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a b s t r a c t

Ischemic stroke is a major cause of death and disability worldwide and is expected to increase in the
future with the aging population. Currently, there are no clinically available treatments for damage
sustained during an ischemic stroke, but much research is being conducted in this area. In this review, we
will introduce current ischemic stroke treatments along with their limitations, as well as research on
potential short and long-term future treatments. There are advantages and disadvantages in these po-
tential treatments, but our understanding of these methods and their effectiveness in clinical trials are
improving. We are confident that some future treatments introduced in this review will become
commonly used in clinical settings in the future.
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

Ischemic stroke is caused by clots in blood vessels supplying
blood to the brain. The lack of oxygen leads to neuronal cell death
during ischemia, while additional damage is caused by inflamma-
tory reactions of innate immunity during reperfusion [1]. This
inflammation in the brain persists for years after stroke, which
hinders long-term recovery and can lead to later death [2]. Stroke,
with over 13 million incidences per year, is one of the most com-
mon severe ailments worldwide today [3]. In particular, ischemic
stroke was the most common, with over 9.5 million cases in 2016
[3]. Despite medical advances, there are still 5.5 million deaths
annually, with over 50% of survivors being chronically disabled
[3,4]. Stroke is the secondmost common cause of death and amajor
cause of disability globally [5]. The long-term side effects of
ischemic stroke are often fatal. In a recent study in Japan (a country
with an advanced healthcare system), the 5-year survival rate of
non-fatal first-time ischemic stroke was only 63.5% [6].

The future aging population will contribute to an increased
incidence of ischemic stroke, along with an increase in stroke risk
factors associated with increased socioeconomic status in devel-
oping countries [4]. Across 169 causes of death from 1990 to 2017,
stroke was the second most common cause of death associated
with an aging population after ischemic heart disease [7]. Overall,
the number of deaths from ischemic stroke per year increased from
around 2.2 million in 1990 to 3.3 million in 2019 [8].

Given these statistics, it is imperative that advancements be
made in ischemic stroke treatment, in terms of removal of the clot
to limit both neuronal cell death and further damage caused by the
immune system during reperfusion. Furthermore, treatments must
also be devised to recover from the loss of neural function to
improve chronic disability and long-term survival issues.

In this review, we will discuss the progress in ischemic stroke
treatment, including the treatments currently available to the
public, the research being conducted for potential future treat-
ments in the short and long term, and their comparative efficacy
(Fig. 1).
2. Current treatments to stop ischemia

2.1. Thrombolysis

Currently, there are only two widely available treatments for
ischemic stroke. The first is thrombolysis using tissue Plasminogen
Activator (tPA), with alteplase being the most common form.

TPA replaced the earlier thrombolytic agent streptokinase and
was shown to be effective in acute ischemic stroke in a 1995 study by
the National Institute of Neurological Disorders and Stroke (NINDS)
[9,10]. Later studies established the efficacy of tPA up to 4.5 h after
the onset of ischemic stroke symptoms [9]. TPA is a 527 amino-acid
chain containing three glycosylation sites and 17 disulfide bridges
that can degrade fibrin in a plasminogen-dependent manner,
thereby dissolving blood clots and inducing reperfusion following
ischemic stroke [11]. Numerous studies have shown that tPA also has
a neuroprotective effect; for example, tPA can attenuate zinc-
induced cell death, protect neurons from oxygen-glucose depriva-
tion (OGD), and protect cortical neurons by activatingmTOR and JAK/
STAT signaling pathways, which are linked to neuroprotection
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[11,12]. Further studies are needed to understand the effect of tPA on
the brain, which will also improve the therapeutic window inwhich
tPA should be administered for stroke recovery [12].

However, tPA also has drawbacks. First, tPA must be adminis-
tered within 4.5 h of stroke onset, which is difficult in many situ-
ations. Second, it can result in severe side effects, themost common
being hemorrhage, sometimes severe enough to be life-threatening
[9]. The chances of hemorrhage increase with the delayed admin-
istration of tPA. Fortunately, the rate of symptomatic hemorrhage is
less than 2% if alteplase is administered within 4.5 h [13].
Furthermore, a recent study showed no benefit for tPA adminis-
tration in patients with a National Institute of Health Stroke Scale
(NIHSS) score of <5 due to the risk of hemorrhage [9]. In addition to
the neuroprotective effects listed above, tPA also has neurotoxic
effects [11]. These include over-activation of N-methyl-D-aspartate
receptors (NMDAR), promoting damage to Purkinje cells, and as-
sociationwith glutamate-promoted neural necrosis [11]. Additional
studies are needed to determine whether tPA is ultimately more
neurotrophic or neurotoxic.

These side effects have provided an impetus to find alternative
thrombolytics, the most promising being Tenecteplase (TNK),
which has a longer half-life, higher specificity, and lower risk of
Hemorrhagic Transformation (HT) than tPA [9]. TNK may also have
a longer window for administration, which is important because
tPA needs to be administered within 4.5 h, resulting in only around
7% of ischemic stroke patients receiving tPA [9,13]. Alternatively,
many “tPA helpers” are being researched to overcome the various
side effects of tPA mentioned above, especially in cases of delayed
tPA administration [14]. Many of these agents have shown a
reduction in HT and infarct volume and induced stabilization of the
bloodebrain barrier (BBB) in animal stroke models; however, only
some of these tPA helpers have entered clinical trials, and currently,
none have been successful [14]. Moreover, endovascular throm-
bectomy after tPA administration has also entered common clinical
practice, which will be elaborated on in the next section.
2.2. Mechanical Thrombectomy

The other widely available treatment is Mechanical Thrombec-
tomy (MT), which was first accepted in 2015 after five clinical trials
were published showing efficacy within 6e8 h of ischemic stroke
onset. More recent studies have shown efficacy up to 24 h after
onset [9,15]. In MT, instead of breaking down the clot through
chemical means, it is physically removed using stent-retriever de-
vices [16]. MT is especially recommended over thrombolysis in
cases of large proximal vessel occlusions, especially in the carotid
artery (in which thrombolysis is less than 10% effective) [16]. It not
only provides a longer time window than thrombolysis after the
onset of stroke, but also has fewer side effects if performed
properly.

Initially, the main drawback of MT was that it could only be
performed in more proximal occlusions. However, with the recent
use of stent-retriever devices, they are able to reach more distal
occlusions in smaller, higher branched arteries [9,17]. Another
drawback was that MT was expected to be combined with throm-
bolysis in older generation devices, which was subject to major side
effects that areworse than those associatedwith the use of either of
the treatments alone [18]. However, recent clinical trials with



Fig. 1. Outline of current and possible future treatments for stroke therapy.
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newer generation devices have shown that MT alone is as effective
for thrombolysis, and improves functional independence 90 days, 1
year, and 2 years post ischemic stroke compared to thrombolysis
alone [19,20]. These results indicate that MT may completely
replace thrombolysis in the future, unless thrombolytic agents with
fewer side effects than tPA are discovered. Another advancement
made with MT is their improved ability to achieve reperfusion;
first-generation MT devices achieved reperfusion <50% of the time,
compared with the almost 90% reperfusion achievement with
newer devices [18,21]. This means that MTcan achieve a nearly 90%
reperfusion rate of tPAwhile having a wider efficacy window. With
many new MTs currently being evaluated in clinical trials, this 90%
reperfusion rate is expected to improve, surpassing the rate
induced by thrombolysis with tPA [21].

However, a critical problem in both thrombolysis and Mechan-
ical Thrombectomy is that they only stop ischemia and do not limit
additional damage caused by inflammation during reperfusion.
They also do not induce the regeneration of any lost neurons.
Because of this, even with the use of modern MT devices, only
around 50% of ischemic stroke patients achieve functional inde-
pendence in due time [21]. In the following sections, we introduce
various methods that researchers have attempted to solve these
problems.
3. Future treatments: limiting reperfusion damage and
recovering from ischemic stroke

3.1. Cell transplantation

The first method that researchers are using to recover from
ischemic stroke is stem cell transplantation into ischemic areas.
Stem cells possess two fundamental properties that make them
potentially beneficial following ischemic stroke. First is their ability
to replace cells lost during ischemia-reperfusion (the replacement
mechanism), and second is their secretion of many proteins and
cytokines, which can provide a favorable environment for recovery
(the paracrine mechanism), which is taking the lead [22]. Many
types of cells have been studied for this transplantation, such as
bone marrow-derived mesenchymal stem cells (MSCs) as neural
stem cells (NSCs) [23]. Additionally, dental pulp stem cells (DPSCs),
hair follicle stem cells (HFSCs), and genetically modified stem cells,
among other cell types, have recently gained popularity [23e25].
These have generally been successful in animal stroke models;
however, clinical trials have received erratic results so far
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[23,26,27]. Generally, they have been able to achieve safe trans-
plantation, but there is a lack of functional improvement in many
trials [28]. The advantages and disadvantages of each cell type are
summarized in Table 1. Below, we discuss each of these cell types in
more detail, highlighting the cells that are the most promising.
3.1.1. Mesenchymal stem cells
First, we discuss MSCs, with the most common type being

derived from the bone marrow (BM). Some benefits of MSCs
include their relative abundance (being present in everyone's BM),
avoiding ethical problems (not having to be obtained from fetuses
like NSCs and ESCs), and the lack of tumorigenicity when compared
with induced pluripotent stem cells (iPSCs) [29,30]. A previous
problem was the high cost due to the need to use early passage
MSCs; however, researchers have shown that late-passage MSCs
can be induced into glia-like cells (ghMSCs) [31]. These ghMSCs
were effective in protecting neurons and restoring the brain, similar
to early passage MSCs [31]. These results make clinical trials using
MSCs much easier and cheaper [31]. Due to these and other factors,
BM-MSCs are currently the leading transplantable cell type for
treating ischemic stroke [29].

Even though they are widely studied, the mechanisms under-
lying the therapeutic effect of MSCs are still not well understood
[32]. One aspect of ischemia-reperfusion injury is mitochondrial
dysfunction, and research has demonstrated that MSCs can transfer
their mitochondria into injured endothelial cells, which promote
angiogenesis, reduce infarct volume, and improve functional re-
covery [32]. Carpenter et al. and Wang et al. showed that trans-
planted MSCs can reduce the expression of tumor necrosis factors,
leading to anti-inflammatory and anti-apoptotic effects [30,33].
Another positive effect is possible endogenous neurogenesis
through the secretion of many cytokines (such as BDNF, VEGF, and
nerve growth factor), which provide a favorable environment [30].
Furthermore, MSCs have the potential to differentiate into endo-
thelial cells [34,35], glial cells [36,37], and neurons [38e40], indi-
cating that they may be able to replace lost neurons directly in the
future.

As stated earlier, one problem with stem cell transplantation is
its inconsistent results in clinical trials. For example, a phase II trial
using BM-derived ALD-401 stem cells (which are composed of
various types of stem cells taken from the BM, including MSCs) via
internal carotid artery (ICA) injection showed no statistically sig-
nificant modified Rankin Scale (mRS) improvements compared to
the control, so the trial was stopped early [27]. In the only



Table 1
Advantages and disadvantages of prospective Ischemic Stroke treatments.

Treatment Advantages Disadvantages

MSCs Abundant, No Ethical Problems, Can Differentiate into
Mature Neurons, Beneficial Cytokines, Most Studied Stem
Cell Type

Vary from different sources and show different efficacy in different patients, risk
for infection

NSCs Cell Replacement and Paracrine Potential, Positive Results in
Clinical Trials

Ethical Problems, Limited Cell Sources, risk for infection

Other Stem Cells
(DPSCs, HFSCs)

DPSCs: Superior to MSCs in Pre-clinical Models, Easily
Obtainable, Increased Homing to Ischemic Areas
HFSCs: Easily Obtainable, Can Cross BBB Without BBB
Permeabilizer

Difficult to keep quality control, not fully explored yet, risk for infection

Modified Stem Cells Better localization and can be used to address all the
limitations from other sources

Safety issue of materials
Risk for infection

Extracellular Vesicles Smaller in size, can easily cross BBB, easy to modify Difficult to characterize and monitor inside the system, limited numbers
Conditioned Media Paracrine Effects, fewer side effects compared to cell

transplantation
Risk for contamination of unknown components
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completed phase III clinical trial (STARTING-2), autologous intra-
venous (IV) transplantation of MSCs also did not significantly
improve mRS scores after 90 days, but there was leg motor
improvement [41]. Inversely, a phase I/II trial by Levy et al. using IV
transplantation of allogenic MSCs was successful, showing signifi-
cant behavioral improvement in their Barthel Index (BI) scores,
which measures a patient's ability to function in daily life [42].
Fortunately, all these clinical trials were safe in patients, showing
significant improvement from older clinical trials that had severe
adverse effects [43]. The most likely reason for the inconsistent
results is the small size of these trials, which leads to a risk of bias
[43]. Two phase III clinical trials are currently being conducted
(MASTERS-2 and TREASURE), so a better understanding of MSC
efficacy may be reached soon [44].
3.1.2. Neural stem cells
The next stem cell type is Neural Stem Cells (NSCs). NSCs have not

been studied as extensively as MSCs, mostly because of their rarity
and ethical problems as they typically need to be obtained from fe-
tuses [45]. Despite these problems, NSCs have potential for ischemic
stroke treatment. First, NSCs can differentiate into neurons, astro-
cytes, and oligodendrocytes [45]. Preclinical research has shown that
they can preserve the BBB, ameliorate inflammation, promote neu-
rogenesis and angiogenesis, and promote functional recovery [46].
This gives them potential for both cell replacement and paracrine
mechanisms, similar to MSCs. The mechanisms of their efficacy are
less well understood than those of MSCs; however, it is known that
CTX0E03 (an NSC line) expresses several angiogenic factors (VEGFA,
EGF, ANGPT 1&2, etc.) to promote angiogenesis [47].

Given the lack of relevant studies, there is a lack of clinical trials
with NSCs; however, the small size clinical trials completed so far
have been promising. In a phase I clinical trial named PISCES, sur-
gical intracerebral injection of CTX0E03 NSCs improved NIHSS by
an average of 2 points in 2 years [48]. However, this clinical trial had
limitations as only 11 patients received the injection of NSCs, and
the cells were injected intracerebrally through surgery (which is
highly invasive). Kalladka et al. also stated that other indices of
neurological function (such as mRS) would be preferable in future
clinical trials [48]. They were able to avoid adverse side effects
related to the transplantation [48]. These results warrant further
clinical trials with NSCs, so an open-label study titled PISCES-2 was
undertaken [48,49] in which intracerebral injectionwas used again
in 23 patients, with the main goal being improvement in Action
Research Arm Test (ARAT) scores by more than 2 points. At 12
months, only 15% of the patients achieved targeted ARAT
improvement; however, 70% of patients showed improvement in
one or more of the ARAT, mRS, and BI scores. Similar to the previous
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study, a limitation was the small trial size; moreover, PISCES-2 was
an open-label trial, whereas randomized, controlled clinical trials
are needed [49]. As a result, a phase IIb trial (PISCES-3) is currently
in progress [23,50]. PISCES-3 is a randomized, controlled clinical
trial, unlike PISCES-2, with approximately 130 patients. Results
showed that following intracerebral injection, mRS scores were
improved after surgery [23]. This trial is promising but has not yet
been completed. As with MSCs, there is still a lack of large, phase III
clinical trials, which need to be conducted in the future.

With the ethical and supply problems relating to NSCs,
comparative studies with MSCs need to be conducted. If NSCs are
not significantly superior to MSCs, MSCs will continue to be more
prominently used in future clinical trials. The ethical and supply
problems may be solved in the future, as NSCs (along with any
other stem cell type) can be derived from iPSCs or ESCs, but the
tumorigenicity of pluripotent stem cells (PSCs) must be solved
before this can be done [45,46].
3.1.3. Other stem cells
In addition to the more common stem cells listed above, there

are also other stem cell types showing promise in pre-clinical
research; however, there have been few, if any, clinical studies
performed using these cell types. Given that MSCs are currently the
optimal cell type for cell transplantation following ischemic stroke,
some studies have focused on demonstrating superiority to MSCs
[25,29,51]. A couple of these other stem cell types are Dental Pulp
Stem Cells (DPSCs) and Hair Follicle Stem Cells (HFSCs).

DPSCs are neural crest-derived stem cells, meaning they come
from a neuronal lineage and can more readily differentiate into
neural cells than MSCs [52]. They also avoid the ethical problems
associated with other stem cell types such as NSCs as they can be
obtained from extracted teeth [52]. Additionally, they are multi-
potent like MSCs, meaning they have a lower risk of tumor for-
mation than do pluripotent stem cells such as iPSCs or ESCs [23].

In pre-clinical research using IV transplantation into middle
cerebral artery occlusion (MCAO) rats, as with other stem cell types,
DPSCs were effective in reducing infarct volume, inducing func-
tional recovery, and inhibiting microglial activation and pro-
inflammatory cytokines [52]. Furthermore, they believe that the
neuroprotection of DPSCs is linked to this suppression of neuro-
inflammation [52]. In addition, a comparative study between DPSCs
and BM-MSCs showed that DPSCs were more effective against
MCAO in rats and in an in vitro ischemia model [51]. They showed
that while both IV transplantation of BM-MSCs and DPSCs lead to a
similar functional recovery, DPSCs cause an increased reduction in
infarct size and were also more effective at homing to the ischemic
stroke area and promoting angiogenesis [51].
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Clinical trials with DPSCs will soon begin. A protocol for a future
phase I clinical trial called TOOTH using DPSCs has already been
designed with the planned selection of 27 ischemic stroke patients,
who will undergo intracranial administration of DPSCs to deter-
mine the maximum tolerable dose in humans [53]. Moreover, a
clinical trial in Japan has already begun entitled JTR-161, which will
use IV injection of DPSCs [23].

Another stem cell type that has recently gained interest is HFSCs.
Like DPSCs, HFSCs avoid ethical problems, as they are easily attain-
able from adult mammalian hair follicles [25]. Some of the advan-
tages of HFSCs are that, compared to MSCs, it is easier to obtain the
necessary numbers of these stem cells for clinical applications, they
can differentiate into neurons (making them feasible for ischemic
stroke treatment), and they can proliferate for longer periods, mak-
ing autologous transplantation possible [25]. In a pre-clinical
experiment using IV transplantation into MCAO rats, HFSCs crossed
the BBB without a BBB permeabilizer, homed to ischemic areas, and
then expressed neural cell markers. HFSCs were able to significantly
enhance neurological functional recovery and reduce infarct size
[25]. These results show that HFSCs are another potential alternative
to MSCs. Clinical trials using HFSCs may begin once more studies are
conducted to elucidate the mechanisms of efficacy.
3.1.4. Modified stem cells
As the previous sections have shown mixed results of clinical

trials using stem cells, various methods are being undertaken to
improve the results. One method is stem cell modification; exper-
iments have shown that modified stem cells aremore effective than
natural or naïve stem cells [23]. The cell type most commonly
modified are MSCs given that they are the most used in clinical and
preclinical studies. In a study by Tobin et al., naïve MSCs (nMSCs)
were activatedwith interferon-g (IFN-g), creating aMSCg [54]. They
showed that aMSCgwas superior to nMSCs in twomainways. First,
aMSCg was significantly more effective than nMSCs in increasing
microglial anti-inflammatory cytokine secretion while decreasing
pro-inflammatory cytokines, and second, aMSCg more effectively
induced oligodendrocyte differentiation from endogenous NPCs by
upregulating neuron-glia antigen 254. In another experiment by
Horita et al., MSCs were genetically modified by transfection with
glial cell line-derived neurotrophic factor (GDNF) [55]. After IV
transplantation in a rat MCAO model, GDNF-MSCs led to a signifi-
cantly greater reduction in ischemic area compared to normal
MSCs, partially due to an increase in the neurotrophin GDNF [55].
Other researchers have also transfected CeC motif chemokine
ligand 2 (CCL2) using a plasmid into human umbilical cord MSCs,
because CCL2 is associated with neurological repair and delivery of
cells into the brain following stroke via CCL2/CCR2 (CCL2 receptor)
interaction [56]. Lee et al. showed that IV administration of CCL2-
MSCs significantly improved functional recovery, smaller stroke
volume, and increased angiogenesis compared with nMSCs [56].
CCL2-overexpressing MSCs migrated to ischemic areas more
effectively than nMSCs, showing that genetic modification is also a
method to ensure transplanted cells home to ischemic areas [56].

Although not as common, modification of NSCs has also been
attempted in animal models. For example, researchers have
modified NSCs with plasmid-based transfection of brain-derived
neurotrophic factor (BDNF). As with the other experiments,
BDNF-NSCs had higher efficacy than NSCs; BDNF-NSCs significantly
enhanced the survival, functional recovery, and infarct volume of
MCAO mice compared with naïve NSCs [24].

These pre-clinical studies are promising; however, clinical trials
are still needed. An alternative to MSCs may not need to be found if
their efficacy can be improved throughmodification usingmethods
such as those described above.
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3.2. Extracellular vesicles transplantation

Extracellular vesicles (EVs) or exosomes are small membrane-
covered vesicles, approximately 30e150 nm in size, are secreted
by most cells, and function as mediators between cells [57,58]. As
the terms have been used interchangeably, we will use EVs for the
rest of the text [59]. Recently, EVs have gained a lot of interest in
stroke therapy, since they have been found to cross the BBB and
reach the central nervous system (CNS), usually as a component of
conditioned media (CM) (Fig. 2) [58,60,61]. Being able to reach CNS
and their small size make them highly biocompatible for targeted
delivery of cell cargo [62]. EVs have been studied from various
sources and have applications in the delivery of different drugs or
microRNAs. Here, we will mention some of the emerging stroke
therapies using EVs. They have been isolated from different cell
types and have shown promising results after transplantation with
or without artificial cargo.

Bone marrow derived mesenchymal stem cells EVs have been
reported to home in the infarct area after transplantation and have
therapeutic effects such as endogenous neurogenesis, increase the
number of axons, and improve vital functions of animals [63,64].
When incorporated with different miRNAs, MSC-derived EVs were
able to promote a neuroprotective response [65e67]. In some
studies,MSCs overexpressing specificmiRNAswere chosen andwere
able to be passed on to the daughter EVs. These EVs also showed a
similar response to the artificially incorporated miRNAs [68]. Some
research groups have developed novel methods of delivery or
administration, which are worth mentioning here. Kim et al. isolated
magnetic EVs from MSCs by harboring them with magnetic nano-
particles called iron oxide nanoparticles (IONPs) [69]. These are FDA-
approved biocompatible particles that are stored in the body by
ionization into iron ions and help to increase the production of
growth factors [70,71]. These magnetic extracellular vesicles were
prepared and guided for targeted delivery using a magnet and
exhibited significant therapeutic effects. Another study by Long et al.
used intranasal delivery of EVs for epilepticus therapy and observed
localization in the necrotic area [72].

Neural progenitor cell-derived EVs have been shown to have
anti-inflammatory properties. MiRNAs isolated from these EVs
were sequenced and found to be MAPK inhibitors [73]. Many
studies have reported the use of EVs from iPSC-derived cells as the
most promising approach for treating ischemic disorders. Ye et al.
showed that EVs from iPSC-derived endothelial cells were enriched
with miR-199 b-5p and promoted neuro-vascularization [74]. EVs
have been used for targeted delivery of drugs as well as biocom-
patible nano-carriers [75,76]. In one of the earlier reports, exo-
somes were loaded with curcumin and showed reduced
inflammation in the mouse brain [77,78]. Yang et al. were able to
promote neuronal recovery by using EVs for enkephalin rapid de-
livery [79]. Many other groups have reported drug delivery using
EVs [80,81].

For a more targeted delivery, surface modification techniques
have also been used with EVs which is further explained in further
sections. The most common type of modification is the use of an
RGD (arginine-glycine-aspartic acid) peptide which has a high af-
finity for integrins expressed in the ischemic brain [76,82]. Kotaro
et al. identified an LRP1 binding peptide L57 by phage display to
modify the EVs so that they cross the blood brain barrier [83]. EVs
are slowly gaining acceptance for clinical trials and have a potential
for future therapies for ischemia reperfusion injury [84].

3.3. Conditioned media

As stated earlier, the paracrine mechanism takes the lead as a
method for stem cell transplantation to ameliorate ischemic stroke



Fig. 2. Summary of cell/EVs modification methods being explored for ischemic stroke treatment.
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[22]. It is still not adequately understood which cytokines/proteins
are responsible for this; conditioned media experiments are a
method to further understand the paracrine mechanism. We will
now introduce experiments using CM, demonstrating which stem
cell types induce functional recovery after ischemic stroke.

Given that MSCs are the most prevalent cell type for trans-
plantation, their CM has naturally been studied. Tsai et al.
compared CM-mediated effects of CM derived from normal
(NormBM-MSC) and cerebral ischemia (IschBM-MSC) rats [85].
They found that there were no statistically significant differences
between NormBM- and IschBM-MSCs as they both significantly
induced functional recovery, enhanced neurogenesis, and attenu-
ated microglial/macrophage infiltration into the ischemic area [85].
This suggests that either autologous or allogeneic MSCs exhibit the
desired paracrine effects. In another study by Asgari Taei et al., ESC-
derived CM of MSCs (ESC-MSC-CM) led to increased functional
recovery, reduced infarction volume, and reduced mortality [86].
They identified upregulation of GAP-43, SYP, and p-CREB in
ischemic areas as possible mediators for recovery [86]. Other ex-
periments have also attempted to isolate which cytokines are
responsible for this recovery. BDNF is a leading neurotrophin, and
research has shown that it is associated with increased functional
recovery, decreased apoptosis, and increased angiogenesis; how-
ever, removing BDNF does not completely ameliorate these benefits
from MSCs, suggesting that other proteins are also important for
recovery [87]. VEGF has mixed effects as it induces the positive
effects of BDNF, but it can also cause BBB leakage [87]. Furthermore,
G-CSF has been shown to not improve functional outcomes after
stroke [87]. Some cytokines from MSCs also prevent inflammation,
such as IL-10 and TSG-6 [87]. Ultimately, more pre-clinical exper-
iments need to be undertaken, but progress is being made in un-
derstanding the paracrine effects of MSCs.
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Along with cell transplantation, CM of NSCs (NSC-CM) is also
being studied. Research has shown that NSC-CM promotes angio-
genesis, which is an important method by which cell therapy in-
duces functional recovery [47]. Specifically, they identified ANGPT
1&2, VEGFA, bFGF, EGF, etc. as important cytokines that induce
angiogenesis [47]. Another experiment by Yang et al. also showed
that NSC-CM significantly improved neurological scores and
decreased infarct volume following a rat MCAO model [88]. They
also identified B-cell lymphoma-2 (Bcl-2) as an important protein
upregulated by NSC-CM in the ischemic hemisphere, which can
attenuate apoptosis, and that NSC-CM can preserve mitochondria
to further contribute to neuroprotection [88]. Furthermore, Sali-
khova et al. generated NSCs from iPSCs, which were further
differentiated into glial and neuronal progenitor cells (GPCs and
NPCs) to compare their CM [22]. They completely mapped out the
protein secretory profiles of NPCs and GPCs and identified 304
proteins in NPC-CM and 243 proteins in GPC-CM, amongwhich 168
proteins were common between the two [22]. GPC-CM also showed
higher neurotrophin content (BDNF, GDNF, CTNF, and NGF). Sur-
prisingly, GPC-CM induced blood vessel formation and neurological
recovery, and reduced inflammation and microglia/macrophage
infiltration; however, NPC-CM exerted no significant positive ef-
fects. Many cytokines (such as neurotrophins) excreted exclusively
by GPCs and not NPCs are possibly responsible for functional re-
covery [22].

For cell therapy, DPSCs are less studied than other stem cell
types, but comparative research has shown that DPSC-CM is more
efficacious than BM-MSC-CM [89,90]. For example, Inoue et al.
demonstrated that DPSC-CM was significantly more effective than
BM-MSC-CM in reducing infarct volume and improving motor
disability scores in MCAO model rats [89]. Moreover, in another
experiment, DPSC-CM conferred more cytoprotection against
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astrocyte cell death compared to BM-MSC-CM in an in vitro Oxygen
Glucose Deprivation (OGD) model [90]. DPSC-CM is not yet well
understood, but these results are promising as a prospective new
source of CM.

These pre-clinical experiments show that conditioned media is
effective in ischemic stroke and can avoid issues such as tumor
formation and immune rejection that are associated with cell
transplantation [89]. However, the secretome of stem cells is still
not well understood [87]. Before CM can be used in clinical trials,
and especially in common clinical use, hundreds of cytokines/
proteins excreted by stem cells must be studied in stroke models to
determine which proteins are responsible for their efficacy in
ischemic stroke [87]. A summary of these prospective ischemic
stroke treatments is presented in Table 1. A major limitation with
cell transplantation is that the optimum time after the onset of
stroke, at which cells should be transplanted is unknown [28,91].
Most of the studies agree that the earlier transplantation the better,
but transplantations as late as 4.5 years after the onset have been
carried out as well [92e94]. Optimization studies for trans-
plantation conditions according to the timing are required.

4. Routes of administration

As previously discussed clinical trials have shown, there are
various routes of administration for transplanting these stem cells:
the most common being intravenous (IV), intra-arterial (IA), and
intracerebral or intracranial. Each route has its advantages and
disadvantages. An advantage of IV transplantation is that it is
completely non-invasive, and the cells will circulate throughout the
cerebral vasculature to respond to global cerebral ischemia [30,50].
However, drawbacks include the limited ability to cross the BBB
and limited homing to ischemic areas [30,50]. One result of this is
the need to transplant a much higher number of cells in IV
administration; for example, an IV clinical trial (MASTERS)
administered 1.2 billion cells to patients, while intracranial studies
administered only 2e20 million cells [50]. For IA transplantation,
an advantage is that a smaller number of cells is needed and
accumulation in the lungs and peripheral immune organs can be
prevented, among other things [50]. However, IA transplantation is
invasive and can result in increased side effects as it has resulted in
higher mortality rates due to microvascular occlusions caused by
clumping of transplanted cells [30]. In addition, similar to IV,
crossing the BBB is challenging for IA administration and some-
times requires BBB permeabilizers [50].

Research is also being conducted to improve BBB crossing to
improve the efficacy of IV or IA transplantation. Of benefit to
ischemic stroke therapies is the fact that the BBB becomes
compromised following ischemic stroke, making cellular trafficking
across the BBB easier [95]. In fact, Chen et al. demonstrated that
human embryonic kidney (HEK293T) cell-derived exosomes were
able to cross the BBB in stroke-like conditions, but not in normal
conditions [96]. However, artificial BBB permeation is required as it
is more difficult for stem cells to cross the BBB. Borlongan et al.
demonstrated that shrinking endothelial cells hyperosmotically by
using mannitol can allow transplanted stem cells to cross the BBB
[97]. A problem is that this also allows inflammatory responses to
cross the BBB, so Borlongan et al. proposed to inhibit nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) by
combining mannitol with an NF-kB decoy in order to limit the in-
flammatory response [97]. Another method by Burgess et al.
included using MRI-guided focused ultrasound (MRIgFUS) to
transiently open the BBB to allow NSCs to cross in rats with limited
tissue damage [98]. Burgess et al. also demonstrated that MRIgFUS
can be used to deliver stem cells to a single brain structure, assisting
homing to ischemic areas [98]. Such BBB permeation experiments
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may improve transplanted stem cell delivery in IV or IA
administration.

Finally, in intracranial transplantation, the advantages are that it
requires the smallest number of cells as the product is delivered
directly to the target area, and cells do not have to cross the BBB,
similar to IV and IA [99,100]. Hattori et al. represented a clinically
relevant rodent model of monocyte derived multipotential cells
intracranial transplantation. They showed how, relative to IV or IA
transplantation, there was minimal loss of cells attributed to
apoptosis or homing [99]. However, this method is the most inva-
sive, as it requires surgery [50]. For example, in the PISCES-2 trial,
serious adverse events (SAEs) were observed due to the surgical
procedure required for intracerebral transplantation [49].

Currently, clinical trials are being conducted using all these
methods, as discussed in the previous sections. However, consid-
ering the BBB permeation research introduced earlier, stem cell
modification or DPSCs result in increased homing to ischemic areas,
and HFSCs can cross the BBB without a permeabilizer. Moreover,
the disadvantages of IV transplantation can be solved, resulting in
IV transplantation being the most prominent in the future, espe-
cially in acute ischemic stroke [25,51]. However, chronic stroke is
more challenging with IV transplantation, as chemotactic signaling
is weaker in the chronic stage [50]. Therefore, intracranial trans-
plantation may be required in patients with chronic stroke.

5. Future perspectives

So far, we have covered future treatments that are closer to
becoming clinically available. Now, we will introduce a couple of
methods that show promise but are further from reaching common
use, with no clinical trials planned or performed yet. These
methods include cell transplantation using iPSCs and cell therapy
with cell surface modifications.

5.1. Induced pluripotent stem cells

Pluripotent Stem Cells (PSCs) such as ESCs can differentiate into
all cell types, including neurons, which give them limitless thera-
peutic potential. However, there are ethical problems associated
with ESCs, since they must be obtained from fetuses [101]. Induced
Pluripotent Stem Cells (iPSCs) avoid these ethical problems, as they
are somatic cells which are reprogrammed to be pluripotent [101].
Although cells such as DPSCs are easily obtainable, iPSCs can be
obtained in virtually limitless quantities since they can be reprog-
rammed from any somatic cell from any individual, and they
endlessly proliferate [23,52]. Being generated from a patient's own
cells also avoids immune rejection, giving iPSCs another advantage
over ESCs [102].

Another advantage of iPSCs is that they have been shown to be
effective in animal models. For example, Jiang et al. generated iPSCs
from adult human fibroblasts and transplanted them intracere-
brally into MCAO model rats [101]. The iPSCs migrated to ischemic
areas, differentiated into neurons, significantly decreased infarct
volume, and improved neurological scores [101]. This means that
iPSCs can achieve the same pre-clinical results as other stem cell
types, and these results have been replicated in other animal ex-
periments. Other experiments have also demonstrated that iPSCs
can induce vascular regeneration, similar to the previously
mentioned stem cell types [103].

However, there are problems with iPSCs that prevent clinical
trials from being performed. The endless proliferation of iPSCs can
result in tumor formation, a problem that also presents with other
PSCs [23,29,103]. To combat this, researchers are attempting to sub-
differentiate iPSCs into other stem cell types and then transplant
them into animal stroke models. In a study by Chau et al., iPSCs
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were differentiated into NPCs (iPSC-NPCs) and transplanted intra-
cerebrally [104]. The transplanted cells were able to differentiate
into mature neurons, increase endogenous neurogenesis/angio-
genesis, and improve neurological scores. The researchers identi-
fied increased expression of SDF-1a and VEGF in the peri-infarct
region as possible mediators for this recovery [104]. In addition, Oh
et al. generated iPSCs from Peripheral Blood Mononuclear Cells
(PBMC), which were then differentiated into NPCs using Episomal
Plasmids (EPs) containing reprogramming factors (EP-iPSC-NPCs)
[102]. Once injected intracerebrally into MCAO rats, EP-iPSC-NPCs
differentiated into neural and glial cells, induced functional re-
covery, and decreased infarct size [102]. These and other pre-
clinical models are promising, but given the tumorigenicity of
iPSCs, there are many hurdles to overcome before clinical trials can
begin. EPs, as shown earlier, may be able to solve problemswith the
generation of iPSCs [102,103]. Another requirement is the removal
of undifferentiated iPSCs by magnetic/fluorescence-activated cell
sorting (MACS/FACS) [103]. Even though iPSCs cannot be directly
transplanted, iPSC-derived multipotent stem cells (such as iPSC-
MSC/NSCs) could lead to virtually infinite amounts of any stem
cell type, making clinical trials easier and cheaper to perform. As
shown earlier, iPSC-derived cells can also be used to study condi-
tioned media if the full removal of un-differentiated iPSCs can be
achieved [22].

5.2. Cell surface modification

As mentioned in the routes of administration section, IV trans-
plantation is the least invasive transplantation option for ischemic
stroke; however, a major problem is the death of transplanted cells,
as the innate immune system will kill most cells transplanted
intravenously [24,86,105]. This is because the stem cells mentioned
earlier are not normally present in human blood, so they express
tissue factors that activate thromboinflammation, resulting in cell
death. This contributes to less than 0.01% of transplanted cells
reaching the brain [106]. Cell surface modification is an emerging
method to solve this problem (Fig. 2). The genetic modification of
stem cells discussed earlier can also be performed to improve cell
survival, but cell surface modification can be performedmuchmore
rapidly and effectively [105].

Asawa et al. demonstrated in vitro that cell surface modification
of BM-hMSCs with heparin-conjugated lipids (fHep-lipid) can
prevent coagulation activation and platelet aggregation, suggesting
that fHep-lipid can prevent cell death after transplantation [107].
This is because fHep is structurally similar to heparan sulfate pro-
teoglycan, a component of the endothelial cell glycocalyx that
regulates coagulation and complement activation [107]. Cell sur-
face modification can also be performed to increase cell homing to
ischemic areas. Given that activated endothelium (such as after
ischemic stroke) expresses E-selectin receptors, research by Ter-
amura et al. showed that conjugating E-selectin-binding
oligopeptide-conjugated PEG-lipids to MSCs causes these cells to
home to activated endothelial cells in vitro [106]. However, these
results need to be replicated in vivo before they can be used in
clinical trials. In another study by Kusamori et al., longer-term
stable modification of MSC membranes was achieved by devel-
oping an avidinebiotin complex (ABC) technique [105]. However,
they have not yet evaluated whether this long-term modification
improves the results in animal stroke models [105].

Cell surface modification can also be applied to targeted drug
delivery. Lv et al. demonstrated that a stroke-homing peptide
(SHp)-conjugated PEG-lipid (SHp-PEG-DSPE) attached to red blood
cell membranes containing a neuroprotective agent (NR2B9) was
able to cause the drug to target ischemic areas in a rat MCAOmodel,
which in turn caused a significant reduction in infarct size and
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neurological score improvement [108]. Further studies can be
performed to determine if SHp could also target MSCs in ischemic
stroke areas.

As with iPSC transplantation, cell surface modification still
needs more pre-clinical studies conducted before it could be used
in a clinical trial; however, cell surface modification has the po-
tential to drastically reduce the number of cells needed for IV
clinical trials by increasing survival and improving targeted de-
livery to ischemic stroke areas, while being quicker and more
reliable than genetic modification [105,106]. If cell surface modifi-
cation eventually shows efficacy in clinical trials, it could lead to IV
becoming the leading route of administration in cell therapies.
6. Discussion

In this review, we described the status of ischemic stroke
treatment, which is summarized in Fig. 1. Currently, there are only
two clinically available ischemic stroke treatments: thrombolysis
and thrombectomy. These are only targeted at stopping ischemia
and do not limit reperfusion or help patients recover from neuronal
damage sustained during stroke. We show in this paper that there
are many methods with the potential to aid in the recovery of
damage sustained from ischemic stroke; however, none of these
methods are ready for common clinical use, nor have any large-
scale phase III clinical trials been performed even though stem
cell clinical trials have been conducted for approximately 20 years
now [44]. It is known that cells generally do not survive trans-
plantation, andmost (if not all) benefits from cell transplantation in
clinical trials are from the paracrine mechanism [22,92,106].

Although this review article mostly covers stem cell or stem cell
derivatives (such as CM or EVs) transplantation, there are addi-
tional methods of stem cell treatment that are useful. For example,
as damage/loss of endothelial glycocalyx contributes to additional
brain damage during reperfusion; perhaps artificial glycocalyx
could be transplanted to ameliorate this in the future [106]. Addi-
tionally, in vitro disease modeling, such as brain/body-on-a-chip
methods, is also useful, especially in determining the effect of cy-
tokines and the efficacy of conditioned media [47,109]. IPSCs are
particularly useful for this purpose, given their endless proliferative
abilities and their ability to tailor disease modeling to any patient
[109].

As stated before, ischemic stroke is a leading cause of death and
disability worldwide, and it will continue to becomemore common
in the future [4]. Therefore, we hope that some of the treatments
presented herewill gain common clinical applicability in the future.
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