in
the first week of ischaemic stroke correlate with brain infarct volume, stroke
severity and long-term outcome. BMC Neurol. 2004;4:2.

Nagayama M, Aber T, Nagayama T, Ross ME, ladecola C. Age-dependent
increase in ischemic brain injury in wild-type mice and in mice lacking the
inducible nitric oxide synthase gene. J Cereb Blood Flow Metab Off J Int
Soc Cereb Blood Flow Metab. 1999;19(6):661-6.

Suzuki S, Tanaka K, Nogawa S, Nagata E, Ito D, Dembo T, et al. Temporal
profile and cellular localization of interleukin-6 protein after focal cerebral
ischemia in rats. J Cereb Blood Flow Metab Off J Int Soc Cereb Blood Flow
Metab. 1999;19(11):1256-62.

Loddick SA, Turnbull AV, Rothwell NJ. Cerebral interleukin-6 is
neuroprotective during permanent focal cerebral ischemia in the rat. J
Cereb Blood Flow Metab Off J Int Soc Cereb Blood Flow Metab. 1998;18(2):
176-9.

Matsuda S, Wen TC, Morita F, Otsuka H, Igase K, Yoshimura H, et al.
Interleukin-6 prevents ischemia-induced learning disability and neuronal
and synaptic loss in gerbils. Neurosci Lett. 1996;,204(1-2):109-12.
Lambertsen KL, Biber K, Finsen B. Inflammatory cytokines in experimental
and human stroke. J Cereb Blood Flow Metab Off J Int Soc Cereb Blood
Flow Metab. 2012;32(9):1677-98.

Gelderblom M, Arunachalam P, Magnus T. yo T cells as early sensors of
tissue damage and mediators of secondary neurodegeneration. Front Cell
Neurosci. 2014;8:368.

Zaremba J, Losy J. Early TNF-alpha levels correlate with ischaemic stroke
severity. Acta Neurol Scand. 2001;104(5):288-95.

Pettigrew LC, Kindy MS, Scheff S, Springer JE, Kryscio RJ, Li Y, et al. Focal
cerebral ischemia in the TNFalpha-transgenic rat. J Neuroinflammation.
2008,5:47.

Nawashiro H, Tasaki K, Ruetzler CA, Hallenbeck JM. TNF-alpha
pretreatment induces protective effects against focal cerebral ischemia
in mice. J Cereb Blood Flow Metab Off J Int Soc Cereb Blood Flow
Metab. 1997;17(5):483-90.

Schoenborn JR, Wilson CB. Regulation of interferon-gamma during innate
and adaptive immune responses. Adv Immunol. 2007,96:41-101.

Zhang Y, Gao Z, Wang D, Zhang T, Sun B, Mu L, et al. Accumulation of
natural killer cells in ischemic brain tissues and the chemotactic effect of IP-
10. J Neuroinflammation. 2014;11:79.

Seifert HA, Collier LA, Chapman CB, Benkovic SA, Willing AE, Pennypacker
KR. Pro-inflammatory interferon gamma signaling is directly associated with



Dabrowska et al. Journal of Neuroinflammation

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

(2019) 16:178

stroke induced neurodegeneration. J Neuroimmune Pharmacol Off J Soc
Neurolmmune Pharmacol. 2014;9(5):679-89.

Paul WE. History of interleukin-4. Cytokine. 2015;75(1):3-7.

Zhao X, Wang H, Sun G, Zhang J, Edwards NJ, Aronowski J. Neuronal
interleukin-4 as a modulator of microglial pathways and ischemic brain
damage. J Neurosci. 2015;35(32):11281-91.

Basic Kes V, Simundic A-M, Nikolac N, Topic E, Demarin V. Pro-inflammatory
and anti-inflammatory cytokines in acute ischemic stroke and their relation
to early neurological deficit and stroke outcome. Clin Biochem. 2008:41(16-
17):1330-4.

Vila N, Castillo J, Dévalos A, Esteve A, Planas AM, Chamorro A. Levels of anti-
inflammatory cytokines and neurological worsening in acute ischemic
stroke. Stroke. 2003;34(3):671-5.

Nakajima M, Nito C, Sowa K, Suda S, Nishiyama Y, Nakamura-Takahashi A, et
al. Mesenchymal stem cells overexpressing interleukin-10 promote
neuroprotection in experimental acute ischemic stroke. Mol Ther Methods
Clin Dev. 2017,6:102-11.

Grilli M, Barbieri I, Basudev H, Brusa R, Casati C, Lozza G, et al. Interleukin-10
modulates neuronal threshold of vulnerability to ischaemic damage. Eur J
Neurosci. 2000;12(7):2265-72.

Garcia JM, Stillings SA, Leclerc JL, Phillips H, Edwards NJ, Robicsek SA, et al.
Role of interleukin-10 in acute brain injuries. Front Neurol. 2017,8:244.

Yan J, Greer JM, McCombe PA. Prolonged elevation of cytokine levels after
human acute ischaemic stroke with evidence of individual variability. J
Neuroimmunol. 2012;246(1-2):78-84.

Lehrmann E, Kiefer R, Christensen T, Toyka KV, Zimmer J, Diemer NH, et al.
Microglia and macrophages are major sources of locally produced
transforming growth factor-betal after transient middle cerebral artery
occlusion in rats. Glia. 1998;24(4):437-48.

Zhang Y, Ying G, Ren G, Jizhang Y, Brogan D, Liu Z, et al. Administration of
human platelet-rich plasma reduces infarction volume and improves motor
function in adult rats with focal ischemic stroke. Brain Res. 2015;1594:267-73.

Le Thuc O, Blondeau N, Nahon J-L, Rovere C. The complex contribution of
chemokines to neuroinflammation: switching from beneficial to detrimental
effects. Ann N'Y Acad Sci. 2015;1351:127-40.

Huang J, Li Y, Tang Y, Tang G, Yang G-Y, Wang Y. CXCR4 antagonist
AMD3100 protects blood-brain barrier integrity and reduces inflammatory
response after focal ischemia in mice. Stroke. 2013:44(1):190-7.

Ruscher K, Kuric E, Liu Y, Walter HL, Issazadeh-Navikas S, Englund E, et al.
Inhibition of CXCL12 signaling attenuates the postischemic immune
response and improves functional recovery after stroke. J Cereb Blood Flow
Metab Off J Int Soc Cereb Blood Flow Metab. 2013;33(8):1225-34.

Li Y, Huang J, He X, Tang G, Tang Y-H, Liu Y, et al. Postacute stromal cell-
derived factor-1a expression promotes neurovascular recovery in ischemic
mice. Stroke. 2014;45(6):1822-9.

Shin JH, Park YM, Kim DH, Moon GJ, Bang OY, Ohn T, et al. Ischemic brain
extract increases SDF-1 expression in astrocytes through the CXCR2/miR-
223/miR-27b pathway. Biochim Biophys Acta. 2014;1839(9):826-36.

Losy J, Zaremba J, Skrobariski P. CXCL1 (GRO-alpha) chemokine in acute
ischaemic stroke patients. Folia Neuropathol. 2005;43(2):97-102.

Ormstad H, Aass HCD, Lund-Serensen N, Amthor K-F, Sandvik L. Serum
levels of cytokines and C-reactive protein in acute ischemic stroke patients,
and their relationship to stroke lateralization, type, and infarct volume. J
Neurol. 2011;258(4):677-85.

Silva B, Sousa L, Miranda A, Vasconcelos A, Reis H, Barcelos L, et al. Memory
deficit associated with increased brain proinflammatory cytokine levels and
neurodegeneration in acute ischemic stroke. Arq Neuropsiquiatr. 2015;73(8):
655-9.

Che X, Ye W, Panga L, Wu DC, Yang GY. Monocyte chemoattractant
protein-1 expressed in neurons and astrocytes during focal ischemia in
mice. Brain Res. 2001;902(2):171-7.

Dimitrijevic OB, Stamatovic SM, Keep RF, Andjelkovic AV. Absence of the
chemokine receptor CCR2 protects against cerebral ischemia/reperfusion
injury in mice. Stroke. 2007;38(4):1345-53.

Strecker J-K, Minnerup J, Schitte-Nutgen K, Gess B, Schabitz W-R,
Schilling M. Monocyte chemoattractant protein-1-deficiency results in
altered blood-brain barrier breakdown after experimental stroke. Stroke.
2013,;44(9):2536-44.

Liu XS, Zhang ZG, Zhang RL, Gregg SR, Wang L, Yier T, et al. Chemokine
ligand 2 (CCL2) induces migration and differentiation of subventricular zone
cells after stroke. J Neurosci Res. 2007;85(10):2120-5.

83.

84.

85.

86.

87.

88.

89.

90.

9.

92.

93.

94.

95.

96.

97.

98.

99.

100.

102.

103.

104.

105.

Page 15 of 17

Cowell RM, Xu H, Galasso JM, Silverstein FS. Hypoxic-ischemic injury induces
macrophage inflammatory protein-1alpha expression in immature rat brain.
Stroke. 2002,33(3):795-801.

Terao Y, Ohta H, Oda A, Nakagaito Y, Kiyota Y, Shintani Y. Macrophage
inflammatory protein-3alpha plays a key role in the inflammatory cascade in
rat focal cerebral ischemia. Neurosci Res. 2009;64(1):75-82.

Dénes A, Ferenczi S, Haldsz J, Kornyei Z, Kovacs KJ. Role of CX3CR1
(fractalkine receptor) in brain damage and inflammation induced by focal
cerebral ischemia in mouse. J Cereb Blood Flow Metab Off J Int Soc Cereb
Blood Flow Metab. 2008:28(10):1707-21.

Soriano SG, Amaravadi LS, Wang YF, Zhou H, Yu GX, Tonra JR, et al. Mice
deficient in fractalkine are less susceptible to cerebral ischemia-reperfusion
injury. J Neuroimmunol. 2002;125(1-2):59-65.

Rosito M, Lauro C, Chece G, Porzia A, Monaco L, Mainiero F, et al.
Trasmembrane chemokines CX3CL1 and CXCL16 drive interplay between
neurons, microglia and astrocytes to counteract pMCAO and excitotoxic
neuronal death. Front Cell Neurosci. 2014;8:193.

Cunningham LA, Wetzel M, Rosenberg GA. Multiple roles for MMPs and
TIMPs in cerebral ischemia. Glia. 2005;50(4):329-39.

Zhao B-Q, Wang S, Kim H-Y, Storrie H, Rosen BR, Mooney DJ, et al. Role of
matrix metalloproteinases in delayed cortical responses after stroke. Nat
Med. 2006;12(4):441-5.

Candelario-Jalil E, Gonzélez-Falcon A, Garcia-Cabrera M, Ledn OS, Fiebich BL.
Post-ischaemic treatment with the cyclooxygenase-2 inhibitor nimesulide
reduces blood-brain barrier disruption and leukocyte infiltration following
transient focal cerebral ischaemia in rats. J Neurochem. 2007;100(4):1108-20.
Murphy S, Gibson CL. Nitric oxide, ischaemia and brain inflammation.
Biochem Soc Trans. 2007;35(Pt 5):1133-7.

Peng B, Guo Q-L, He Z-J, Ye Z, Yuan Y-J, Wang N, et al. Remote ischemic
postconditioning protects the brain from global cerebral ischemia/
reperfusion injury by up-regulating endothelial nitric oxide synthase
through the PI3K/Akt pathway. Brain Res. 2012;1445:92-102.

Zhou Y, Wang Y, Wang J, Anne Stetler R, Yang Q-W. Inflammation in
intracerebral hemorrhage: from mechanisms to clinical translation. Prog
Neurobiol. 2014;115:25-44.

Kleinig TJ, Vink R. Suppression of inflammation in ischemic and hemorrhagic
stroke: therapeutic options. Curr Opin Neurol. 2009,22(3):294-301.

Babu R, Bagley JH, Di C, Friedman AH, Adamson C. Thrombin and hemin as
central factors in the mechanisms of intracerebral hemorrhage-induced
secondary brain injury and as potential targets for intervention. Neurosurg
Focus. 2012;32(4):E8.

Lee KR, Colon GP, Betz AL, Keep RF, Kim S, Hoff JT. Edema from intracerebral
hemorrhage: the role of thrombin. J Neurosurg. 1996;84(1):91-6.

Wagner KR, Packard BA, Hall CL, Smulian AG, Linke MJ, De Courten-Myers
GM, et al. Protein oxidation and heme oxygenase-1 induction in porcine
white matter following intracerebral infusions of whole blood or plasma.
Dev Neurosci. 2002;24(2-3):154-60.

Yan T, Chopp M, Chen J. Experimental animal models and inflammatory
cellular changes in cerebral ischemic and hemorrhagic stroke. Neurosci Bull.
2015;31(6):717-34.

Gao Z, Wang J, Thiex R, Rogove AD, Heppner FL, Tsirka SE. Microglial
activation and intracerebral hemorrhage. Acta Neurochir Suppl. 2008;105:
51-3.

Xue M, Del Bigio MR. Intracerebral injection of autologous whole blood in
rats: time course of inflammation and cell death. Neurosci Lett. 2000,283(3):
230-2.

. Moxon-Emre |, Schlichter LC. Neutrophil depletion reduces blood-brain

barrier breakdown, axon injury, and inflammation after intracerebral
hemorrhage. J Neuropathol Exp Neurol. 2011;70(3):218-35.

Xue M, Del Bigio MR. Comparison of brain cell death and inflammatory
reaction in three models of intracerebral hemorrhage in adult rats. J Stroke
Cerebrovasc Dis Off J Natl Stroke Assoc. 2003;12(3):152-9.

Loftspring MC, McDole J, Lu A, Clark JF, Johnson AJ. Intracerebral
hemorrhage leads to infiltration of several leukocyte populations with
concomitant pathophysiological changes. J Cereb Blood Flow Metab Off J
Int Soc Cereb Blood Flow Metab. 2009;29(1):137-43.

Rolland WB, Lekic T, Krafft PR, Hasegawa Y, Altay O, Hartman R, et al.
Fingolimod reduces cerebral lymphocyte infiltration in experimental models
of rodent intracerebral hemorrhage. Exp Neurol. 2013;241:45-55.

Munakata M, Shirakawa H, Nagayasu K, Miyanohara J, Miyake T, Nakagawa T,
et al. Transient receptor potential canonical 3 inhibitor Pyr3 improves



Dabrowska et al. Journal of Neuroinflammation

106.

107.

108.

109.

110.

111

112

113.

115.

116.

118.

120.

121.

122.

124.

(2019) 16:178

outcomes and attenuates astrogliosis after intracerebral hemorrhage in
mice. Stroke. 2013;44(7):1981-7.

Tejima E, Zhao B-Q, Tsuji K, Rosell A, van Leyen K, Gonzalez RG, et al.
Astrocytic induction of matrix metalloproteinase-9 and edema in brain
hemorrhage. J Cereb Blood Flow Metab Off J Int Soc Cereb Blood Flow
Metab. 2007,27(3):460-8.

Mestriner RG, Saur L, Bagatini PB, Baptista PPA, Vaz SP, Ferreira K, et al.
Astrocyte morphology after ischemic and hemorrhagic experimental stroke
has no influence on the different recovery patterns. Behav Brain Res. 2015;
278:257-61.

Dulamea AOQ. The potential use of mesenchymal stem cells in stroke
therapy--from bench to bedside. J Neurol Sci. 2015;352(1-2):1-11.

Huang P, Gebhart N, Richelson E, Brott TG, Meschia JF, Zubair AC.
Mechanism of mesenchymal stem cell-induced neuron recovery and anti-
inflammation. Cytotherapy. 2014;16(10):1336-44.

Egashira Y, Sugitani S, Suzuki Y, Mishiro K, Tsuruma K, Shimazawa M, et al.
The conditioned medium of murine and human adipose-derived stem cells
exerts neuroprotective effects against experimental stroke model. Brain Res.
2012;1461:87-95.

Scheibe F, Ladhoff J, Huck J, Grohmann M, Blazej K, Oersal A, et al. Immune
effects of mesenchymal stromal cells in experimental stroke. J Cereb Blood
Flow Metab Off J Int Soc Cereb Blood Flow Metab. 2012;32(8):1578-88.
Crigler L, Robey RC, Asawachaicharn A, Gaupp D, Phinney DG. Human
mesenchymal stem cell subpopulations express a variety of neuro-
regulatory molecules and promote neuronal cell survival and
neuritogenesis. Exp Neurol. 2006;198(1):54-64.

Mead B, Logan A, Berry M, Leadbeater W, Scheven BA. Paracrine-mediated
neuroprotection and neuritogenesis of axotomised retinal ganglion cells by
human dental pulp stem cells: comparison with human bone marrow and
adipose-derived mesenchymal stem cells. PLoS One. 2014;9(10):e109305.

. Hung S-C, Pochampally RR, Chen S-C, Hsu S-C, Prockop DJ. Angiogenic

effects of human multipotent stromal cell conditioned medium activate the
PI3K-Akt pathway in hypoxic endothelial cells to inhibit apoptosis, increase
survival, and stimulate angiogenesis. Stem Cells Dayt Ohio. 2007;25(9):2363-
70.

Zhao L-R, Duan W-M, Reyes M, Keene CD, Verfaillie CM, Low WC. Human
bone marrow stem cells exhibit neural phenotypes and ameliorate
neurological deficits after grafting into the ischemic brain of rats. Exp
Neurol. 2002;174(1):11-20.

Leong WK, Henshall TL, Arthur A, Kremer KL, Lewis MD, Helps SC, et al.
Human adult dental pulp stem cells enhance poststroke functional recovery
through non-neural replacement mechanisms. Stem Cells Transl Med. 2012;
1(3):177-87.

. Liao W, Xie J, Zhong J, Liu Y, Du L, Zhou B, et al. Therapeutic effect of

human umbilical cord multipotent mesenchymal stromal cells in a rat
model of stroke. Transplantation. 2009,87(3):350-9.

Yasuhara T, Matsukawa N, Hara K, Maki M, Ali MM, Yu SJ, et al. Notch-
induced rat and human bone marrow stromal cell grafts reduce ischemic
cell loss and ameliorate behavioral deficits in chronic stroke animals. Stem
Cells Dev. 2009;18(10):1501-14.

. Yoo S-W, Chang D-Y, Lee H-S, Kim G-H, Park J-S, Ryu B-Y, et al. Immune

following suppression mesenchymal stem cell transplantation in the
ischemic brain is mediated by TGF-B. Neurobiol Dis. 2013;58:249-57.
Gutiérrez-Fernandez M, Rodriguez-Frutos B, Ramos-Cejudo J, Teresa Vallejo-
Cremades M, Fuentes B, Cerdan S, et al. Effects of intravenous
administration of allogenic bone marrow- and adipose tissue-derived
mesenchymal stem cells on functional recovery and brain repair markers in
experimental ischemic stroke. Stem Cell Res Ther. 2013;4(1):11.

Zhang L, Yi L, Chopp M, Kramer BC, Romanko M, Gosiewska A, et al.
Intravenous administration of human umbilical tissue-derived cells improves
neurological function in aged rats after embolic stroke. Cell Transplant.
2013;22(9):1569-76.

Liu Y-P, Seckin H, Izci Y, Du ZW, Yan Y-P, Baskaya MK. Neuroprotective
effects of mesenchymal stem cells derived from human embryonic stem
cells in transient focal cerebral ischemia in rats. J Cereb Blood Flow Metab
Off J Int Soc Cereb Blood Flow Metab. 2009;29(4):780-91.

. Lee SH, Jin KS, Bang QY, Kim BJ, Park SJ, Lee NH, et al. Differential migration

of mesenchymal stem cells to ischemic regions after middle cerebral artery
occlusion in rats. PLoS One. 2015;10(8):¢0134920.

Guzman R, Janowski M, Walczak P. Intra-arterial delivery of cell therapies for
stroke. Stroke. 2018:49(5):1075-82.

125.

126.

127.

128.

136.

137.

138.

139.

140.

142.

Page 16 of 17

Ishizaka S, Horie N, Satoh K, Fukuda Y, Nishida N, Nagata I. Intra-arterial cell
transplantation provides timing-dependent cell distribution and functional
recovery after stroke. Stroke. 2013;44(3):720-6.

Jiang W, Liang G, Li X, Li Z, Gao X, Feng S, et al. Intracarotid transplantation
of autologous adipose-derived mesenchymal stem cells significantly
improves neurological deficits in rats after MCAo. J Mater Sci Mater Med.
2014;25(5):1357-66.

Shen LH, Li Y, Chen J, Cui Y, Zhang C, Kapke A, et al. One-year follow-up
after bone marrow stromal cell treatment in middle-aged female rats with
stroke. Stroke. 2007;38(7):2150-6.

Shen LH, Li Y, Chen J, Zhang J, Vanguri P, Borneman J, et al. Intracarotid
transplantation of bone marrow stromal cells increases axon-myelin
remodeling after stroke. Neuroscience. 2006;137(2):393-9.

. Chung D-J, Choi C-B, Lee S-H, Kang E-H, Lee J-H, Hwang S-H, et al.

Intraarterially delivered human umbilical cord blood-derived mesenchymal
stem cells in canine cerebral ischemia. J Neurosci Res. 2009;87(16):3554-67.

. Karlupia N, Manley NC, Prasad K, Schéfer R, Steinberg GK. Intraarterial

transplantation of human umbilical cord blood mononuclear cells is more
efficacious and safer compared with umbilical cord mesenchymal stromal
cells in a rodent stroke model. Stem Cell Res Ther. 2014:5(2):45.

. Acosta SA, Tajiri N, Hoover J, Kaneko Y, Borlongan CV. Intravenous bone

marrow stem cell grafts preferentially migrate to spleen and abrogate
chronic inflammation in stroke. Stroke. 2015;46(9):2616-27.

. Walczak P, Wojtkiewicz J, Nowakowski A, Habich A, Holak P, Xu J, et al. Real-

time MRI for precise and predictable intra-arterial stem cell delivery to the
central nervous system. J Cereb Blood Flow Metab Off J Int Soc Cereb
Blood Flow Metab. 2017:37(7):2346-58.

. Wei N, Yu SP, Gu X, Taylor TM, Song D, Liu X-F, et al. Delayed intranasal

delivery of hypoxic-preconditioned bone marrow mesenchymal stem cells
enhanced cell homing and therapeutic benefits after ischemic stroke in
mice. Cell Transplant. 2013;22(6):977-91.

. van Velthoven CTJ, Sheldon RA, Kavelaars A, Derugin N, Vexler ZS, Willemen

HLDM, et al. Mesenchymal stem cell transplantation attenuates brain injury
after neonatal stroke. Stroke. 2013;44(5):1426-32.

. Wei ZZ, Gu X, Ferdinand A, Lee JH, Ji X, Ji XM, et al. Intranasal delivery of

bone marrow mesenchymal stem cells improved neurovascular
regeneration and rescued neuropsychiatric deficits after neonatal stroke in
rats. Cell Transplant. 2015;24(3):391-402.

Koniusz S, Andrzejewska A, Muraca M, Srivastava AK, Janowski M, Lukomska
B. Extracellular vesicles in physiology, pathology, and therapy of the
immune and central nervous system, with focus on extracellular vesicles
derived from mesenchymal stem cells as therapeutic tools. Front Cell
Neurosci. 2016;10:109.

Chen J, Chopp M. Exosome therapy for stroke. Stroke. 2018:49(5):1083-90.
Zhang Y, Chopp M, Liu XS, Katakowski M, Wang X, Tian X, et al. Exosomes
derived from mesenchymal stromal cells promote axonal growth of cortical
neurons. Mol Neurobiol. 2017;54(4):2659-73.

Hao P, Liang Z, Piao H, Ji X, Wang Y, Liu Y, et al. Conditioned medium of
human adipose-derived mesenchymal stem cells mediates protection in
neurons following glutamate excitotoxicity by regulating energy
metabolism and GAP-43 expression. Metab Brain Dis. 2014;29(1):193-205.
Lin S-S, Zhu B, Guo Z-K, Huang G-Z, Wang Z, Chen J, et al. Bone marrow
mesenchymal stem cell-derived microvesicles protect rat
pheochromocytoma PC12 cells from glutamate-induced injury via a PI3K/
Akt dependent pathway. Neurochem Res. 2014;39(5):922-31.

. El Bassit G, Patel RS, Carter G, Shibu V, Patel AA, Song S, et al. MALAT1 in

human adipose stem cells modulates survival and alternative splicing of
PKC&Il'in HT22 cells. Endocrinology. 2017;158(1):183-95.

Xin H, Li Y, Liu Z, Wang X, Shang X, Cui Y, et al. MiR-133b promotes neural
plasticity and functional recovery after treatment of stroke with multipotent
mesenchymal stromal cells in rats via transfer of exosome-enriched
extracellular particles. Stem Cells Dayt Ohio. 2013;31(12):2737-46.

. Doeppner TR, Herz J, Gorgens A, Schlechter J, Ludwig A-K, Radtke S, et al.

Extracellular vesicles improve post-stroke neuroregeneration and prevent
postischemic immunosuppression. Stem Cells Transl Med. 2015:4(10):1131-43.

. Ophelders DRMG, Wolfs TGAM, Jellema RK, Zwanenburg A, Andriessen P,

Delhaas T, et al. Mesenchymal stromal cell-derived extracellular vesicles
protect the fetal brain after hypoxia-ischemia. Stem Cells Transl Med. 2016;
5(6):754-63.

. Chen K-H, Chen C-H, Wallace CG, Yuen C-M, Kao G-S, Chen Y-L, et al.

Intravenous administration of xenogenic adipose-derived mesenchymal



Dabrowska et al. Journal of Neuroinflammation

146.

147.

148.

151.

152.

153.

154.

155.

156.

158.

159.

160.

161.

162.

163.

164.

165.

(2019) 16:178

stem cells (ADMSC) and ADMSC-derived exosomes markedly reduced brain
infarct volume and preserved neurological function in rat after acute
ischemic stroke. Oncotarget. 2016;7(46):74537-56.

Otero-Ortega L, Laso-Garcia F, Gomez-de Frutos MDC, Rodriguez-Frutos B,
Pascual-Guerra J, Fuentes B, et al. White matter repair after extracellular
vesicles administration in an experimental animal model of subcortical
stroke. Sci Rep. 2017;7:44433.

Busato A, Bonafede R, Bontempi P, Scambi |, Schiaffino L, Benati D, et al.
Magnetic resonance imaging of ultrasmall superparamagnetic iron oxide-
labeled exosomes from stem cells: a new method to obtain labeled
exosomes. Int J Nanomedicine. 2016;11:2481-90.

Dabrowska S, Del Fattore A, Karnas E, Frontczak-Baniewicz M, Kozlowska H,
Muraca M, et al. Imaging of extracellular vesicles derived from human bone
marrow mesenchymal stem cells using fluorescent and magnetic labels. Int
J Nanomedicine. 2018;13:1653-64.

. Hayon Y, Dashevsky O, Shai E, Brill A, Varon D, Leker RR. Platelet

microparticles induce angiogenesis and neurogenesis after cerebral
ischemia. Curr Neurovasc Res. 2012;9(3):185-92.

. Hayon Y, Shai E, Varon D, Leker RR. The role of platelets and their

microparticles in rehabilitation of ischemic brain tissue. CNS Neurol Disord
Drug Targets. 2012;11(7):921-5.

Altmann P, Mildner M, Haider T, Traxler D, Beer L, Ristl R, et al. Secretomes
of apoptotic mononuclear cells ameliorate neurological damage in rats with
focal ischemia. F1000Research. 2014;3:131.

Xin H, Li Y, Buller B, Katakowski M, Zhang Y, Wang X, et al. Exosome-
mediated transfer of miR-133b from multipotent mesenchymal stromal cells
to neural cells contributes to neurite outgrowth. Stem Cells Dayt Ohio.
2012;30(7):1556-64.

Huang S, Ge X, Yu J, Han Z, Yin Z, Li Y, et al. Increased miR-124-3p in
microglial exosomes following traumatic brain injury inhibits neuronal
inflammation and contributes to neurite outgrowth via their transfer into
neurons. FASEB J Off Publ Fed Am Soc Exp Biol. 2018;32(1):512-28.

Xin H, Wang F, Li Y, Lu Q-E, Cheung WL, Zhang Y, et al. Secondary release
of exosomes from astrocytes contributes to the increase in neural plasticity
and improvement of functional recovery after stroke in rats treated with
exosomes harvested from MicroRNA 133b-overexpressing multipotent
mesenchymal stromal cells. Cell Transplant. 2017,26(2):243-57.

Xin H, Katakowski M, Wang F, Qian J-Y, Liu XS, Ali MM, et al. MicroRNA
cluster miR-17-92 cluster in exosomes enhance neuroplasticity and
functional recovery after stroke in rats. Stroke. 2017;48(3):747-53.

Kalani A, Chaturvedi P, Kamat PK, Maldonado C, Bauer P, Joshua IG, et al.
Curcumin-loaded embryonic stem cell exosomes restored neurovascular unit
following ischemia-reperfusion injury. Int J Biochem Cell Biol. 2016;79:360-9.

. Savitz SI, Misra V, Kasam M, Juneja H, Cox CS, Alderman S, et al. Intravenous

autologous bone marrow mononuclear cells for ischemic stroke. Ann
Neurol. 2011,70(1):59-69.

Home - ClinicalTrials.gov. Available from: https://clinicaltrials.gov/. Cited 4
Feb 2019.

Bang OV, Lee JS, Lee PH, Lee G. Autologous mesenchymal stem cell
transplantation in stroke patients. Ann Neurol. 2005;57(6):874-82.

Lee JS, Hong JM, Moon GJ, Lee PH, Ahn YH, Bang QY, et al. A long-term
follow-up study of intravenous autologous mesenchymal stem cell
transplantation in patients with ischemic stroke. Stem Cells Dayt Ohio. 2010;
28(6):1099-106.

Bhasin A, Srivastava MVP, Kumaran SS, Mohanty S, Bhatia R, Bose S, et al.
Autologous mesenchymal stem cells in chronic stroke. Cerebrovasc Dis
Extra. 2011;1(1):93-104.

Bhasin A, Srivastava MVP, Mohanty S, Bhatia R, Kumaran SS, Bose S. Stem cell
therapy: a clinical trial of stroke. Clin Neurol Neurosurg. 2013;115(7):1003-8.
Honmou O, Houkin K, Matsunaga T, Niitsu Y, Ishiai S, Onodera R, et al.
Intravenous administration of auto serum-expanded autologous
mesenchymal stem cells in stroke. Brain J Neurol. 2011;134(Pt 6):1790-807.
Hess DC, Wechsler LR, Clark WM, Savitz SI, Ford GA, Chiu D, et al. Safety and
efficacy of multipotent adult progenitor cells in acute ischaemic stroke
(MASTERS): a randomised, double-blind, placebo-controlled, phase 2 trial.
Lancet Neurol. 2017;16(5):360-8.

Sudrez-Monteagudo C, Herndndez-Ramirez P, Alvarez-Gonzélez L, Garcia-
Maeso |, de la Cuétara-Bernal K, Castillo-Dfaz L, et al. Autologous bone
marrow stem cell neurotransplantation in stroke patients. An open study.
Restor Neurol Neurosci. 2009;27(3):151-61.

166

167.

168.

171.

172.

Page 17 of 17

. Barbosa da Fonseca LM, Gutfilen B, Rosado de Castro PH, Battistella V,

Goldenberg RCS, Kasai-Brunswick T, et al. Migration and homing of bone-
marrow mononuclear cells in chronic ischemic stroke after intra-arterial
injection. Exp Neurol. 2010;221(1):122-8.

Battistella V, de Freitas GR, da Fonseca LMB, Mercante D, Gutfilen B,
Goldenberg RCS, et al. Safety of autologous bone marrow mononuclear cell
transplantation in patients with nonacute ischemic stroke. Regen Med.
2011;6(1):45-52.

Ghali AA, Yousef MK, Ragab OA, ElZamarany EA. Intra-arterial infusion of
autologous bone marrow mononuclear stem cells in subacute ischemic
stroke patients. Front Neurol. 2016;7:228.

. Friedrich MAG, Martins MP, Aratjo MD, Klamt C, Vedolin L, Garicochea B, et

al. Intra-arterial infusion of autologous bone marrow mononuclear cells in
patients with moderate to severe middle cerebral artery acute ischemic
stroke. Cell Transplant. 2012;21(Suppl 1):513-21.

. Moniche F, Gonzalez A, Gonzalez-Marcos J-R, Carmona M, Pifiero P,

Espigado |, et al. Intra-arterial bone marrow mononuclear cells in ischemic
stroke: a pilot clinical trial. Stroke. 2012;43(8):2242-4.

Jiang Y, Zhu W, Zhu J, Wu L, Xu G, Liu X. Feasibility of delivering
mesenchymal stem cells via catheter to the proximal end of the lesion
artery in patients with stroke in the territory of the middle cerebral artery.
Cell Transplant. 2013;22(12):2291-8.

Zawadzki M, Walecki J, Kostkiewicz B, Kostyra K, Pearl MS, Solaiyappan M, et
al. Real-time MRI guidance for intra-arterial drug delivery in a patient with a
brain tumor: technical note. BMJ Case Rep. 2019;12(1). https://doi.org/10.
1136/bcr-2018-014469.

Publisher’s Note

Spri

nger Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://clinicaltrials.gov/
https://doi.org/10.1136/bcr-2018-014469
https://doi.org/10.1136/bcr-2018-014469

	Abstract
	Introduction
	Brain ischemia
	Inflammatory contribution to ischemic brain damage
	Local cellular reactions induced by brain ischemia
	Mediators of inflammatory reactions

	Inflammatory reactions after hemorrhagic stroke
	Experimental therapy of brain ischemia using MSCs and EVs
	MSCs in the experimental therapy of brain ischemia using in vitro models
	MSCs in the experimental therapy of brain ischemia using in vivo animal models
	MSC-derived extracellular vesicles (EVs) in the experimental therapy of brain ischemia

	MSCs in human clinical stroke studies

	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

