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Abstract—Stroke is the most common cause of disability. Brain repair mechanisms are often insufficient to allow
a full recovery. Stroke damage involve all brain cell type and extracellular matrix which represent the crucial “glio-
neurovascular niche” useful for brain plasticity. Regenerative medicine including cell therapies hold great pro-
mise to decrease post-stroke disability of many patients, by promoting both neuroprotection and neural repair
through direct effects on brain lesion and/or systemic effects such as immunomodulation. Mechanisms of action
vary according to each grafted cell type: “peripheral” stem cells, such as mesenchymal stem cells (MSC), can pro-
vide paracrine trophic support, and neural stem/progenitor cells (NSC) or neurons can act as direct cells’ replace-
ments. Optimal time window, route, and doses are still debated, and may depend on the chosen medicinal product
and its expected mechanism such as neuroprotection, delayed brain repair, systemic effects, or graft survival and
integration in host network. MSC, mononuclear cells (MNC), umbilical cord stem cells and NSC are the most
investigated. Innovative approaches are implemented concerning combinatorial approaches with growth factors
and biomaterials such as injectable hydrogels which could protect a cell graft and/or deliver drugs into the post-
stroke cavity at chronic stages. Through main publications of the last two decades, we provide in this review con-
cepts and suggestions to improve future translational researches and larger clinical trials of cell therapy in stroke.
© 2023 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION ited to neurons but involve both brain cells and extracellu-

. . lar matrix in a “glio-neurovascular niche” that interacts with

Stroke. remains the second leading cause of O!eath the peripheral immune system (Dirnagl, 2012; Dirnagl and
worldwide. From 1990 to 2019, the number of incident Endres, 2014; George and Steinberg, 2015). Most of the

?gglc()ezojlgcre':as_e_s beOJO% M(Global Bturderr: El)iseda_se acute damages have been specifically targeted by neuro-
B ( eigin, 2. )- qreover, ! O'S the eg Ing protective drugs without clinical success despite thou-
cause of severe disability affecting 60-70% of survivors. sands of positive results in animal studies (O’Collins

:Eschemic stro:<e§ represent ’Tl\r/out:d 8(;‘%: of all gases. et al., 2006). For these reasons, therapeutic strategies
xcepting early intravenous (IV) thrombolysis, endovas- must target all these systems rather than narrowly target-

cular thrombectomy, craniectomy for large strokes, and ing an individual damage process. Regenerative cell-

neurorehabilitation, no treatment currently exists to based therapies could achieve this goal with broad physi-

enhatr:ﬁet recoveLy. Th(at)refore, thz dllevelopment Of, treat- ological action by simultaneously promoting both endoge-
menttihat can eénhance brain remodeling processes Is nec- nous neuroprotection and neural repair (Detante et al.,

essary but ) requires a global pathophysiologi.cal 2014; Toman et al., 2019). These approaches also have
knowledge. It is well-known that stroke effects are not lim- the advantage of action over an extended therapeutic

*Correspondence to: Olivier Detante, Neurologie, CHU Grenoble Alpes, CS 10217, 38043 Grenoble Cedex 9, France.

E-mail addresses: ODetante@chu-grenoble.fr (O. Detante), llegris@chu-grenoble.fr (L. Legris), Anaick.Moisan@efs.sante.fr (A. Moisan), claire.
rome@univ-grenoble-alpes.fr (C. Rome).

Abbreviations: Ang1, angiopoietin 1; BDNF, brain derived neurotrophic factor; GABA, y-aminobutyric acid; GCSF, granulocyte colony-stimulating
factor; HIF1, hypoxia inducible factor; IAP, inhibitors of apoptosis proteins; IV, intravenous; MNC, mononuclear cells; MSC, mesenchymal stem cells;
NSC, neural stem cells; NSC, neural stem/progenitor cells; SDF1, stromal-derived factor; SVZ, subventricular zone; TGFB1, transforming growth factor
B1; VEGF, vascular endothelial growth factor.

https://doi.org/10.1016/j.neuroscience.2023.11.027
0306-4522/© 2023 IBRO. Published by Elsevier Ltd. All rights reserved.

Please cite this article in press as: Detante O et al. Cell Therapy and Functional Recovery of Stroke. Neuroscience (2023), https://doi.org/10.1016/j.neuroscience.2023.11.027



https://doi.org/10.1016/j.neuroscience.2023.11.027
mailto:ODetante@chu-grenoble.fr
mailto:llegris@chu-grenoble.fr
mailto:Anaick.Moisan@efs.sante.fr
mailto:claire.rome@univ-grenoble-alpes.fr
mailto:claire.rome@univ-grenoble-alpes.fr
https://doi.org/10.1016/j.neuroscience.2023.11.027
https://doi.org/10.1016/j.neuroscience.2023.11.027
https://doi.org/10.1016/j.neuroscience.2023.11.027
https://doi.org/10.1016/j.neuroscience.2023.11.027

time-window after stroke and thereby might be effective in
many patients from acute to chronic stages.

Endogenous neural protection after stroke

Early after stroke, in addition to possible reperfusion via
collateral arteries or fibrinolysis, several endogenous
protective mechanisms are spontaneously engaged
(Fig. 1). There is activation of “anti-excitotoxic”
channels, receptors or regulators such as v-
aminobutyric acid (GABA) or K* receptors. These
phenomena are followed by a transduction phase with
amplification of kinases, transcription factors and growth
factors (neurotrophin 3, granulocyte colony-stimulating
factor (GCSF), vascular endothelial growth factor
(VEGF), brain derived neurotrophic factor (BDNF)...).
Finally, anti-apoptotic (heat shock protein (HSP 70),
BCL2, inhibitors of apoptosis proteins (IAP), hypoxia
inducible factor (HIF1)...), anti-inflammatory (IL10,
transforming growth factor B1 (TGFf1)...) and anti-
oxidative (o-tocopherol, vitamin C) molecules stimulate
neural repair processes (Lo, 2008).

Post-stroke plasticity and neural repair

The adult brain has a capacity for self-repair (Jurkowski
et al., 2020) (Fig. 1). During stroke recovery, beyond to
adaptive functional compensation, there is “structural’
brain plasticity (Carmichael, 2006; Murphy and Corbett,
2009) based on the surviving tissue participating in reor-
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ganization of damaged networks (Favre et al., 2014),
and exhibiting neuro-synaptogenesis with axonal sprout-
ing. Stroke also increases neurogenesis from neural stem
cells (NSC) of the subventricular zone (SVZ) and hip-
pocampal dentate gyrus, generating neuroblasts that
migrate to the lesion and differentiate into mature neurons
(Ceanga et al., 2021). This post-stroke neurogenesis is
closely linked to angio-vasculogenesis and glial function
leading to the concept of a “glio-neurovascular niche” as
a favorable “stem cell niche” (Zhang et al., 2012). For
several months following stroke, neuroblasts from the
SVZ migrate close to microvessels through an area
exhibiting early vascular remodeling (Thored et al.,
2007) stimulated by the release of neurotrophic factors
such as angiopoietin 1 (Ang1), stromal-derived factor
(SDF1), BDNF, VEGF or metalloproteases. Neuroblasts
also enhance angiogenesis with the release of VEGF
(Teng et al., 2008), underlining the bidirectional link
between microvascular and neuronal remodeling. Addi-
tionally, glial cells play a key role with astrocytes removing
excitatory neurotransmitters (glutamate) and K* and
thereby limiting excitotoxic damage. These cells also
modulate synaptogenesis by enhancing the formation of
functional synapses (Pannasch et al., 2011). Otherwise,
oligodendrocyte progenitors, that are resident in white
matter or derived from SVZ NSCs, differentiate after
stroke into mature oligodendrocytes, thereby enabling
axonal remyelination (Arai and Lo, 2009). Microglia also
contribute to this repair process, both acting as an inflam-
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Fig. 1. Pathophysiology of stroke damage, post-stroke endogenous

protection and brain repair. Red boxes indicate current experimental

therapeutics of regenerative medicine. BCL: B-cell lymphoma protein; BDNF: brain derived neurotrophic factor; BP: blood pressure; Depol.: peri-
infarct depolarisation; EP: endothelial progenitors (CD34 +); EPO: erythropoietin; GCSF: granulocyte-colony stimulating factor; GF: growth factors;
GIuR2: glutamate receptor (subunit 2); HSC: hematopoietic stem cells (CD34 +); HSP: heat-shock protein; IL: interleukin; IV: intravenous; MNC:
mononuclear cells; MSC: mesenchymal stromal/stem cells; NOS: NO synthase; VEGF: vascular endothelial growth factor.
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mation modulator and releasing trophic factors such as
BDNF (Madinier et al., 2009). Although the effects of
these complex processes comprising post-stroke plastic-
ity are reinforced by exercise and rehabilitation, post-
stroke neurogenesis from endogenous NSCs is relatively
weak and many new neurons die (Arvidsson et al., 2002),
often resulting in incomplete functional recovery notably
after large stroke. Thus, a deeper understanding of how
post-stroke brain remodeling is affected by the integration
of neurons into their “glio-vascular” microenvironment is
crucial to develop effective regenerative therapies.

CELL THERAPY AFTER STROKE

Cell therapies are particularly relevant as regenerative
treatment for stroke. With a wide therapeutic time-
window, they could be used to treat many stroke
patients, potentially generating significant increments in
societal value (Svensson et al., 2012). Transplanted cells
can act on endogenous neuroprotective and neural repair
processes (Detante et al., 2014; Toman et al., 2019). Tra-
ditionally, we distinguish two main strategies: 1) Paracrine
trophic support using “peripheral” stem or stromal cells
mostly by systemic delivery; 2) Direct neural replacement
using neural stem/progenitor cells or neurons mostly by
intracerebral injection.

Cell sources and therapeutic cells

Today, the great variety of available cell types form a rich
therapeutic arsenal which requires, prior to clinical use,
careful consideration regarding the quality of cell
manufacturing process, the cell product characterization
and functionality, the safety | efficacy preclinical profile,
and the in vivo biodistribution properties according to
the delivery route. Labeling by competent authorities
require strict quality control to obtain a clinical grade of
advanced therapy medicinal product (ATMP). Currently,
bone marrow-derived cell populations, such as
mesenchymal  stromal/stem cells (MSC) and
mononuclear cells (MNC), umbilical cord stem cells, and
NSCs are the most commonly investigated in clinical
trials.

Cell sources (starting material) can be sorted by
their adult, fetal (extra-embryonic), or in vitro cell-culture
origin. While adult sources such as bone marrow or
adipose tissue are widely used in clinical trials,
peripheral blood, olfactory mucosa, menstrual blood,
brain tissue, breast milk, hair follicles, or dental pulp
(Nito et al., 2022) are interesting alternatives. “Fetal”
sources, such as umbilical cord, are relatively easy to col-
lect for banking and can provide cell products from the
cord itself (Wharton’s jelly) (Kim et al., 2013) or cord blood
samples (Lee et al., 2021; Ercelen et al., 2023). Placenta
(Barlow et al., 2008; Chen et al., 2013), amniotic fluid
(Tajiri et al., 2012), or fetal brain samples, including stria-
tum or 1st trimester cerebral cortex (Darsalia et al., 2007;
Stroemer et al., 2009) are already used as cell sources in
clinical trials (Boncoraglio et al., 2019). Finally, in vitro
sources such as NSCs or neural cell cultures
(Kondziolka et al., 2005; Stroemer et al., 2009) have been
also used in clinics. From in vitro cultures, pluripotent cells

such as embryonic stem cells (ESC) or induced pluripo-
tent stem cells (iPSC) from adult tissue cannot be directly
used due to their associated high tumorgenicity risk (Koch
et al., 2009). However, as sources, ESCs and iPSCs
(Takahashi et al., 2007; Polentes et al., 2012) can be
expanded over many passages, thereby providing an
unlimited supply of multipotent or mature derived cells
usable for cell therapy (Llorente et al., 2021).

Cell therapy products (advanced therapy
medicinal products, ATMP) harvested from these
different sources can be used for xenogenic, allogenic
or autologous treatments. Firstly, stromal/stem cells
isolated from bone marrow, adipose tissue, umbilical
cord, or blood are widely used. MSCs and multipotent
adult progenitor cells (MAPC) can be used under
autologous or allogenic conditions without concomitant
immunosuppressive drugs owing to their
immunomodulatory properties (Chamberlain et al., 2007;
Jiang et al., 2007; Honmou et al., 2012; Eckert et al.,
2013; Chen et al., 2023). Secondly, NSCs can be har-
vested from brain tissue or from immortalized neural cell
lines, or derived from ESCs or iPSCs (Polentes et al.,
2012; Gronning Hansen et al., 2020). NSC grafts seem
to provide functional benefit but usually require immuno-
suppressant treatments. We also include in this heteroge-
neous “NSC group” the olfactory ensheathing cells (Shyu
et al.,, 2008), oligodendrocyte progenitors (Bulte et al.,
1999), and immature neurons (Kondziolka et al., 2000;
Kondziolka et al., 2005). Finally, the third type of thera-
peutic cells includes the hematopoietic stem cells (HSC
CD34 +), and endothelial progenitors (EP CD34 +). They
are easily harvested from cord blood, bone marrow or
peripheral blood after mobilization and represent a type
of MNC usable, without amplification, to enhance
microvascular repair (Brenneman et al., 2010; Yang
et al., 2011). Despite unclear cell characterization, MNCs
have been used in several clinical trials with encouraging
results particularly as a treatment applied a few days after
stroke onset (Moniche et al., 2023).

Mechanisms of action

The functional benefits of cell therapy on stroke recovery
are well established in animal models using the above-
mentioned cell types coupled with different delivery
routes. However, their respective mechanisms of action
are complex and vary according to the transplanted cell
type. A common characteristic of these cell products is
that they simultaneously target many different host brain
cell types, including NSCs, neurons, endothelial and
glial cells, leading to improvements via endogenous
repair processes, such as neuro-glio-angiogenesis,
axonal sprouting, synaptogenesis. Direct replacement of
injured neurons has been suggested after intracerebral
(IC) injection (Darsalia et al., 2011; Smith et al., 2012)
or intra-arterial (1A) injection of NSCs (Rosenblum et al.,
2012), after injection of iPSC-derived neurons (Tornero
et al., 2013), or of ESC-derived MSCs (Liu et al., 2009).
However, long-term graft survival is relatively poor
(Chen et al., 2001; Lu et al., 2002; Shen et al., 20073;
Shen et al., 2007b; Ramos-Cabrer et al., 2010). More-
over, despite possible integration of grafted NSCs
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(Englund et al., 2002; Ishibashi et al., 2004; Daadi et al.,
2009) into the host circuitry, functional recovery occurs
too early to be caused by newly formed neurons and
synapses. Additionally, cell entry or integration into the
host brain would not be required to obtain neural repair
enhancement (Borlongan et al.,, 2004a; Boltze et al,
2012). Direct replacement of all damaged brain cells,
including cells from ectoderm such as neurons or glia,
and from mesoderm such as microglia or endothelium,
would require transplantation of “native” pluripotent cells
(ESC or iPSC) which might result in tumor formation
(Seminatore et al., 2010). Thus, it seems more realistic
to expect that cell therapy, notably employing “non-
neural” cells, such as MSCs or MNCs, works through
paracrine trophic support (“by stander”) effects on the
injured brain by secreting various growth factors
(Teixeira et al., 2013). The improvement in host brain
plasticity and associated recruitment of endogenous pro-
genitors has been identified after injection of MSCs (Ding
et al.,, 2013), NSCs by enhancing dendritic plasticity
(Minnerup et al., 2011; Minassian et al., 2020). Moreover,
the effects of cell therapies on post-stroke vasculogenesis
and angiogenesis seem to be crucial in explaining early
post-graft benefits. IC injection of endothelial cells can
improve vasculogenesis linked to neurogenesis via VEGF
release (Ishikawa et al., 2013). Proangiogenic effects
were also observed early after IV injection of MSCs
(Moisan et al.,, 2016; Kikuchi-Taura et al., 2021) that
can contribute to VEGF-induced angiogenesis by supply-
ing metalloprotease MMP-9 (Hao et al., 2011), after injec-
tion of NSCs (Roitbak et al., 2008; Horie et al., 2011), EPs
(Rosell et al., 2013), or cord-blood MNCs CD34+
(Taguchi et al., 2004). These MNCs contain EPs and
smooth muscle progenitors which may collaborate to form
a mature vascular network supporting and enhancing
neuroblast survival and migration after stroke (Nih et al.,
2012). Moreover, EPs, MSCs or NSCs could also facili-
tate protection or restoration of the blood—brain barrier
after stroke (Borlongan et al., 2004b; Horie et al., 2011;
Shinozuka et al., 2013; Saft et al., 2020). Another impor-
tant effect of cell therapy is enhanced glial remodeling and
limitations in anterograde degeneration (Gao et al., 2005;
Chopp et al., 2009; Li et al., 2014). For example, 1V injec-
tion of MSCs has beneficial effects on both post-stroke
glial remodeling and axonal remyelination (Li et al,
2006). It also increases GDNF levels, creating a hos-
pitable environment for neural repair and neuroblast
migration from the SVZ (Shen et al., 2010).

Finally, cell therapies can also limit host cell death
through anti-apoptotic (Zhang et al., 2019a) and systemic
immunomodulation (Boshuizen and Steinberg, 2018;
Malone et al., 2019; Anthony et al., 2022). Although
MSCs are well known to attenuate inflammation in both
stroke brain and periphery (Bonsack et al., 2020), some
immunomodulation properties were also observed for
cord blood cells (Vendrame et al., 2005) or NSCs
(Martino and Pluchino, 2006; Ben-Hur, 2007) which can
both influence splenic inflammatory responses after
stroke (Lee et al., 2008). All these mechanisms of action
currently lead to the global “bioreactor” hypothesis in
which transplanted cells migrate to peripheral organs,

and modulate host cells to generate a regenerative envi-
ronment (Savitz and Cox, 2023).

Optimal route for cell delivery?

The best combination of delivery route and dose for cell
therapy after stroke strongly depends on the chosen cell
products and expected therapeutic effects. We can
expect that IC delivery would be preferred for cell
replacement while IV or IA injection for systemic and
trophic support. Intravascular injections are less invasive
and easier to implement than neurosurgical
implantation. The systemic infusion allows cell
distribution into vascularized and viable areas of the
lesion, not only into localized graft sites. Because
cytokine, chemokine and inflammatory signals are
released by compromised brain tissue, IV-injected
MSCs can preferentially migrate to the damaged brain
regions despite initial and transient lung trapping
(Detante et al.,, 2009). As only 1 to 4 / 10,000 IV-
injected cells reach the damaged brain, the acute pul-
monary passage after IV injection is a major obstacle
for IV delivery of NSCs, MAPCs or larger cells such as
MSCs (Fischer et al., 2009). This pulmonary passage
can be increased by inhibition of MSC CDA49d, infusion
via two boluses (Fischer et al., 2009), or vasodilator
sodium nitroprusside preadministration (Schrepfer et al.,
2007). Moreover, Mannitol should be used to increase
blood brain barrier permeability in order to increase deliv-
ery into the brain (Choi et al., 2018).

Other graft routes, such as IA (Bhatia et al., 2018;
Savitz et al., 2019; Moniche et al., 2023) or IC (Muir
et al.,, 2020; Zhang et al., 2020; Palma-Tortosa et al.,
2021), could avoid the lung entrapment and thereby
increase the number of grafted cells in the target tissue.
"|n-labeled NSCs can be detected in the ischemic hemi-
sphere after IA but not IV injection (Lappalainen et al.,
2008). For NSC delivery, although the IA route seems
to be efficient (Guzman et al., 2008), it could increase
mortality (Li et al., 2010). For IC graft, most grafted cells
die after graft into the damaged area. While a 6-week
transplantation delay in NSC administration does not
influence cell migration or neuronal differentiation, it could
result in poorer graft survival compared to early transplan-
tation (48 h) (Darsalia et al., 2011). Thus, whereas IA or
IC grafts are feasible and currently developed, the IV cell
injection has been selected for the majority of current clin-
ical trials.

Optimal therapeutic time-window?

The optimal timing for cell therapy after stroke also
depends on the cell type, a potential delay for in vitro
amplification notably for autologous cultures (Jaillard
et al.,, 2020), and their specific mechanism of action
(acute neuroprotection vs delayed neural repair; trophic
effects vs graft survival and integration). For example,
early (6—24 h post-stroke) IA injection of NSCs leads to
greater differentiation into astrocytes, whereas injection
at later time points (7-14 days post-stroke) leads to
greater differentiation into neurons (Rosenblum et al.,
2012). MNCs, obtained from bone marrow aspirates or
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cord blood without amplification delay, could be good can-
didates for subacute delivery in the first days after stroke
(Moniche et al., 2023), possibly serving as an adjunct to
thrombolysis or mechanical thrombectomy (Misra et al.,
2012). A great clinical advantage of cell therapies would
be to delay stroke treatment until the rehabilitation phase
in a majority of patients. Whereas some trials suggested
that only early (<48 h) IV injection could be effective
(Hess et al., 2017), others have shown that treatment
delays up to weeks or months after stroke could be
promising by IV (Levy et al., 2019; Jaillard et al., 2020)
or IC deliveries (Muir et al., 2020). Moreover, current
researches also explore the effect of repeated IV injec-
tions (Takemura et al., 2021).

CLINICAL TRIALS OF CELL THERAPY IN
STROKE

Many clinical trials have been published (He et al., 2020)
(for systematic review, see the Cochrane Review
(Boncoraglio et al.,, 2019)). Several cell products and
routes were investigated in small sample trials: IC or
intrathecal transplantation of NSCs or immortalized neu-
rons (Muir et al., 2020; Zhang et al., 2020), IC or IV injec-
tion of autologous or allogeneic MSCs (Hess et al., 2017;
Jaillard et al., 2020; Chung et al., 2021; Chiu et al., 2022;
de Celis-Ruiz et al., 2022), 1A injection of autologous bone
marrow derived cells (ALD-401)(Savitz et al., 2019), IC,
IA or IV injections of autologous MNCs (Bhatia et al.,
2018; Hammadi and Alhimyari, 2019; Vahidy et al.,
2019; Moniche et al., 2023), IC transplantation of HSCs/
EPs CD34 + from autologous blood, and IV injection of
allogenic cord blood (Laskowitz et al., 2018), IV injection
of allogeneic amniotic epithelial cells (Phan et al., 2023),
and IC injection of placenta-derived MSC exosomes
(Dehghani et al., 2022) (Table 1).

These studies of cell therapy for stroke have reported
a good feasibility and safety, and encouraging results
about efficacy as suggest by meta-analysis of pioneer
controlled trials (Detante et al., 2017) and randomized tri-
als (Boncoraglio et al., 2019). However, direct compar-
isons are impossible due to the important differences in
cell products, routes and post-stroke delays among the
trials. Now, larger phase 2/3 trials are warranted, and
future trials will also assessed alternatives strategies such
as |V injection of allogenic dental pulp stem cells (Suda
et al., 2022), or intranasal injection of NSC (Xie et al.,
2022).

PERSPECTIVES OF REGENERATIVE MEDICINE
IN STROKE

Progresses in cell cultures, combinatorial
approaches and biomaterials

Enhancing the graft survival and cell therapy benefits is
the common aim of numerous on-going experimental
strategies, including combinations of neuroprotectants or
growth factors with cell therapy, modification of
therapeutic cells, co-transplantations of “synergic” cells
(He et al., 2010; Nih et al., 2012), or protective biomateri-
als. With respect to combinations (Nishimura and Takata,

2021), erythropoietin (Esneault et al., 2008) or NO donor
(Chen et al., 2004) can act in synergistic ways with MSC
IV injection, as observed when VEGF is combined with IV
injection of NSCs (Chu et al., 2005) resulting in a pro-
angiogenic effect. Currently, cell manufacturing and bio-
engineering advances improve cell culture conditions
(Roemeling-van Rhijn et al., 2013; Okinaka et al., 2019;
Yuan et al., 2019) such as electrical stimulation of NSCs
by conductive polymer scaffold (George et al., 2017), and
provide genetic cell modifications to obtain products over-
expressing interesting factors such as VEGF, BDNF,
Ang1, or specific microRNAs (Onda et al.,, 2008;
Steinberg et al., 2016; Yu et al.,, 2019; Deng et al.,
2022; Wang et al., 2022). Moreover, the expected large-
scale clinical trials require a greater production of thera-
peutic cells by using bioreactors and microcarriers, by
implementing innovative banking such as iPSCs and
derived cells (Pantazis et al., 2022), and by developing
stem-cell derived extracellular vesicles (exosome) and
microRNA as alternative treatment (Zhang et al., 2019b;
Huang et al., 2020; Wang et al., 2020; Pincela Lins
et al., 2023). The larger production must also carefully
ensure the quality of final products using in vitro potency
assays to predict the neurorestorative effect and their
safety before clinical use (Thakor et al., 2018; Brown
et al., 2020; Lyu et al., 2021).

Concerning biomaterials, the combination of drugs,
growth factors and cells with biopolymer scaffolds (i.e.
matrix) of extracellular matrix molecules (Ghuman et al.,
2021; Yaguchi et al., 2021), including collagen and hya-
luronic acid, may protect the graft and provide localized
and controlled delivery of the therapeutic agent
(Boisserand et al., 2016). The use of such “carrier” scaf-
folds or hydrogels are particularly relevant for injections
into the stroke cavity at a chronic stages (Totten et al.,
2022), as they might help to avoid a deleterious injection
into the adjacent brain tissue where important recovery
processes may be underway. Thus, close to the plastic
brain regions, grafted scaffolds could provide a favorable
environment for drug delivery or graft survival (George
et al., 2018). To improve graft cells’ proliferation, migra-
tion and differentiation, different hydrogels such as hya-
luronic acid or collagen gels, or Matrigel have been
assessed as cell-seeded scaffolds. The approaches
include various combinations, for example, ESC-derived
NSCs incorporated into Matrigel (Jin et al., 2010), MSCs
into thermoreversible hydrogel (Osanai et al., 2010), into
gelatin-laminin scaffold (Sarnowska et al., 2013), or into
hyaluronic acid hydrogel optimized for imaging follow-up
(Said et al., 2023). However, further optimization of bio-
materials is warranted before clinical use to detail their
biocompatibility with grafted cells and host brain, and their
in vivo degradation.

Careful translation to study functional recovery

Lessons from past clinical trial failures should be carefully
considered for future translational researches about
stroke recovery (Cui et al., 2019; Lalu et al., 2020;
Haupt et al., 2022). Although rodent models allow conve-
nient exploration of a range of pathophysiological mecha-
nisms and potential therapies, the anatomic and
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Table 1. Selection of published pioneer and recent clinical trials of cell therapy in stroke

Reference Country Cases (age) Source Cell type Delay Dose Route Results
Kondziolka Pittsburgh, 6 1S Human embryonic LBS-Neurons 3.5 years 5(n = 7)or 10 million IC FeasibleSafe (single post-operative seizure,
et al. StanfordUSA 8 ICH terato-carcinoma cell (Layton BioSc.) (1-5years) (n = 7) (250 pL) n = 1; asymptomatic SDH, n = 1)
2005 (58 yo) line (NT2/D1) + Cyclosporine
4 controls:
31S/1ICH (46
yo)
Savitz et al. BostonUSA 51S Primordial porcine LGE cells 5 years 1 million /cm?® of IC Feasible
2005 (25-52 yo) striatum + antiMHC1  (Genvec) (1.5— infarct50 (n = 4) or Adverse events (cortical vein occlusion, n = 1;
pretreated 10 years) 80 million (n = 1) hyperglycemic seizures, n = 1; both with MRI
transient abnormalities)FDA termination
Lee et al. SuwonS. 16 1S Auto BMExpansion in  MSCExpansionin 2.5-5and 50 million x 2 v Feasible
STARTING Korea (65 +/-14 yo) fetal calf serum fetal calf serum 5-9 weeks Safe (3-5 year follow-up)Beneficial: recovery,
2010 36 controls increase of serum SDF1a
(64 +/-12 yo)
including the
previous trial
Savitz et al. HoustonUSA 10 1S Auto BM MNC 1-3 days 7(n =1)or8.5 v FeasibleSafe (death from pulmonary embolism at
SIVMAS (55 +/-15 yo) (n = 1) or 10 million / 40 days, n = 1)
2011 79 historical kg
controls
(63 +/-12 yo)
Honmou SapporoJapan 12 IS Auto BM MSCExpansion in 10 weeks 110 million (60-160 v FeasibleSafe
et al. (59 yo, 41-73) autologous serum  (5— million)
2011 19 weeks)
Bhasin et al. New Delhi 18 1S Auto BM MSC 10 months  MSC: 50-60 million v Feasible
2013 India 2 ICH Expansion in 3 m-2y (n = 6)MNC: 50-60 SafeBeneficial: recovery (only for MNC), activation
(45 +/-12 yo) animal serum- million (n = 14) fMRI
20 controls: free mediaMNC
191S/1ICH
(45 +/-10 yo)
including the
previous trial
Prasad et al. India 58 1S Auto BM MNC 18 days 281 million 1\ Feasible
2014 62 controls (7-30) (30-500) Safe
(18-70 yo) No benefit
No change on '®FDG PET
Taguchi Osaka, 1218 Auto BM MNC 7-10 days 250 or 340 million v FeasibleSafe
et al. KobeJapan (20-75 yo)
2015
Kalladka Glasgow, UK 11 1S Immortalised human NSC CTX-DP 29 +/- 2, 5, 10, or 20 million IC Feasible
et al. (64-82 yo) NSC cell line (ReNeuron) 14 months Safe
PISCES Beneficial: recovery

2016
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Table 1 (continued)

Reference Country Cases (age) Source Cell type Delay Dose Route Results
Steinberg Stanford, USA 18IS Allo BM Gene modified 6— 2.5, 5 or 10 million IC Feasible
et al. (61 +/-10 yo) MSC (Notch1 +, 60 months Safe
2016 SanBio SB623) Beneficial: recovery
Hess et al. USA /| UK 8IS + 6518 Allo BM MAPC (Athersys) 1-2 days 400 or 1200 million v Feasible
MASTERS 61 placebo Safe
2017 (18-83 yo)
Levy et al. California 151S + 211S Allo BM Hypoxia cultured 4 +/- 0.5, 1 or 1.5 million/ IV Feasible
2019 USA (61 +/-11 yo) MSC 5 years kg Safe
Beneficial: recovery
Vahidy et al. Houston 2518 Auto BM MNC 1-3 days 10 million /kg v Feasible
2019 USA (61 +/-13 yo) Safe
185 matched
controls
(64 +/-12.5 yo)
Jaillard et al. Grenoble 16 IS Auto BM MSC 1 month 100 or 300 million v Feasible
ISIS France 15 controls SafeBeneficial: recovery, activation fMRI
2020 (46-59 yo)
de Ceilis- Madrid 4 1S (70-82 Allo adipose tissue ADSC 13 days 1 million /kg v Feasible
Ruiz et al.  Spain yo) Safe
AMASCIS 9 placebo
2022 (69-80 yo)
Moniche Sevilla 3918 Auto BM MNC 6 days 2 or 5 million kg 1A Feasible
et al. Spain 38 controls Safe
IBIS (62 +/- 13 yo)
2023

ADSC: adipose-derived stem cells; Auto: autologous; Allo: allogenic; BM: bone marrow; DTI: diffusion tensor imaging; "8FDG PET: 18-fluorodeoxyglucose positon emission tomography; IA: intra-arterial; IC: intracerebral; ICH: intracerebral

hemorrhage; IS: ischemic stroke; IV: intravenous; MNC: mononuclear cells; MSC: mesenchymal stromal/stem cells; NSC: neural stem cells.
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pathophysiologic differences between rodent and human
stroke arising from differences in cortical architecture,
regional neuronal density, arterial network distribution,
immunological mechanisms, pre-existing vascular risk
factors, concomitant medical treatments, and recovery
duration intervals that could easily impede the effective
translation of animal study results to the clinic. The effect
of these differences on clinical transfer potential might be
anticipated by using computational modeling techniques.
“In silico” mathematical stroke models can simulate cell
therapy effects by implementing explicit models of neuro-
genesis (Aimone and Weick, 2013) and could facilitate the
generation of mechanistic hypotheses. In addition, effort
could profitably be exerted to improve experimental meth-
ods, relevant recovery scores, and statistical analysis by
following common guidelines (Hommel et al.,, 2016;
Boltze et al., 2019; Nagpal et al., 2021). Current studies
must also include rehabilitation effects (Ghuman et al.,
2022; Yabuno et al., 2023) and comorbidities in rodent
models such as hypertension and diabetes (Gomez-de
Frutos et al., 2019; Mangin et al., 2019; Diekhorst et al.,
2020). Moreover, reliable biomarkers of stroke recovery
should be added to corroborate behavioral effects: multi-
modal MRI (Bagdasarian et al., 2021; Dumot et al.,
2022) and biological blood markers (Pala et al., 2020)
such as, for example, SDF1, BNGF or circulating EPs or
extracellular vesicles derived from injected MSCs (Bang
et al., 2022).

In the future, the development of neurorestorative
therapies should carefully take into consideration all
these translational and safety concerns to allow an
efficient transfer from bench to bedside, particularly for
the emerging cell products such as genetically-modified
cells.

Translation from bench to clinic is relatively slow and
there is no clear evidence that cell therapy is effective in
stroke patients. Beyond previous small proof-of-concept
trials, larger multicentric clinical studies are warranted to
clearly answer this question of efficacy. Main limitations
to conduct large trials are the huge cost of clinical-grade
cell products (ATMP) with complex and expansive cell
manufacturing, and restrictive regulations by competent
authorities about innovative biotherapies. In next
decade, we can hope that large financial commitments,
such as EU and French efforts through projects of
industrialization and harmonization of stem cell
manufactures, will provide sufficient cells’ stocks for
these large trials. Moreover, if it is not clear that current
cell products can be beneficial in humans, the fast
development of new products by the very active field of
cell and material engineering, as described above,
should improve effects in patients in next years.

Today, although patients and proxies are requesting
treatments to decrease stroke burden, the scientific
approach must be encouraged to avoid the important
“stem-cell medical tourism” (Barclay, 2009), and the
patients’ need should be included during the conception
of cell therapy trials (Nagpal et al., 2019).

Systemic or intracerebral neurorestorative therapies
include both growth factors and cell based techniques
that can be combined or used with biomaterials. They

hold great promises for stroke treatment, as they both
enhance several processes involved in post-stroke
recovery and also can be used across a wide
therapeutic time-window. However, preclinical studies
must still be conducted in parallel with larger clinical
trials. Indeed, related to the rapidly expanding
therapeutic arsenal of these ‘“advanced therapy
medicinal products”, many interdependent questions
remain to be answered about specific mechanisms of
action and the details of the procedures themselves.
Assuming these remaining questions, we can hope that
regenerative biotherapies will decrease post-stroke
disability for many patients.

ACKNOWLEDGMENTS

This work is supported by the French National Research
Agency as part of the “Investments for the Future”
(ANR-11-INBS-0005) for ECell-France national network
for regenerative medicine (ecellfrance.com).

The authors are partners of the StrokeLink network (F-
CRIN French network for stroke research).

DECLARATION OF INTEREST

None.

REFERENCES

Aimone JB, Weick JP (2013) Perspectives for computational
modeling of cell replacement for neurological disorders. Front
Comput Neurosci 7:150.

Anthony S, Cabantan D, Monsour M, Borlongan CV (2022)
Neuroinflammation, stem cells, and stroke. Stroke 53:1460-1472.

Arai K, Lo EH (2009) An oligovascular niche: cerebral endothelial
cells promote the survival and proliferation of oligodendrocyte
precursor cells. J Neurosci 29:4351-4355.

Arvidsson A, Collin T, Kirik D, Kokaia Z, Lindvall O (2002) Neuronal
replacement from endogenous precursors in the adult brain after
stroke. Nat Med 8:963-970.

Bagdasarian FA, Yuan X, Athey J, Bunnell BA, Grant SC (2021)
NODDI highlights recovery mechanisms in white and gray matter
in ischemic stroke following human stem cell treatment. Magn
Reson Med 86:3211-3223.

Bang OY, Kim EH, Cho YH, Oh MJ, Chung JW, Chang WH, Kim YH,
Yang SW, Chopp M (2022) Circulating extracellular vesicles in
stroke patients treated with mesenchymal stem cells: a biomarker
analysis of a randomized trial. Stroke 53:2276—-2286.

Barclay E (2009) Stem-cell experts raise concerns about medical
tourism. Lancet 373:883—-884.

Barlow S, Brooke G, Chatterjee K, Price G, Pelekanos R, Rossetti T,
Doody M, Venter D, Pain S, Gilshenan K, Atkinson K (2008)
Comparison of human placenta- and bone marrow-derived
multipotent mesenchymal stem cells. Stem Cells Dev
17:1095-1107.

Ben-Hur T (2007) Immunomodulation by neural stem cells. J Neurol
Sci.

Bhatia V, Gupta V, Khurana D, Sharma RR, Khandelwal N (2018)
Randomized assessment of the safety and efficacy of intra-
arterial infusion of autologous stem cells in subacute ischemic
stroke. ADINR Am J Neuroradiol 39:899-904.

Boisserand LS, Kodama T, Papassin J, Auzely R, Moisan A, Rome C,
Detante O (2016) Biomaterial applications in cell-based therapy in
experimental stroke. Stem Cells Int 2016:6810562.

Boltze J, Modo MM, Mays RW, Taguchi A, Jolkkonen J, Savitz Sl
(2019) Stem cells as an emerging paradigm in stroke 4:

Please cite this article in press as: Detante O et al. Cell Therapy and Functional Recovery of Stroke. Neuroscience (2023), https://doi.org/10.1016/j.neuroscience.2023.11.027



http://refhub.elsevier.com/S0306-4522(23)00523-7/h0005
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0005
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0005
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0010
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0010
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0015
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0015
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0015
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0020
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0020
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0020
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0025
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0025
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0025
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0025
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0030
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0030
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0030
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0030
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0035
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0035
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0040
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0040
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0040
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0040
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0040
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0045
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0045
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0050
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0050
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0050
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0050
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0055
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0055
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0055
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0060
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0060
https://doi.org/10.1016/j.neuroscience.2023.11.027

O. Detante et al. [ Neuroscience xxx (2023) xxx—xxx 9

advancing and accelerating preclinical research. Stroke
50:3299-3306.

Boltze J, Schmidt UR, Reich DM, Kranz A, Reymann KG,
Strassburger M, Lobsien D, Wagner DC, Forschler A, Schabitz
WR (2012) Determination of the therapeutic time window for
human umbilical cord blood mononuclear cell transplantation
following experimental stroke in rats. Cell Transplant
21:1199-1211.

Boncoraglio GB, Ranieri M, Bersano A, Parati EA, Del Giovane C
(2019) Stem cell transplantation for ischemic stroke. Cochrane
Database Syst Rev 5:CD007231.

Bonsack B, Corey S, Shear A, Heyck M, Cozene B, Sadanandan N,
Zhang H, Gonzales-Portillo B, Sheyner M, Borlongan CV (2020)
Mesenchymal stem cell therapy alleviates the neuroinflammation
associated with acquired brain injury. CNS Neurosci Ther
26:603-615.

Borlongan CV, Hadman M, Sanberg CD, Sanberg PR (2004a)
Central nervous system entry of peripherally injected umbilical
cord blood cells is not required for neuroprotection in stroke.
Stroke 35:2385-2389.

Borlongan CV, Lind JG, Dillon-Carter O, Yu G, Hadman M, Cheng C,
Carroll J, Hess DC (2004b) Bone marrow grafts restore cerebral
blood flow and blood brain barrier in stroke rats. Brain Res
1010:108-116.

Boshuizen MCS, Steinberg GK (2018) Stem cell-based
immunomodulation after stroke: effects on brain repair
processes. Stroke 49:1563—-1570.

Brenneman M, Sharma S, Harting M, Strong R, Cox Jr CS,
Aronowski J, Grotta JC, Savitz Sl (2010) Autologous bone
marrow mononuclear cells enhance recovery after acute
ischemic stroke in young and middle-aged rats. J Cereb Blood
Flow Metab 30:140-149.

Brown J, Park YJ, Lee JY, Chase TN, Koga M, Borlongan CV (2020)
Bone marrow-derived NCS-01 cells advance a novel cell-based
therapy for stroke. Int J Mol Sci 21.

Bulte JW, Zhang S, van Gelderen P, Herynek V, Jordan EK, Duncan
ID, Frank JA (1999) Neurotransplantation of magnetically labeled
oligodendrocyte progenitors: magnetic resonance tracking of cell
migration and myelination. PNAS 96:15256—15261.

Carmichael ST (2006) Cellular and molecular mechanisms of neural
repair after stroke: making waves. Ann Neurol 59:735-742.

Ceanga M, Dahab M, Witte OW, Keiner S (2021) Adult neurogenesis
and stroke: a tale of two neurogenic niches. Front Neurosci 15
700297.

Chamberlain G, Fox J, Ashton B, Middleton J (2007) Concise review:
mesenchymal stem cells: their phenotype, differentiation capacity,
immunological features, and potential for homing. Stem Cells
25:2739-2749.

Chen J, Li Y, Wang L, Zhang Z, Lu D, Lu M, Chopp M (2001)
Therapeutic benefit of intravenous administration of bone marrow
stromal cells after cerebral ischemia in rats. Stroke
32:1005-1011.

Chen J, Li Y, Zhang R, Katakowski M, Gautam SC, Xu Y, Lu M,
Zhang Z, Chopp M (2004) Combination therapy of stroke in rats
with a nitric oxide donor and human bone marrow stromal cells
enhances angiogenesis and neurogenesis. Brain Res
1005:21-28.

Chen J, Shehadah A, Pal A, Zacharek A, Cui X, Cui Y, Roberts C, Lu
M, Zeitlin A, Hariri R, Chopp M (2013) Neuroprotective effect of
human placenta-derived cell treatment of stroke in rats. Cell
Transplant 22:871-879.

Chen Y, Peng D, Li J, Zhang L, Chen J, Wang L, Gao Y (2023) A
comparative study of different doses of bone marrow-derived
mesenchymal stem cells improve post-stroke neurological
outcomes via intravenous transplantation. Brain Res 1798
148161.

Chiu TL, Baskaran R, Tsai ST, Huang CY, Chuang MH, Syu WS,
Harn HJ, Lin YC, Chen CH, Huang PC, Wang YF, Chuang CH,
Lin PC, Lin SZ (2022) Intracerebral transplantation of autologous
adipose-derived stem cells for chronic ischemic stroke: a phase |
study. J Tissue Eng Regen Med 16:3-13.

Choi C, Kim HM, Shon J, Park J, Kim HT, Kang SH, Oh SH, Kim NK,
Kim OJ (2018) The combination of mannitol and temozolomide
increases the effectiveness of stem cell treatment in a chronic
stroke model. Cytotherapy 20:820-829.

Chopp M, Li Y, Zhang ZG (2009) Mechanisms underlying improved
recovery of neurological function after stroke in the rodent after
treatment with neurorestorative cell-based therapies. Stroke 40:
S143-S145.

Chu K, Park K-I, Lee S-T, Jung K-H, Ko S-Y, Kang L, Sinn D-I, Lee Y-
S, Kim SU, Kim M, Roh J-K (2005) Combined treatment of
vascular endothelial growth factor and human neural stem cells in
experimental focal cerebral ischemia. Neurosci Res 53:384-390.

Chung JW, Chang WH, Bang OY, Moon GJ, Kim SJ, Kim SK, Lee JS,
Sohn SI, Kim YH (2021) Efficacy and safety of intravenous
mesenchymal stem cells for ischemic stroke. Neurology 96:
e1012—e1023.

Cui LL, Golubczyk D, Tolppanen AM, Boltze J, Jolkkonen J (2019)
Cell therapy for ischemic stroke: are differences in preclinical and
clinical study design responsible for the translational loss of
efficacy? Ann Neurol 86:5-16.

Daadi MM, Lee SH, Arac A, Grueter BA, Bhatnagar R, Maag A-L,
Schaar B, Malenka RC, Palmer TD, Steinberg GK (2009)
Functional engraftment of the medial ganglionic eminence cells
in experimental stroke model. Cell Transplant 18:815-826.

Darsalia V, Allison SJ, Cusulin C, Monni E, Kuzdas D, Kallur T,
Lindvall O, Kokaia Z (2011) Cell number and timing of
transplantation determine survival of human neural stem cell
grafts in stroke-damaged rat brain. J Cereb Blood Flow Metab: J
Int Soc Cerebral Blood Flow Metabol 31:235-242.

Darsalia V, Kallur T, Kokaia Z (2007) Survival, migration and neuronal
differentiation of human fetal striatal and cortical neural stem cells
grafted in stroke-damaged rat striatum. Eur J Neurosci
26:605-614.

de Celis-Ruiz E, Fuentes B, Alonso de Lecinana M, Gutierrez-
Fernandez M, Borobia AM, Gutierrez-Zuniga R, Ruiz-Ares G,
Otero-Ortega L, Laso-Garcia F, Gomez-de Frutos MC, Diez-
Tejedor E (2022) Final results of allogeneic adipose tissue-
derived mesenchymal stem cells in acute ischemic stroke
(AMASCIS): a phase Il, randomized, double-blind, placebo-
controlled, single-center, pilot clinical trial. Cell Transpl 31
9636897221083863.

Dehghani L, Khojasteh A, Soleimani M, Oraee-Yazdani S, Keshel
SH, Saadatnia M, Saboori M, Zali A, Hashemi SM, Soleimani R
(2022) Safety of intraparenchymal injection of allogenic placenta
mesenchymal stem cells derived exosome in patients undergoing
decompressive craniectomy following malignant middle cerebral
artery infarct, a pilot randomized clinical trial. Int J Prev Med 13:7.

Deng M, Liu J, He J, Lan Z, Cheng S, Hu Z, Xiao H (2022) Bone
marrow-derived mesenchymal stem cells overexpressed with
miR-182-5p protects against brain injury in a mouse model of
cerebral ischemia. J Stroke Cerebrovasc Dis 31 106748.

Detante O, Jaillard A, Moisan A, Barbieux M, Favre IM, Garambois K,
Hommel M, Remy C (2014) Biotherapies in stroke. Rev Neurol
170:779-798.

Detante O, Moisan A, Dimastromatteo J, Richard MJ, Riou L, Grillon
E, Barbier E, Desruet MD, De Fraipont F, Segebarth C, Jaillard A,
Hommel M, Ghezzi C, Remy C (2009) Intravenous administration
of 99mTc-HMPAO-labeled human mesenchymal stem cells after
stroke: in vivo imaging and biodistribution. Cell Transplant
18:1369-1379.

Detante O, Moisan A, Hommel M, Jaillard A (2017) Controlled clinical
trials of cell therapy in stroke: meta-analysis at six months after
treatment. Int J Stroke: J Int Stroke Soc 12:748-751.

Diekhorst L, Gomez-de Frutos MC, Laso-Garcia F, Otero-Ortega L,
Fuentes B, Jolkkonen J, Detante O, Moisan A, Leyva L, Martinez-
Arroyo A, Diez-Tejedor E, Gutierrez-Fernandez M (2020)
Mesenchymal stem cells from adipose tissue do not improve
functional recovery after ischemic stroke in hypertensive rats.
Stroke 51:342-346.

Ding X, Li Y, Liu Z, Zhang J, Cui Y, Chen X, Chopp M (2013) The
sonic hedgehog pathway mediates brain plasticity and

Please cite this article in press as: Detante O et al. Cell Therapy and Functional Recovery of Stroke. Neuroscience (2023), https://doi.org/10.1016/j.neuroscience.2023.11.027



http://refhub.elsevier.com/S0306-4522(23)00523-7/h0060
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0060
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0065
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0065
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0065
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0065
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0065
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0065
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0070
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0070
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0070
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0075
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0075
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0075
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0075
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0075
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0080
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0080
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0080
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0080
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0085
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0085
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0085
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0085
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0090
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0090
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0090
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0095
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0095
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0095
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0095
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0095
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0100
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0100
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0100
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0105
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0105
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0105
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0105
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0110
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0110
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0115
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0115
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0115
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0120
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0120
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0120
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0120
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0125
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0125
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0125
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0125
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0130
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0130
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0130
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0130
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0130
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0135
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0135
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0135
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0135
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0140
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0140
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0140
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0140
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0140
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0145
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0145
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0145
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0145
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0145
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0150
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0150
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0150
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0150
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0155
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0155
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0155
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0155
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0160
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0160
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0160
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0160
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0165
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0165
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0165
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0165
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0170
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0170
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0170
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0170
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0175
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0175
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0175
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0175
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0180
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0180
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0180
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0180
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0180
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0185
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0185
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0185
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0185
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0190
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0190
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0190
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0190
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0190
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0190
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0190
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0190
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0195
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0195
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0195
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0195
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0195
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0195
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0200
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0200
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0200
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0200
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0205
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0205
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0205
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0210
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0210
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0210
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0210
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0210
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0210
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0215
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0215
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0215
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0220
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0220
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0220
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0220
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0220
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0220
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0225
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0225
https://doi.org/10.1016/j.neuroscience.2023.11.027

10 O. Detante et al. [ Neuroscience xxx (2023) xxx—xxx

subsequent functional recovery after bone marrow stromal cell
treatment of stroke in mice. J Cereb Blood Flow Metab
33:1015-1024.

Dirnagl U (2012) Pathobiology of injury after stroke: the
neurovascular unit and beyond. Ann N Y Acad Sci 1268:21-25.

Dirnagl U, Endres M (2014) Found in translation: preclinical stroke
research predicts human pathophysiology, clinical phenotypes,
and therapeutic outcomes. Stroke 45:1510-1518.

Dumot C, Po C, Capin L, Hubert V, Ong E, Chourrout M, Bolbos R,
Amaz C, Auxenfans C, Canet-Soulas E, Rome C, Chauveau F,
Wiart M (2022) Neurofunctional and neuroimaging readouts for
designing a preclinical stem-cell therapy trial in experimental
stroke. Sci Rep 12:4700.

Eckert MA, Vu Q, Xie K, Yu J, Liao W, Cramer SC, Zhao W (2013)
Evidence for high translational potential of mesenchymal stromal
cell therapy to improve recovery from ischemic stroke. J Cereb
Blood Flow Metab.

Englund U, Bjorklund A, Wictorin K, Lindvall O, Kokaia M (2002)
Grafted neural stem cells develop into functional pyramidal
neurons and integrate into host cortical circuitry. PNAS
99:17089—-17094.

Ercelen N, Karasu N, Kahyaoglu B, Cerezci O, Akduman RC, Ercelen
D, Erturk G, Gulay G, Alpaydin N, Boyraz G, Monteleone B, Kural
Z, Silek H, Temur S, Bingol CA (2023) Clinical experience:
Outcomes of mesenchymal stem cell transplantation in five stroke
patients. Front Med 10:1051831.

Esneault E, Pacary E, Eddi D, Freret T, Tixier E, Toutain J, Touzani
O, Schumann-Bard P, Petit E, Roussel S, Bernaudin M (2008)
Combined therapeutic strategy using erythropoietin and
mesenchymal stem cells potentiates neurogenesis after
transient focal cerebral ischemia in rats. J Cereb Blood Flow
Metab 28:1552-1563.

Favre |, Zeffiro TA, Detante O, Krainik A, Hommel M, Jaillard A
(2014) Upper limb recovery after stroke is associated with
ipsilesional primary motor cortical activity: a meta-analysis.
Stroke 45:1077—1083.

Feigin VL (2021) Global, regional, and national burden of stroke and
its risk factors, 1990-2019: a systematic analysis for the Global
Burden of Disease Study 2019. Lancet Neurol 20:795-820.

Fischer UM, Harting MT, Jimenez F, Monzon-Posadas WO, Xue H,
Savitz Sl, Laine GA, Cox Jr CS (2009) Pulmonary passage is a
major obstacle for intravenous stem cell delivery: the pulmonary
first-pass effect. Stem Cells Dev 18:683-692.

Gao Q, Li Y, Chopp M (2005) Bone marrow stromal cells increase
astrocyte survival via upregulation of phosphoinositide 3-kinase/
threonine protein kinase and mitogen-activated protein kinase
kinase/extracellular signal-regulated kinase pathways and
stimulate astrocyte trophic factor gene expression after
anaerobic insult. Neuroscience 136:123—134.

George PM, Bliss TM, Hua T, Lee A, Oh B, Levinson A, Mehta S, Sun
G, Steinberg GK (2017) Electrical preconditioning of stem cells
with a conductive polymer scaffold enhances stroke recovery.
Biomaterials 142:31-40.

George PM, Oh B, Dewi R, Hua T, Cai L, Levinson A, Liang X, Krajina
BA, Bliss TM, Heilshorn SC, Steinberg GK (2018) Engineered
stem cell mimics to enhance stroke recovery. Biomaterials
178:63-72.

George PM, Steinberg GK (2015) Novel stroke therapeutics:
unraveling stroke pathophysiology and its impact on clinical
treatments. Neuron 87:297-309.

Ghuman H, Matta R, Tompkins A, Nitzsche F, Badylak SF, Gonzalez
AL, Modo M (2021) ECM hydrogel improves the delivery of PEG
microsphere-encapsulated neural stem cells and endothelial cells
into tissue cavities caused by stroke. Brain Res Bull 168:120—-137.

Ghuman H, Perry N, Grice L, Gerwig M, Moorhead Jr J, Nitzsche F,
Poplawsky AJ, Ambrosio F, Modo M (2022) Physical therapy
exerts sub-additive and suppressive effects on intracerebral
neural stem cell implantation in a rat model of stroke. J Cereb
Blood Flow Metab 42:826-843.

Gomez-de Frutos MC, Laso-Garcia F, Diekhorst L, Otero-Ortega L,
Fuentes B, Jolkkonen J, Detante O, Moisan A, Martinez-Arroyo A,

Diez-Tejedor E, Gutierrez-Fernandez M (2019) Intravenous
delivery of adipose tissue-derived mesenchymal stem cells
improves brain repair in hyperglycemic stroke rats. Stem Cell
Res Ther 10:212.

Gronning Hansen M, Laterza C, Palma-Tortosa S, Kvist G, Monni E,
Tsupykov O, Tornero D, Uoshima N, Soriano J, Bengzon J,
Martino G, Skibo G, Lindvall O, Kokaia Z (2020) Grafted human
pluripotent stem cell-derived cortical neurons integrate into adult
human cortical neural circuitry. Stem Cells Transl Med
9:1365-1377.

Guzman R, De Los AA, Cheshier S, Choi R, Hoang S, Liauw J,
Schaar B, Steinberg G (2008) Intracarotid injection of
fluorescence activated cell-sorted CD49d-positive neural stem
cells improves targeted cell delivery and behavior after stroke in a
mouse stroke model. Stroke 39:1300—1306.

Hammadi AMA, Alhimyari F (2019) Intra-arterial injection of
autologous bone marrow-derived mononuclear cells in ischemic
stroke patients. Exp Clin Transpl: J Middle East Soc Organ
Transpl 17:239-241.

Hao Q, Su H, Palmer D, Sun B, Gao P, Yang GY, Young WL (2011)
Bone marrow-derived cells contribute to vascular endothelial
growth factor-induced angiogenesis in the adult mouse brain by
supplying matrix metalloproteinase-9. Stroke 42:453-458.

Haupt M, Gerner ST, Bahr M, Doeppner TR (2022) Quest for quality
in translational stroke research-a new dawn for neuroprotection?
Int J Mol Sci 23.

He JQ, Sussman ES, Steinberg GK (2020) Revisiting stem cell-based
clinical trials for ischemic stroke. Front Aging Neurosci 12 575990.

He XY, Chen ZZ, Cai YQ, Xu G, Shang JH, Kou SB, Li M, Zhang HT,
Duan CZ, Zhang SZ, Ke YQ, Zeng YJ, Xu RX, Jiang XD (2010)
Expression of cytokines in rat brain with focal cerebral ischemia
after grafting with bone marrow stromal cells and endothelial
progenitor cells. Cytotherapy 13:46-53.

Hess DC, Wechsler LR, Clark WM, Savitz SI, Ford GA, Chiu D,
Yavagal DR, Uchino K, Liebeskind DS, Auchus AP, Sen S, Sila
CA, Vest JD, Mays RW (2017) Safety and efficacy of multipotent
adult progenitor cells in acute ischaemic stroke (MASTERS): a
randomised, double-blind, placebo-controlled, phase 2 trial. The
Lancet Neurology 16:360-368.

Hommel M, Detante O, Favre |, Touze E, Jaillard A (2016) How to
measure recovery? Revisiting concepts and methods for stroke
studies. Trans| Stroke Res 7:388-394.

Honmou O, Onodera R, Sasaki M, Waxman SG, Kocsis JD (2012)
Mesenchymal stem cells: therapeutic outlook for stroke. Trends
Mol Med 18:292—-297.

Horie N, Pereira MP, Niizuma K, Sun G, Keren-Gill H, Encarnacion A,
Shamloo M, Hamilton SA, Jiang K, Huhn S, Palmer TD, Bliss TM,
Steinberg GK (2011) Transplanted stem cell-secreted vascular
endothelial growth factor effects poststroke recovery,
inflammation, and vascular repair. Stem Cells 29:274-285.

Huang M, Hong Z, Xiao C, Li L, Chen L, Cheng S, Lei T, Zheng H
(2020) Effects of exosomes on neurological function recovery for
ischemic stroke in pre-clinical studies: a meta-analysis. Front Cell
Neurosci 14 593130.

Ishibashi S, Sakaguchi M, Kuroiwa T, Yamasaki M, Kanemura Y,
Shizuko |, Shimazaki T, Onodera M, Okano H, Mizusawa H
(2004) Human neural stem/progenitor cells, expanded in long-
term neurosphere culture, promote functional recovery after focal
ischemia in Mongolian gerbils. J Neurosci Res 78:215-223.

Ishikawa H, Tajiri N, Shinozuka K, Vasconcellos J, Kaneko Y, Lee HJ,
Mimura O, Dezawa M, Kim SU, Borlongan CV (2013)
Vasculogenesis in experimental stroke after human cerebral
endothelial cell transplantation. Stroke 44:3473-3481.

Jaillard A, Hommel M, Moisan A, Zeffiro TA, Favre-Wiki IM, Barbieux-
Guillot M, Vadot W, Marcel S, Lamalle L, Grand S, Detante O
(2020) Autologous mesenchymal stem cells improve motor
recovery in subacute ischemic stroke: a randomized clinical trial.
Transl Stroke Res 11:910-923.

Jiang Y, Jahagirdar BN, Reinhardt RL, Schwartz RE, Keene CD,
Ortiz-Gonzalez XR, Reyes M, Lenvik T, Lund T, Blackstad M, Du
J, Aldrich S, Lisberg A, Low WC, Largaespada DA, Verfaillie CM

Please cite this article in press as: Detante O et al. Cell Therapy and Functional Recovery of Stroke. Neuroscience (2023), https://doi.org/10.1016/j.neuroscience.2023.11.027



http://refhub.elsevier.com/S0306-4522(23)00523-7/h0225
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0225
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0225
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0230
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0230
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0235
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0235
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0235
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0240
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0240
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0240
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0240
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0240
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0245
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0245
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0245
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0245
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0250
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0250
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0250
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0250
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0255
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0255
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0255
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0255
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0255
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0260
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0260
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0260
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0260
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0260
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0260
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0265
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0265
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0265
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0265
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0270
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0270
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0270
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0275
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0275
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0275
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0275
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0280
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0280
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0280
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0280
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0280
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0280
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0285
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0285
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0285
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0285
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0290
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0290
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0290
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0290
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0295
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0295
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0295
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0300
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0300
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0300
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0300
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0305
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0305
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0305
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0305
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0305
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0310
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0310
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0310
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0310
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0310
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0310
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0315
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0315
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0315
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0315
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0315
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0315
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0320
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0320
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0320
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0320
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0320
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0325
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0325
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0325
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0325
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0330
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0330
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0330
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0330
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0335
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0335
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0335
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0340
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0340
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0345
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0345
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0345
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0345
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0345
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0350
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0350
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0350
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0350
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0350
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0350
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0355
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0355
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0355
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0360
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0360
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0360
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0365
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0365
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0365
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0365
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0365
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0370
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0370
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0370
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0370
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0375
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0375
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0375
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0375
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0375
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0380
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0380
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0380
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0380
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0385
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0385
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0385
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0385
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0385
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0390
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0390
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0390
https://doi.org/10.1016/j.neuroscience.2023.11.027

O. Detante et al. [ Neuroscience xxx (2023) xxx—xxx 11

(2007) Pluripotency of mesenchymal stem cells derived from adult
marrow. Nature 447:880-881.

Jin K, Mao X, Xie L, Galvan V, Lai B, Wang Y, Gorostiza O, Wang X,
Greenberg DA (2010) Transplantation of human neural precursor
cells in Matrigel scaffolding improves outcome from focal cerebral
ischemia after delayed postischemic treatment in rats. J Cereb
Blood Flow Metab 30:534—-544.

Jurkowski MP, Bettio L, E KW, Patten A, Yau SY, Gil-Mohapel J
(2020) Beyond the hippocampus and the SVZ: adult
neurogenesis throughout the brain. Front Cell Neurosci 14
576444.

Kikuchi-Taura A, Okinaka Y, Saino O, Takeuchi Y, Ogawa Y, Kimura
T, Gul S, Claussen C, Boltze J, Taguchi A (2021) Gap junction-
mediated cell-cell interaction between transplanted mesenchymal
stem cells and vascular endothelium in stroke. Stem Cells
39:904-912.

Kim DW, Staples M, Shinozuka K, Pantcheva P, Kang SD, Borlongan
CV (2013) Wharton’s jelly-derived mesenchymal stem cells:
phenotypic characterization and optimizing their therapeutic
potential for clinical applications. Int J Mol Sci 14:11692-11712.

Koch P, Kokaia Z, Lindvall O, Brustle O (2009) Emerging concepts in
neural stem cell research: autologous repair and cell-based
disease modelling. Lancet Neurol 8:819-829.

Kondziolka D, Steinberg GK, Wechsler L, Meltzer CC, Elder E, Gebel
J, Decesare S, Jovin T, Zafonte R, Lebowitz J, Flickinger JC,
Tong D, Marks MP, Jamieson C, Luu D, Bell-Stephens T, Teraoka
J (2005) Neurotransplantation for patients with subcortical motor
stroke: a phase 2 randomized trial. J Neurosurg 103:38—45.

Kondziolka D, Wechsler L, Goldstein S, Meltzer C, Thulborn KR,
Gebel J, Jannetta P, DeCesare S, Elder EM, McGrogan M,
Reitman MA, Bynum L (2000) Transplantation of cultured human
neuronal cells for patients with stroke. Neurology 55:565-569.

Lalu MM, Montroy J, Dowlatshahi D, Hutton B, Juneau P, Wesch N, S
YZ, McGinn R, Corbett D, Stewart DJ, D AF (2020) From the lab
to patients: a systematic review and meta-analysis of
mesenchymal stem cell therapy for stroke. Transl Stroke Res
11:345-364.

Lappalainen RS, Narkilahti S, Huhtala T, Liimatainen T, Suuronen T,
Narvanen A, Suuronen R, Hovatta O, Jolkkonen J (2008) The
SPECT imaging shows the accumulation of neural progenitor
cells into internal organs after systemic administration in middle
cerebral artery occlusion rats. Neurosci Lett 440:246-250.

Laskowitz DT, Bennett ER, Durham RJ, Volpi JJ, Wiese JR, Frankel
M, Shpall E, Wilson JM, Troy J, Kurtzberg J (2018) Allogeneic
umbilical cord blood infusion for adults with ischemic stroke:
clinical outcomes from a phase | safety study. Stem Cells Transl|
Med 7:521-529.

Lee S-T, Chu K, Jung K-H, Kim S-J, Kim D-H, Kang K-M, Hong NH,
Kim J-H, Ban J-J, Park H-K, Kim SU, Park C-G, Lee SK, Kim M,
Roh J-K (2008) Anti-inflammatory mechanism of intravascular
neural stem cell transplantation in haemorrhagic stroke. Brain J
Neurol 131:616—-629.

Lee TK, Lu CY, Tsai ST, Tseng PH, Lin YC, Lin SZ, Wang JC, Huang
CY, Chiu TL (2021) Complete restoration of motor function in
acute cerebral stroke treated with allogeneic human umbilical
cord blood monocytes: preliminary results of a phase | clinical
trial. Cell Transpl 30 9636897211067447.

Levy ML, Crawford JR, Dib N, Verkh L, Tankovich N, Cramer SC
(2019) Phase /Il study of safety and preliminary efficacy of
intravenous allogeneic mesenchymal stem cells in chronic stroke.
Stroke 50:2835-2841.

Li L, Jiang Q, Ding G, Zhang L, Zhang ZG, Li Q, Panda S, Lu M,
Ewing JR, Chopp M (2010) Effects of administration route on
migration and distribution of neural progenitor cells transplanted
into rats with focal cerebral ischemia, an MRI study. J Cereb
Blood Flow Metab 30:653-662.

Li Y, Liu Z, Xin H, Chopp M (2014) The role of astrocytes in mediating
exogenous cell-based restorative therapy for stroke. Glia
62:1-16.

Li Y, MclIntosh K, Chen J, Zhang C, Gao Q, Borneman J, Raginski K,
Mitchell J, Shen L, Zhang J, Lu D, Chopp M (2006) Allogeneic

bone marrow stromal cells promote glial-axonal remodeling
without immunologic sensitization after stroke in rats. Exp
Neurol 198:313-325.

Liu YP, Seckin H, Izci Y, Du ZW, Yan YP, Baskaya MK (2009)
Neuroprotective effects of mesenchymal stem cells derived from
human embryonic stem cells in transient focal cerebral ischemia
in rats. J Cereb Blood Flow Metab 29:780-791.

Llorente IL, Hatanaka EA, Meadow ME, Xie Y, Lowry WE,
Carmichael ST (2021) Reliable generation of glial enriched
progenitors from human fibroblast-derived iPSCs. Stem Cell
Res 55 102458.

Lo EH (2008) A new penumbra: transitioning from injury into repair
after stroke. Nat Med 14:497-500.

Lu D, Sanberg PR, Mahmood A, Li Y, Wang L, Sanchez-Ramos J,
Chopp M (2002) Intravenous administration of human umbilical
cord blood reduces neurological deficit in the rat after traumatic
brain injury. Cell Transplant 11:275-281.

Lyu Z, Park J, Kim KM, Jin HJ, Wu H, Rajadas J, Kim DH, Steinberg
GK, Lee W (2021) A neurovascular-unit-on-a-chip for the
evaluation of the restorative potential of stem cell therapies for
ischaemic stroke. Nat Biomed Eng 5:847-863.

Madinier A, Bertrand N, Mossiat C, Prigent-Tessier A, Beley A, Marie
C, Garnier P (2009) Microglial involvement in neuroplastic
changes following focal brain ischemia in rats. PLoS One 4:
e8101.

Malone K, Amu S, Moore AC, Waeber C (2019) Immunomodulatory
therapeutic strategies in stroke. Front Pharmacol 10:630.

Mangin G, Cogo A, Moisan A, Bonnin P, Maier B, Kubis N (2019)
Intravenous administration of human adipose derived-
mesenchymal stem cells is not efficient in diabetic or
hypertensive mice subjected to focal cerebral ischemia. Front
Neurosci 13:718.

Martino G, Pluchino S (2006) The therapeutic potential of neural stem
cells. Nat Rev Neurosci 7:395-406.

Minassian A, Green C, Diedenhofen M, Vogel S, Hess S, Stoeber M,
Radmilovic MD, Wiedermann D, Kloppenburg P, Hoehn M (2020)
Human neural stem cell induced functional network stabilization
after cortical stroke: a longitudinal resting-state fMRI study in
mice. Front Cell Neurosci 14:86.

Minnerup J, Kim JB, Schmidt A, Diederich K, Bauer H, Schilling M,
Strecker JK, Ringelstein EB, Sommer C, Scholer HR, Schabitz
WR (2011) Effects of neural progenitor cells on sensorimotor
recovery and endogenous repair mechanisms  after
photothrombotic stroke. Stroke 42:1757-1763.

Misra V, Ritchie MM, Stone LL, Low WC, Janardhan V (2012) Stem
cell therapy in ischemic stroke: role of IV and intra-arterial
therapy. Neurology 79:5207-S212.

Moisan A, Favre |, Rome C, De Fraipont F, Grillon E, Coquery N,
Mathieu H, Mayan V, Naegele B, Hommel M, Richard MJ, Barbier
EL, Remy C, Detante O (2016) intravenous injection of clinical
grade human MSCs after experimental stroke: functional benefit
and microvascular effect. Cell Transplant 25:2157-2171.

Moniche F, Cabezas-Rodriguez JA, Valverde R, Escudero-Martinez
|, Lebrato-Hernandez L, Pardo-Galiana B, Ainz L, Medina-
Rodriguez M, de la Torre J, Escamilla-Gomez V, Ortega-
Quintanilla J, Zapata-Arriaza E, de Alboniga-Chindurza A,
Mancha F, Gamero MA, Perez S, Espinosa-Rosso R, Forero-
Diaz L, Moya M, Pinero P, Calderon-Cabrera C, Nogueras S,
Jimenez R, Martin V, Delgado F, Ochoa-Sepulveda JJ, Quijano B,
Mata R, Santos-Gonzalez M, Carmona-Sanchez G, Herrera C,
Gonzalez A, Montaner J (2023) Safety and efficacy of intra-
arterial bone marrow mononuclear cell transplantation in patients
with acute ischaemic stroke in Spain (IBIS trial): a phase 2,
randomised, open-label, standard-of-care controlled, multicentre
trial. Lancet Neurol 22:137-146.

Muir KW, Bulters D, Willmot M, Sprigg N, Dixit A, Ward N, Tyrrell P,
Maijid A, Dunn L, Bath P, Howell J, Stroemer P, Pollock K, Sinden
J (2020) Intracerebral implantation of human neural stem cells
and motor recovery after stroke: multicentre prospective single-
arm study (PISCES-2). J Neurol Neurosurg Psychiatry
91:396—-401.

Please cite this article in press as: Detante O et al. Cell Therapy and Functional Recovery of Stroke. Neuroscience (2023), https://doi.org/10.1016/j.neuroscience.2023.11.027



http://refhub.elsevier.com/S0306-4522(23)00523-7/h0390
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0390
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0395
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0395
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0395
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0395
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0395
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0400
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0400
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0400
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0400
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0405
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0405
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0405
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0405
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0405
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0410
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0410
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0410
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0410
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0415
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0415
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0415
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0420
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0420
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0420
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0420
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0420
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0425
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0425
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0425
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0425
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0430
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0430
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0430
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0430
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0430
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0435
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0435
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0435
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0435
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0435
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0440
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0440
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0440
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0440
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0440
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0445
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0445
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0445
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0445
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0445
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0450
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0450
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0450
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0450
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0450
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0455
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0455
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0455
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0455
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0460
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0460
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0460
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0460
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0460
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0465
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0465
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0465
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0470
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0470
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0470
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0470
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0470
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0475
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0475
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0475
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0475
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0480
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0480
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0480
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0480
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0485
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0485
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0490
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0490
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0490
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0490
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0495
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0495
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0495
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0495
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0500
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0500
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0500
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0500
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0505
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0505
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0510
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0510
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0510
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0510
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0510
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0515
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0515
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0520
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0520
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0520
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0520
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0520
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0525
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0525
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0525
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0525
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0525
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0530
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0530
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0530
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0535
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0535
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0535
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0535
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0535
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0540
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0540
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0540
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0540
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0540
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0540
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0540
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0540
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0540
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0540
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0540
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0540
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0540
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0545
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0545
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0545
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0545
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0545
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0545
https://doi.org/10.1016/j.neuroscience.2023.11.027

12 O. Detante et al. [ Neuroscience xxx (2023) xxx—xxx

Murphy TH, Corbett D (2009) Plasticity during stroke recovery: from
synapse to behaviour. Nat Rev Neurosci 10:861-872.

Nagpal A, Hillier S, Milton AG, Hamilton-Bruce MA, Koblar SA (2019)
PERSPECTIVES: Stroke survivors’ views on the design of an
early-phase cell therapy trial for patients with chronic ischaemic
stroke. Health Expect: Int J Public Participat Health Care Health
Policy 22:1069-1077.

Nagpal A, Milton AG, Koblar SA, Hamilton-Bruce MA (2021) Clinical
Translation of Cell Therapies in Stroke (CT2S) checklist-a
pragmatic tool to accelerate development of cell therapy
products. Stem Cell Res Ther 12:93.

Nih LR, Deroide N, Lere-Dean C, Lerouet D, Soustrat M, Levy BI,
Silvestre JS, Merkulova-Rainon T, Pocard M, Margaill |, Kubis N
(2012) Neuroblast survival depends on mature vascular network
formation after mouse stroke: role of endothelial and smooth
muscle progenitor cell co-administration. Eur J Neurosci
35:1208-1217.

Nishimura K, Takata K (2021) Combination of drugs and cell
transplantation: more beneficial stem cell-based regenerative
therapies targeting neurological disorders. Int J Mol Sci 22.

Nito C, Suda S, Nitahara-Kasahara Y, Okada T, Kimura K (2022)
Dental-pulp stem cells as a therapeutic strategy for ischemic
stroke. Biomedicines 10.

O’Collins VE, Macleod MR, Donnan GA, Horky LL, van der Worp BH,
Howells DW (2006) 1,026 experimental treatments in acute
stroke. Ann Neurol 59:467—477.

Okinaka Y, Kikuchi-Taura A, Takeuchi Y, Ogawa Y, Boltze J, Gul S,
Claussen C, Taguchi A (2019) Clot-derived contaminants in
transplanted bone marrow mononuclear cells impair the
therapeutic effect in stroke. Stroke 50:2883-2891.

Onda T, Honmou O, Harada K, Houkin K, Hamada H, Kocsis JD
(2008) Therapeutic benefits by human mesenchymal stem cells
(hMSCs) and Ang-1 gene-modified hMSCs after cerebral
ischemia. J Cereb Blood Flow Metab 28:329-340.

Osanai T, Kuroda S, Yasuda H, Chiba Y, Maruichi K, Hokari M,
Sugiyama T, Shichinohe H, lwasaki Y (2010) Noninvasive
transplantation of bone marrow stromal cells for ischemic
stroke: preliminary study with a thermoreversible gelation
polymer hydrogel. Neurosurgery 66:1140—1147. discussion 1147.

Pala E, Bustamante A, Jolkkonen J, Hommel M, Rosell A, Montaner J
(2020) Blood-based biomarkers and stem cell therapy in human
stroke: a systematic review. Mol Biol Rep 47:6247—6258.

Palma-Tortosa S, Coll-San Martin B, Kokaia Z, Tornero D (2021)
Neuronal replacement in stem cell therapy for stroke: filling the
gap. Front Cell Dev Biol 9 662636.

Pannasch U, Vargova L, Reingruber J, Ezan P, Holcman D, Giaume
C, Sykova E, Rouach N (2011) Astroglial networks scale synaptic
activity and plasticity. PNAS 108:8467-8472.

Pantazis CB, Yang A, Lara E, McDonough JA, Blauwendraat C, Peng
L, Oguro H, Kanaujiya J, Zou J, Sebesta D, Pratt G, Cross E,
Blockwick J, Buxton P, Kinner-Bibeau L, Medura C, Tompkins C,
Hughes S, Santiana M, Faghri F, Nalls MA, Vitale D, Ballard S, Qi
YA, Ramos DM, Anderson KM, Stadler J, Narayan P,
Papademetriou J, Reilly L, Nelson MP, Aggarwal S, Rosen LU,
Kirwan P, Pisupati V, Coon SL, Scholz SW, Priebe T, Ottl M,
Dong J, Meijer M, Janssen LJM, Lourenco VS, van der Kant R,
Crusius D, Paquet D, Raulin AC, Bu G, Held A, Wainger BJ,
Gabriele RMC, Casey JM, Wray S, Abu-Bonsrah D, Parish CL,
Beccari MS, Cleveland DW, Li E, Rose IVL, Kampmann M,
Calatayud Aristoy C, Verstreken P, Heinrich L, Chen MY, Schule
B, Dou D, Holzbaur ELF, Zanellati MC, Basundra R, Deshmukh
M, Cohen S, Khanna R, Raman M, Nevin ZS, Matia M, Van Lent
J, Timmerman V, Conklin BR, Johnson Chase K, Zhang K, Funes
S, Bosco DA, Erlebach L, Welzer M, Kronenberg-Versteeg D, Lyu
G, Arenas E, Coccia E, Sarrafha L, Ahfeldt T, Marioni JC, Skarnes
WC, Cookson MR, Ward ME, Merkle FT (2022) A reference
human induced pluripotent stem cell line for large-scale
collaborative studies. Cell Stem Cell 29(1685-1702):e1622.

Phan TG, Lim R, Chan ST, McDonald H, Gan PY, Zhang SR, Barreto
Arce LJ, Vuong J, Thirugnanachandran T, Clissold B, Ly J,
Singhal S, Hervet MV, Kim HA, Drummond GR, Wallace EM, Ma

H, Sobey CG (2023) Phase | trial outcome of amnion cell therapy
in patients with ischemic stroke (I-ACT). Front Neurosci
17:1153231.

Pincela Lins PM, Pirlet E, Szymonik M, Bronckaers A, Nelissen |
(2023) Manufacture of extracellular vesicles derived from
mesenchymal stromal cells. Trends Biotechnol 41:965-981.

Polentes J, Jendelova P, Cailleret M, Braun H, Romanyuk N, Tropel
P, Brenot M, ltier V, Seminatore C, Baldauf K, Turnovcova K,
Jirak D, Teletin M, Come J, Tournois J, Reymann K, Sykova E,
Viville S, Onteniente B (2012) Human induced pluripotent stem
cells improve stroke outcome and reduce secondary
degeneration in the recipient brain. Cell Transplant
21:2587-2602.

Ramos-Cabrer P, Justicia C, Wiedermann D, Hoehn M (2010) Stem
cell mediation of functional recovery after stroke in the rat. PLoS
One 5:e12779.

Roemeling-van Rhijn M, Mensah FK, Korevaar SS, Leijs MJ, van
Osch GJ, ljzermans JN, Betjes MG, Baan CC, Weimar W,
Hoogduijn  MJ  (2013) Effects of hypoxia on the
immunomodulatory  properties of adipose tissue-derived
mesenchymal stem cells. Front Immunol 4:203.

Roitbak T, Li L, Cunningham LA (2008) Neural stem/progenitor cells
promote endothelial cell morphogenesis and protect endothelial
cells against ischemia via HIF-1alpha-regulated VEGF signaling.
J Cereb Blood Flow Metab 28:1530-1542.

Rosell A, Morancho A, Navarro-Sobrino M, Martinez-Saez E,
Hernandez-Guillamon M, Lope-Piedrafita S, Barcelo V, Borras
F, Penalba A, Garcia-Bonilla L, Montaner J (2013) Factors
secreted by endothelial progenitor cells enhance neurorepair
responses after cerebral ischemia in mice. PLoS One 8:e73244.

Rosenblum S, Wang N, Smith TN, Pendharkar AV, Chua JY, Birk H,
Guzman R (2012) Timing of intra-arterial neural stem cell
transplantation  after  hypoxia-ischemia influences cell
engraftment, survival, and differentiation. Stroke 43:1624-1631.

Saft M, Gonzales-Portillo B, Park YJ, Cozene B, Sadanandan N, Cho
J, Garbuzova-Davis S, Borlongan CV (2020) Stem cell repair of
the microvascular damage in stroke. Cells 9.

Said M, Tavakoli C, Dumot C, Toupet K, Dong YC, Collomb N,
Auxenfans C, Moisan A, Favier B, Chovelon B, Barbier EL,
Jorgensen C, Cormode DP, Noel D, Brun E, Elleaume H, Wiart M,
Detante O, Rome C, Auzely-Velty R (2023) A novel injectable
radiopaque hydrogel with potent properties for multicolor CT
imaging in the context of brain and cartilage regenerative therapy.
bioRxiv: the preprint server for biology.

Sarnowska A, Jablonska A, Jurga M, Dainiak M, Strojek L, Drela K,
Wright K, Tripathi A, Kumar A, Jungvid H, Lukomska B, Forraz N,
McGuckin C, Domanska-Janik K (2013) Encapsulation of
mesenchymal stemcells by bio-scaffolds protects cell survival
and attenuates neuroinflammatory reaction in injured brain tissue
after transplantation. Cell Transplant.

Savitz Sl, Cox Jr CS (2023) Cell-based therapies for neurological
disorders - the bioreactor hypothesis. Nat Rev Neurol 19:9-18.

Savitz Sl, Yavagal D, Rappard G, Likosky W, Rutledge N,
Graffagnino C, Alderazi Y, Elder JA, Chen PR, Budzik Jr RF,
Tarrel R, Huang DY, Hinson Jr JM (2019) A Phase 2 randomized,
sham-controlled trial of internal carotid artery infusion of
autologous bone marrow-derived ALD-401 cells in patients with
recent stable ischemic stroke (RECOVER-stroke). Circulation
139:192-205.

Schrepfer S, Deuse T, Reichenspurner H, Fischbein MP, Robbins
RC, Pelletier MP (2007) Stem cell transplantation: the lung
barrier. Transpl Proc 39:573-576.

Seminatore C, Polentes J, Ellman D, Kozubenko N, ltier V, Tine S,
Tritschler L, Brenot M, Guidou E, Blondeau J, Lhuillier M, Bugi A,
Aubry L, Jendelova P, Sykova E, Perrier AL, Finsen B, Onteniente
B (2010) The postischemic environment differentially impacts
teratoma or tumor formation after transplantation of human
embryonic stem cell-derived neural progenitors. Stroke
41:153-159.

Shen LH, Li Y, Chen J, Cui Y, Zhang C, Kapke A, Lu M, Savant-
Bhonsale S, Chopp M (2007a) One-year follow-up after bone

Please cite this article in press as: Detante O et al. Cell Therapy and Functional Recovery of Stroke. Neuroscience (2023), https://doi.org/10.1016/j.neuroscience.2023.11.027



http://refhub.elsevier.com/S0306-4522(23)00523-7/h0550
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0550
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0555
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0555
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0555
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0555
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0555
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0560
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0560
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0560
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0560
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0565
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0565
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0565
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0565
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0565
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0565
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0570
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0570
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0570
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0575
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0575
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0575
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0580
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0580
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0580
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0585
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0585
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0585
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0585
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0590
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0590
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0590
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0590
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0595
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0595
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0595
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0595
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0595
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0600
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0600
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0600
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0605
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0605
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0605
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0610
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0610
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0610
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0615
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0620
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0620
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0620
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0620
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0620
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0620
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0625
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0625
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0625
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0630
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0630
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0630
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0630
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0630
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0630
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0630
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0635
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0635
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0635
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0640
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0640
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0640
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0640
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0640
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0645
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0645
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0645
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0645
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0650
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0650
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0650
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0650
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0650
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0655
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0655
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0655
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0655
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0660
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0660
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0660
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0670
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0670
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0670
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0670
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0670
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0670
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0675
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0675
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0680
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0680
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0680
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0680
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0680
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0680
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0680
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0685
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0685
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0685
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0690
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0690
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0690
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0690
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0690
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0690
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0690
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0695
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0695
https://doi.org/10.1016/j.neuroscience.2023.11.027

O. Detante et al. [ Neuroscience xxx (2023) xxx—xxx 13

marrow stromal cell treatment in middle-aged female rats with
stroke. Stroke 38:2150-2156.

Shen LH, Li Y, Chen J, Zacharek A, Gao Q, Kapke A, Lu M, Raginski
K, Vanguri P, Smith A, Chopp M (2007b) Therapeutic benefit of
bone marrow stromal cells administered 1 month after stroke. J
Cereb Blood Flow Metab 27:6—13.

Shen LH, Li Y, Chopp M (2010) Astrocytic endogenous glial cell
derived neurotrophic factor production is enhanced by bone
marrow stromal cell transplantation in the ischemic boundary
zone after stroke in adult rats. Glia 58:1074—1081.

Shinozuka K, Dailey T, Tajiri N, Ishikawa H, Kim DW, Pabon M,
Acosta S, Kaneko Y, Borlongan CV (2013) Stem cells for
neurovascular repair in stroke. J Stem Cell Res Ther 4:12912.

Shyu W-C, Liu DD, Lin S-Z, Li W-W, Su C-Y, Chang Y-C, Wang H-J,
Wang H-W, Tsai C-H, Li H (2008) Implantation of olfactory
ensheathing cells promotes neuroplasticity in murine models of
stroke. J Clin Invest 118:2482-2495.

Smith EJ, Stroemer RP, Gorenkova N, Nakajima M, Crum WR, Tang
E, Stevanato L, Sinden JD, Modo M (2012) Implantation site and
lesion topology determine efficacy of a human neural stem cell
line in a rat model of chronic stroke. Stem Cells 30:785-796.

Steinberg GK, Kondziolka D, Wechsler LR, Lunsford LD, Coburn ML,
Billigen JB, Kim AS, Johnson JN, Bates D, King B, Case C,
McGrogan M, Yankee EW, Schwartz NE (2016) Clinical
outcomes of transplanted modified bone marrow-derived
mesenchymal stem cells in stroke: a phase 1/2a study. Stroke
47:1817-1824.

Stroemer P, Patel S, Hope A, Oliveira C, Pollock K, Sinden J (2009)
The neural stem cell line CTX0EO3 promotes behavioral recovery
and endogenous neurogenesis after experimental stroke in a
dose-dependent  fashion. Neurorehabil Neural Repair
23:895-909.

Suda S, Nito C, Ihara M, Iguchi Y, Urabe T, Matsumaru Y, Sakai N,
Kimura K (2022) Randomised placebo-controlled multicentre trial
to evaluate the efficacy and safety of JTR-161, allogeneic human
dental pulp stem cells, in patients with Acute Ischaemic stRoke (J-
REPAIR). BMJ Open 12:e054269.

Svensson J, Ghatnekar O, Lindgren A, Lindvall O, Norrving B,
Persson U, Kokaia Z (2012) Societal value of stem cell therapy in
stroke - a modeling study. Cerebrovasc Dis 33:532-539.

Taguchi A, Soma T, Tanaka H, Kanda T, Nishimura H, Yoshikawa H,
Tsukamoto Y, Iso H, Fujimori Y, Stern DM, Naritomi H,
Matsuyama T (2004) Administration of CD34 + cells after stroke
enhances neurogenesis via angiogenesis in a mouse model. J
Clin Invest 114:330-338.

Tajiri N, Acosta S, Glover LE, Bickford PC, Jacotte Simancas A,
Yasuhara T, Date I, Solomita MA, Antonucci |, Stuppia L, Kaneko
Y, Borlongan CV (2012) Intravenous grafts of amniotic fluid-
derived stem cells induce endogenous cell proliferation and
attenuate behavioral deficits in ischemic stroke rats. PLoS One
7:e43779.

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K,
Yamanaka S (2007) Induction of pluripotent stem cells from adult
human fibroblasts by defined factors. Cell 131:861-872.

Takemura M, Sasaki M, Kataoka-Sasaki Y, Kiyose R, Nagahama H,
Oka S, Ukai R, Yokoyama T, Kocsis JD, Ueba T, Honmou O
(2021) Repeated intravenous infusion of mesenchymal stem cells
for enhanced functional recovery in a rat model of chronic cerebral
ischemia. J Neurosurg:1-10.

Teixeira FG, Carvalho MM, Sousa N, Salgado AJ (2013)
Mesenchymal stem cells secretome: a new paradigm for central
nervous system regeneration? Cell Mol Life Sci 70:3871-3882.

Teng H, Zhang ZG, Wang L, Zhang RL, Zhang L, Morris D, Gregg
SR, Wu Z, Jiang A, Lu M, Zlokovic BV, Chopp M (2008) Coupling
of angiogenesis and neurogenesis in cultured endothelial cells
and neural progenitor cells after stroke. J Cereb Blood Flow
Metab 28:764-771.

Thakor DK, Wang L, Benedict D, Kabatas S, Zafonte RD, Teng YD
(2018) Establishing an organotypic system for investigating
multimodal neural repair effects of human mesenchymal stromal
stem cells. Curr Protoc Stem Cell Biol 47:e58.

Thored P, Wood J, Arvidsson A, Cammenga J, Kokaia Z, Lindvall O
(2007) Long-term neuroblast migration along blood vessels in an
area with transient angiogenesis and increased vascularization
after stroke. Stroke 38:3032—-3039.

Toman NG, Grande AW, Low WC (2019) Neural repair in stroke. Cell
Transplant 28:1123—-1126.

Tornero D, Wattananit S, Gronning Madsen M, Koch P, Wood J,
Tatarishvili J, Mine Y, Ge R, Monni E, Devaraju K, Hevner RF,
Brustle O, Lindvall O, Kokaia Z (2013) Human induced pluripotent
stem cell-derived cortical neurons integrate in stroke-injured
cortex and improve functional recovery. Brain J Neurol
136:3561-3577.

Totten JD, Alhadrami HA, Jiffri EH, McMullen CJ, Seib FP, Carswell
HVO (2022) Towards clinical translation of 'second-generation’
regenerative stroke therapies: hydrogels as game changers?
Trends Biotechnol 40:708-720.

Vahidy FS, Haque ME, Rahbar MH, Zhu H, Rowan P, Aisiku IP, Lee
DA, Juneja HS, Alderman S, Barreto AD, Suarez JI, Bambhroliya
A, Hasan KM, Kassam MR, Aronowski J, Gee A, Cox Jr CS,
Grotta JC, Savitz Sl (2019) Intravenous bone marrow
mononuclear cells for acute ischemic stroke: safety, feasibility,
and effect size from a phase | clinical trial. Stem Cells
37:1481-1491.

Vendrame M, Gemma C, de Mesquita D, Collier L, Bickford PC,
Sanberg CD, Sanberg PR, Pennypacker KR, Willing AE (2005)
Anti-inflammatory effects of human cord blood cells in a rat model
of stroke. Stem Cells Dev 14:595-604.

Wang C, Borger V, Sardari M, Murke F, Skuljec J, Pul R, Hagemann
N, Dzyubenko E, Dittrich R, Gregorius J, Hasenberg M,
Kleinschnitz C, Popa-Wagner A, Doeppner TR, Gunzer M,
Giebel B, Hermann DM (2020) Mesenchymal stromal cell-
derived small extracellular vesicles induce ischemic
neuroprotection by modulating leukocytes and specifically
neutrophils. Stroke 51:1825-1834.

Wang C, Tian C, Cai D, Jiang H, Zhang W, Liu S, Peng L, Hu X
(2022) BDNF-overexpressing MSCs delivered by hydrogel in
acute ischemic stroke treatment. Ann Transl Med 10:1393.

Xie C, Wang K, Peng J, Jiang X, Pan S, Wang L, Wu Y, Guan Y
(2022) Efficacy and safety of human-derived neural stem cell in
patients with ischaemic stroke: study protocol for a randomised
controlled trial. BMJ Open 12:e055108.

Yabuno S, Yasuhara T, Nagase T, Kawauchi S, Sugahara C,
Okazaki Y, Hosomoto K, Sasada S, Sasaki T, Tajiri N,
Borlongan CV, Date | (2023) Synergistic therapeutic effects of
intracerebral transplantation of human modified bone marrow-
derived stromal cells (SB623) and voluntary exercise with running
wheel in a rat model of ischemic stroke. Stem Cell Res Ther
14:10.

Yaguchi A, Oshikawa M, Watanabe G, Hiramatsu H, Uchida N, Hara
C, Kaneko N, Sawamoto K, Muraoka T, Ajioka | (2021) Efficient
protein incorporation and release by a jigsaw-shaped self-
assembling peptide hydrogel for injured brain regeneration. Nat
Commun 12:6623.

Yang B, Strong R, Sharma S, Brenneman M, Mallikarjunarao K, Xi X,
Grotta JC, Aronowski J, Savitz SI (2011) Therapeutic time window
and dose response of autologous bone marrow mononuclear cells
for ischemic stroke. J Neurosci Res 89:833—-839.

Yu SP, Tung JK, Wei ZZ, Chen D, Berglund K, Zhong W, Zhang JY,
Gu X, Song M, Gross RE, Lin SZ, Wei L (2019)
Optochemogenetic  stimulation of transplanted iPS-NPCs
enhances neuronal repair and functional recovery after ischemic
stroke. J Neurosci : J Soc Neurosci 39:6571-6594.

Yuan X, Rosenberg JT, Liu Y, Grant SC, Ma T (2019) Aggregation of
human mesenchymal stem cells enhances survival and efficacy in
stroke treatment. Cytotherapy 21:1033—-1048.

Zhang G, Cunningham M, Zhang H, Dai Y, Zhang P, Ge G, Wang B,
Bai M, Hazel T, Johe K, Xu R (2020) First human trial of stem cell
transplantation in complex arrays for stroke patients using the
intracerebral  microinjection instrument. Oper Neurosurg
(Hagerstown) 18:503-510.

Please cite this article in press as: Detante O et al. Cell Therapy and Functional Recovery of Stroke. Neuroscience (2023), https://doi.org/10.1016/j.neuroscience.2023.11.027



http://refhub.elsevier.com/S0306-4522(23)00523-7/h0695
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0695
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0700
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0700
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0700
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0700
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0705
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0705
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0705
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0705
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0710
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0710
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0710
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0715
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0715
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0715
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0715
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0720
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0720
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0720
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0720
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0725
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0725
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0725
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0725
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0725
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0725
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0730
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0730
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0730
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0730
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0730
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0735
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0735
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0735
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0735
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0735
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0740
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0740
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0740
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0745
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0745
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0745
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0745
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0745
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0750
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0750
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0750
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0750
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0750
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0750
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0755
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0755
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0755
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0760
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0760
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0760
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0760
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0760
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0765
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0765
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0765
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0770
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0770
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0770
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0770
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0770
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0775
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0775
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0775
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0775
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0780
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0780
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0780
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0780
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0785
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0785
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0790
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0790
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0790
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0790
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0790
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0790
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0795
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0795
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0795
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0795
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0800
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0800
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0800
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0800
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0800
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0800
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0800
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0805
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0805
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0805
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0805
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0810
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0810
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0810
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0810
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0810
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0810
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0810
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0815
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0815
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0815
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0820
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0820
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0820
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0820
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0825
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0825
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0825
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0825
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0825
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0825
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0825
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0830
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0830
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0830
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0830
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0830
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0835
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0835
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0835
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0835
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0840
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0840
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0840
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0840
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0840
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0845
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0845
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0845
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0850
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0850
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0850
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0850
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0850
https://doi.org/10.1016/j.neuroscience.2023.11.027

ARTICLE IN PRESS

14 O. Detante et al. [ Neuroscience xxx (2023) xxx—xxx

Zhang JH, Badaut J, Tang J, Obenaus A, Hartman R, Pearce WJ ischemia are mediated in part by an anti-apoptotic mechanism.
(2012) The vascular neural network—a new paradigm in stroke Neural Regen Res 14:597-604.
pathophysiology. Nat Rev Neurol 8:711-716. Zhang ZG, Buller B, Chopp M (2019b) Exosomes — beyond stem

Zhang Y, Yu S, Tuazon JP, Lee JY, Corey S, Kvederis L, Kingsbury cells for restorative therapy in stroke and neurological injury. Nat
C, Kaneko Y, Borlongan CV (2019) Neuroprotective effects of Rev Neurol.

human bone marrow mesenchymal stem cells against cerebral

(Received 20 July 2023, Accepted 22 November 2023)
(Available online xxxx)



http://refhub.elsevier.com/S0306-4522(23)00523-7/h0855
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0855
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0855
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0860
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0860
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0860
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0860
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0860
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0865
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0865
http://refhub.elsevier.com/S0306-4522(23)00523-7/h0865
https://doi.org/10.1016/j.neuroscience.2023.11.027

	Cell Therapy and Functional Recovery of Stroke
	Introduction
	Endogenous neural protection after stroke
	Post-stroke plasticity and neural repair

	Cell therapy after stroke
	Cell sources and therapeutic cells
	Mechanisms of action
	Optimal route for cell delivery?
	Optimal therapeutic time-window?

	Clinical trials of cell therapy in stroke
	Perspectives of regenerative medicine in stroke
	Progresses in cell cultures, combinatorial approaches and biomaterials
	Careful translation to study functional recovery

	Acknowledgments
	Declaration of interest
	References


