
201© Springer Nature Singapore Pte Ltd. 2017 
K. Jin et al. (eds.), Bone Marrow Stem Cell Therapy for Stroke, 
DOI 10.1007/978-981-10-2929-5_9

Chapter 9
Modification of Bone Marrow Stem Cells 
for Homing and Survival During Cerebral 
Ischemia

Yaohui Tang

Abstract Over the last decade, major advances have been made in stem cell-based 
therapy for ischemic stroke, which is one of the leading causes of death and disabil-
ity worldwide. Various stem cells from bone marrow, such as mesenchymal stem 
cells (MSCs), hematopoietic stem cells (HSCs), and endothelial progenitor cells 
(EPCs), have shown therapeutic potential for stroke. Concomitant with these excit-
ing findings are some fundamental bottlenecks that must be overcome in order to 
accelerate their clinical translation, including the low survival and engraftment 
caused by the harsh microenvironment after transplantation. In this chapter, strate-
gies such as gene modification, hypoxia/growth factor preconditioning, and 
biomaterial- based methods to improve cell survival and homing are summarized, 
and the potential strategies for their future application are also discussed.
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9.1  Introduction

Stroke is the third leading cause of mortality and the leading cause of long-term 
disability in the United States. Approximately 8,000,000 people suffer a stroke, and 
more than 140,000 people die each year. Ischemic stroke accounts for over 80 % of 
total stroke patients [126]. Though extensive neuroprotection and regenerative stud-
ies have been performed, only tissue plasminogen activator (tPA) has been proven 
to be effective. However, due to its narrow therapeutic time window (less than 4.5 h) 
and hemorrhagic complication, fewer than 5 % of stroke patients are able to benefit 
from tPA, and even among those, only 10 % return to independent living [82].
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Recently, growing evidence suggests that stem cells, including MSCs, neural 
stem cells (NSCs), EPCs, and induced pluripotent stem cells (iPS), are beneficial for 
cerebral ischemia [77, 112]. Among these, bone marrow-derived stem cells 
(BMSCs) have the most promising therapeutic potential, because a large quantity 
can be harvested autologously without ethical or immunological issues [120]. 
However, a number of problems remain unresolved and need specific attention prior 
to general clinical translation. For example, it is still challenging that stem cell sur-
vival, homing, and engraftment rates are low after transplantation in the pathologi-
cal environment subjected to multiple insults, including ischemia/hypoxia, 
inflammatory response, and so on, which hamper the benefits and applications of 
cell-based therapy.

This chapter first summarized recent progress in basic and translational research 
in the field of BMSC transplantation for ischemic stroke. It then critically discussed 
how to enhance BMSC-based therapy by improving grafted cell survival and hom-
ing to further establish BMSC transplantation therapy as a scientifically proven 
method in clinical applications.

9.1.1  Basic Concept of Bone Marrow Stem Cells (BMSCs) 
in Stroke

Bone marrow (BM) consists of heterogeneous stem cell populations, including 
MSCs, HSCs, EPCs, and very small embryonic-like cells (VSELs). Their neuronal 
differentiation potential as well as neurotrophic factor secretion capacity has 
prompted interest in using BM as stem cell donor source for cell-based therapy in 
stroke.

9.1.1.1  Bone Marrow-Derived Mesenchymal Stem Cells (MSCs)in Stroke

BM-derived MSCs are a population of plastic-adherent fibroblastic cells, with 
CD29, CD105, and CD73 positive, but lack of hematopoietic surface markers such 
as CD34 and CD45. MSCs have the potential to differentiate into mesodermal cell 
lineages to involve in adipogenesis, chrondrogenesis, and osteogenesis [13]. MSCs 
derived from various donors, including rat, mouse, rabbit, or humans, have been 
transplanted by intravenous (IV), intra-artery (IA), intracerebral (IC), or intracister-
nal routes into animals, from different time points (hours to months) after induction 
of stroke, and have shown to improve functional recovery during cerebral ischemia 
[112]. Following IV and IC injection, MSCs migrate to the ischemic boundary; 
however, few cells have been shown to survive, and long-term cell engraftment has 
not been detected with IV administration [96]. Another study stated that only 3 % of 
administered cells expressed neuronal markers in vivo [15], which argued with the 
concept that tissue replacement is likely to be a potential mechanism for this 
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strategy. More studies support that trophic factors secreted by the MSCs in response 
to the local microenvironment stimulate endogenous neurogenesis, angiogenesis, 
and immunomodulation and further improve functional recovery. Higher levels of 
BDNF, NT3, and VEGF have been detected in the penumbra region 14 days after 
human MSC transplantation [5]. Increased VEGF and bFGF drive angiogenesis and 
facilitate regional blood flow [53]. In addition to secreting trophic factors, MSCs 
were also detected to influence astrocyte survival and astrocyte-related trophic fac-
tor expression after ischemic insult, by activating kinase pathways and protein func-
tions [67]. Up to date, clinical reports also reveal that MSCs significantly improve 
patients’ functional recovery without adverse side effects, probably through neuro-
nal differentiation or secreting anti-inflammatory as well as neurotrophic factors 
[11].

9.1.1.2  HSC

Quiescent of CD34+ HSCs are able to migrate quickly from bone marrow to blood 
circulation in response to cerebral ischemia, which is induced by a wide array of 
chemokines and cytokines, including stromal cell-derived factor-1 (SDF-1) and 
granulocyte-colony-stimulating factor (G-CSF) [50]. During stroke, HSCs exit 
from bone marrow, migrate to the brain, adhere to the vascular wall, and cross over 
the blood–brain barrier (BBB), mediated by SDF-1/CXCR4 axis or G-CSF. This 
recruitment of HSCs from BM to stroke-induced lesion area has been employed in 
clinical protocols, for the creation of ample supply of HSCs for brain repair [10]. 
Both experimental and clinical studies have demonstrated the safety and feasibility 
of HSCs-based therapy for ischemic stroke. Intracerebral implantation of CD34+ 
HSCs promoted angiogenesis and neurogenesis and increased the local cortical 
blood flow in the ischemic hemisphere in ischemic rats [100] and mice [107]. A 
small clinical study demonstrated that by autologously IA injection of CD34+ cells 
into five stroke patients, all patients showed behavior recovery and infarct reduc-
tion, suggesting the potential of direct IA infusion of autologous CD34+ selected 
cells for the treatment of stroke [4].

9.1.1.3  EPC

In 1997, Asahara and coworkers first isolated Flk-1+/CD34+ cells from human 
peripheral blood, which were defined as EPCs. In that study they found that these 
cells could integrate into blood vessels when transplanted into a hind-limb ischemic 
mouse model [1]. EPCs were usually generated and maintained in bone marrow and 
could migrate into lesion region to help blood vessel remodeling and repair [71]. 
Recent studies showed that EPC transplantation could promote cerebral blood flow, 
reduce infarct volume and neuronal cell death, increase focal angiogenesis and neu-
rogenesis, and improve neurobehavioral recovery after ischemia [26]. Grafted EPCs 
could either secrete neurotrophic factors, which is supported by the evidence that 

9 Modification of Bone Marrow Stem Cells for Homing and Survival…



204

EPC medium could also promote angiogenesis [144], or differentiate into endothe-
lial cells to replace/repair injured ECs and integrate into endogenous blood vessels, 
which is detected by histological studies [26]. These results support that EPCs have 
great therapeutic potential for stroke, most possibly through both directly integrat-
ing into blood vessels and secreting trophic factors.

9.1.1.4  Very Small Embryonic-Like Cells

In 2006, Ratajczak’s group first discovered a nonhematopoietic population that 
expresses neural lineage markers (GFAP, Nestin, Olig1, Olig2, Sox2, and Musashi-1) 
and resides in the nonhematopoietic CXCR4+/Sca-1+/lin-/CD45- BM mononuclear 
cell fraction, named as very small embryonic-like cells (VSELs) [90]. The number 
of circulating VSELs in PB increases in mice after experimental stroke [55] and in 
stroke patients [89], suggesting that VSELs residing in adult tissues or mobilized 
into PB are a potent source of adult tissue-derived stem cells that can be used for 
regenerative medicine, particularly for neural repair after stroke. Ratajczak et al. 
observed increased gene expression of both pluripotent and NSC markers in 
PB-borne nucleated cells in stroke patients, resembling what they previously noted 
in murine stroke model. Further analyses using computer tomography imaging 
revealed differences in VSEL mobilization between patients with posterior circula-
tion infarcts and patients with partial anterior circulation infarcts [55]. In addition, 
the observation that murine VSELs are capable of differentiating into neurons, oli-
godendrocytes, and microglia further encourages us to use these cells as donor 
grafts for regeneration of a damaged CNS. However, a limitation for clinical appli-
cation is the small number of VSELs that could be harvested, requiring ex  vivo 
expansion strategy, especially to generate enough supply of VSELs for stroke ther-
apy in clinical setting.

9.1.2  Mechanism of Death of Transplanted Stem Cells 
During Cerebral Ischemia

Although stem cell transplantation appears to be very promising for stroke, a num-
ber of problems remain unresolved and need specific attention in order to improve 
therapeutic efficacy for further successful clinical translation, including low sur-
vival and engraftment of transplanted cells in the brain subjected to multiple insults 
including ischemia, reactive oxygen species (ROS) generation, inflammatory 
response, apoptotic cascade activation, and so on.

Accumulating evidence demonstrates that less than 10 % of transplanted stem 
cells could survive in the lesion site after transplantation as they are exposed in 
hostile environment, and cell death is initiated via multiple mechanisms [48]. It’s 
reported that more cells survive when they are transplanted into sham animals (no 
brain injury) compared to injured animals [3], indicating that factors in the lesion 

Y. Tang



205

site induce death of the transplanted cells. These factors include but not limited to 
time after injury [47], distance from the transplantation site to the lesion site [86], 
state of the cells transplanted (differentiated or undifferentiated) [59], aging of the 
cells transplanted [108], host immune response [35], and phagocytic response of 
host [2]. Subsequent evidence shows that delivery time is the major determinant of 
the survival of transplanted stem cells. It is reported that NPC survival was signifi-
cantly reduced following delayed cell delivery [20], which was mediated by the 
inflammatory milieu.

Cell death is initiated even prior to transplantation, explained by two main mech-
anisms: detachment of cells from adherent surface and the removal of growth factor, 
during the procedure of trypsinization and suspension. Inhibition of cell adhesion- 
induced cell death was first reported in 1994 by Frisch and Francis. They found that 
when epithelial cells were seeded in medium with the addition of soluble peptide- 
GRGDSP, which prevented cell attachment by blocking integrins, it resulted in 
increased apoptosis [28]. This kind of cell death is termed anoikis, which can be 
rescued by culturing cells on ECM-coated surfaces to promote cell adhesion. For 
example, oligodendrocyte progenitor cells cultured on glass coverslips coated with 
fibronectin or laminin showed greater viability compared to those cultured on non- 
coated surfaces [37]. In vitro study demonstrated that addition of laminin to neural 
progenitor cells increased the number of neurospheres and reduced cell death in 
comparison to control groups, while blocking the beta 1 integrin inhibited the effect 
of laminin, suggesting this is beta 1 integrin mediated [32]. One proposed explana-
tion for detachment-induced cell death is that Bmf released from actin in terms of 
cytoskeleton stabilization is reduced after cell detachment. Bmf binds to Bcl-2 in 
mitochondria and neutralizes its antiapoptotic effect, which activates caspase-8, fur-
ther releasing Bcl-2 from the mitochondria to induce cell death [29].

In addition to detachment-mediated cell death, removal of growth factors also 
induces apoptosis. Typically, c-Jun amino-terminal kinase (JNK) signaling pathway 
is activated when trophic support is removed, mediates c-Jun phosphorylation, thus 
induces the expression of proapoptotic factor-Bcl-2 family (DP5/Hrk). It further 
demonstrates that DP5 activates a proapoptotic member of the Bcl-2 family-Bax, 
causes mitochondrial damage, and releases cytochrome c, leading to the formation 
of apoptotic protease-activating factor 1 (Apaf-1)/caspase-9 complex, which acti-
vates caspase-3 resulting in cell apoptosis [138].

Therefore, cell–ECM interactions are reduced, and apoptosis is initiated even 
prior to transplantation when stem cells are trypsinized as single cells, cell survival 
is further reduced by needle insertion, and growth factors withdraw during the injec-
tion process, as well as hostile environment they confront in the lesion site after 
transplantation, given the generation of reactive oxygen species (ROS) and inflam-
matory response mediators in brain postischemia. It is highly accepted that cerebral 
ischemia caused excessive ROS would induce the apoptosis of the transplanted cells 
[12]. Our study showed that more than 80 % of grafted cells died within 72 h after 
administration [110], and our in vitro studies also suggested that exposure of stem 
cells to culture conditions which mimic the hostile environment in vivo (such as 
oxygen–glucose deprivation and H2O2 stimulation) led to the apoptosis mediated 
by ROS [110].
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9.1.3  Strategies to Improve BMSC Survival

Both basic studies and clinical evidence strongly support that BMSCs could serve 
as a promising restorative therapy for stroke. However, as stated above, high stem 
cell death rate is the main hurdle that hinders the therapy. Scientists in the field pro-
pose several strategies to conquer this challenge, including gene modification, pre-
conditioning, and biomaterial-based methods.

9.1.3.1  Gene Modification

After cerebral ischemia, both intrinsic and extrinsic apoptosis pathways are acti-
vated [3]. More than 80 % of stem cells died after their transplantation, which is 
mainly caused by the activation of proapoptotic signals. Thus, downregulation of 
proapoptotic or upregulation of antiapoptotic cues by manipulating gene expression 
of stem cells posttransplantation may ameliorate the microenvironment and further 
enhance their survival. Indeed, overexpressing of Bcl-2  in embryonic stem cells 
(ESCs) increased their survival after injection into ischemic rat brain, as well as 
enhanced their neuronal differentiation, and improved functional outcome [123].

In addition to regulate apoptotic-related genes, amounting evidence shows that 
modification of trophic genes in stem cells also has significant impacts on their 
survival and therapeutic efficacy (Table 9.1). MSCs overexpressing BDNF or GDNF 
after injection into ischemic rats showed more cell survival, promoted functional 
recovery, and reduced ischemic damage at 7 and 14 days following MCAO, while 
rats that received CNTF- or NT3-transfected MSCs showed neither functional 
recovery nor ischemic damage reduction [57]. Liu et al. found that intravenously 
administered hMSCs overexpressing PIGF could accumulate in the ischemic 
lesions, further reduced lesion volume, enhanced angiogenesis, and elicited func-
tional improvement [74]. FGF-2-modified MSCs with HSV-1 greatly reduced 
infarct volume and improved functional recovery at 14 days after stroke [40]. When 
surviving, a new apoptosis-inhibiting protein was overexpressed in MSCs and pro-
moted MSCs’ survival by 1.3-fold at 4 days and 3.4-fold higher at 14 days post-
transplantation, which results in reduced infarct volume and improved neurological 
function [76].

Besides BMSCs, lots of studies from Dr. Kim’s group showed that transplanta-
tion of human NSCs overexpressing BDNF [61], VEGF [60], or Akt-1 [61] could 
produce a two- to threefold increase in cell survival at 2 weeks and 8 weeks post-
transplantation, as well as reduce infarct volume and improve functional recovery 
[171]. Transduction of NPCs with TAT-Hsp70 led to increased number of grafted 
NPCs, reduced BBB disruption, enhanced postischemic neurogenesis, and increased 
neurotrophic factor secretion [23].

During the last decade, microRNAs (miRs), a group of short RNA molecules that 
involve in posttranscriptional downregulation, have gained extensive attention in 
modulating cell survival. It is reported that miR-210 and miR-107 exert significant 
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Table 9.1 Enhancement of stem cell survival by gene modification

Ovexpressing 
genes Stem cells Transfecting agents Stem cell fate

Therapeutic 
outcome

Bcl-2 [200] Embryonic 
stem cells

Electroporation 
with Bcl-2 plasmid

Increased ES survival 
after injection

Into ischemic rat 
brain, as well as 
enhanced their 
neuronal 
differentiation 
and improved 
functional 
outcome

BDNF or 
GDNF [166]

MSCs Adenovirus More cells survival at 
7 and 14 days 
following MCAO

Improved 
functional 
recovery and 
reduced ischemic 
damage at 7 and 
14 days 
following MCAO

PIGF [175] hMSCs Adenovirus More cells accumulate 
in the lesion area

Accumulate in 
the ischemic 
lesions, further 
reduce lesion 
volume, enhance 
angiogenesis, and 
elicit functional 
improvement

FGF-2 [160] MSCs HSV-1 vector N/A Reduced infarct 
volume and 
improved 
functional 
recovery

Ang-1 [184] hMSC Adenovirus N/A Rats receiving 
Ang-hMSCs 
exhibited 
comparable 
lesion reduction, 
improved 
functional 
recovery, and 
increased 
angiogenesis

Survivin 
[176]

MSCs Lentiviral vector Promote MSCs’ 
survival by 1.3-fold at 
4 days and 3.4-fold 
higher at 14 days 
posttransplantation

Reduced infarct 
volume and 
improved 
neurological 
function

(continued)
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Table 9.1 (continued)

Ovexpressing 
genes Stem cells Transfecting agents Stem cell fate

Therapeutic 
outcome

BDNF [61] NSCs Adenovirus Threefold increase in 
cell survival at 
2 weeks and 8 weeks 
post injection

Renewed 
angiogenesis, 
induce behavioral 
improvement in 
ICH animals

Akt-1 [61] NSCs Retroviral vector 50–100 % increased 
cell survival at 2 and 
8 weeks 
posttransplantation

Induced 
behavioral 
improvement

Bcl-XL [170] hNSCs Retroviral vector Number of hNSCs 
were 1.5-fold higher at 
2 weeks and 10-fold 
higher at 7 weeks than 
controls 
posttransplantation

Improved 
locomotor scores 
and enhanced 
accuracy of 
hind-limb 
placement in a 
grid walk

HSP-70 [154] NPCs; 
MSCs

TAT-Hsp70 protein 
transduction

Increased intracerebral 
numbers of grafted 
NPCs

Reduced BBB 
disruption, 
enhanced 
postischemic 
neurogenesis, 
and increased 
neurotrophic 
factor secretion; 
decreased 
apoptosis in the 
infarcted tissue 
and improved 
cardiac function

HSP 27 [180] Lentiviral vector Increased MSCs’ 
survival in vitro and 
in vivo

HGF [209] MSC HSV-1 N/A Decreased 
apoptosis of 
neurons and 
reduced 
neurologic 
deficits and 
infarcts

CXCR4 [207] MSC Lentivirus A significant increase 
in the number of 
eGFP-positive MSCs 
in the infarct areas

A reduction in 
the volume of the 
cerebral 
infarction and 
improved 
neurological 
function

(continued)
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antiapoptotic effects in BMSCs by targeting caspase-8-associated protein-2 and 
programmed cell death-10 [81]. Pharmacological agents, including diazoxide [84], 
can induce protective miRs expression. Besides miRs, a recent investigation eluci-
dated that preconditioning of MSCs with specific cell-free DNAs (cfDNAs) 
increased cell survival via Toll-like receptor 9 (TLR9) and translocation of nuclear 
factor-kappa B (NFkB) [54]. This evidence highlights the possibility that miRs and 
cfDNAs may be potential new targets to promote stem cell survival after 
transplantation.

Collectively, these exciting results suggest that gene modification is a promising 
strategy to increase cell survival after transplantation, and these enhanced cell sur-
vivals could contribute to reduced infarcts and improved behavioral recovery 
through neuronal differentiation and promoted trophic factor secretion.

9.1.3.2  Precondition-Based Method

Gene modification takes the risk that uncontrolled expression of introducing gene 
may have adverse effects and induce tumor formation on normal brain. Recent stud-
ies show that precondition strategy including hypoxia preconditioning, growth fac-
tor preconditioning, and antiapoptosis drug preconditioning could be a safe and 
efficient method [136]. Up to now, a number of sublethal insults including hypoxia 
[131], anoxia [119], hydrogen sulfide (H2S) [127], hydrogen peroxide (H2O2) 
[141], as well as growth factors, such as erythropoietin (EPO) [68], stromal-derived 

Table 9.1 (continued)

Ovexpressing 
genes Stem cells Transfecting agents Stem cell fate

Therapeutic 
outcome

VEGF [169, 
210]

NSC Retroviral vector 2–3 fold increase in 
cell survival at 2 
weeks and 8 weeks 
posttransplantation

Increased 
angiogenesis and 
behavioral 
recovery in 
mouse ICH 
model; improved 
focal 
angiogenesis and 
the Neurological 
Severity Scale 
score

MSC Plasmid 
transfection with 
lipofactamine

Improved cell viability Enhanced the 
capillary 
formation in the 
infarction region 
and eventually 
attenuated left 
ventricular 
remodeling

Facially 
amphipathic bile 
acid-modified 
polyethyleneimine 
(BA-PEI) 
conjugates [182]
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factor-1 (SDF-1) [139], insulin-like growth factor-1 (IGF-1) [78], heat shock pro-
teins (HSPs) [117], or pharmacological agents such as melatonin [110], minocy-
cline [94], isoflurane [52], and lipopolysaccharide (LPS) [132], have been tested in 
stem cells (Table 9.2).

Sublethal hypoxia preconditioning applied to stem cells have shown to activate 
protective signals including hypoxia-inducible factor-1 (HIF-1), growth factors, 
Akt, and ERK signals to further enhance their resistance to apoptosis/necrosis cues 
by increasing survival signals [30]. Dr. Wei’s group has performed extensive studies 
related to hypoxia preconditioning. In these studies they demonstrated that trans-
plantation of hypoxia preconditioning MSCs improves infarcted heart function [38] 
and ischemic brain function [124] recovery via enhanced survival of implanted cells 
and angiogenesis. Also they found hypoxic precondition reduced ES-NPCs apopto-
sis by 40–50 % in serum-free medium via upregulation of erythropoietin (EPO), 
Bcl-2, and HIF-1alpha [114].

One study from Dr. Yang’s group demonstrated that melatonin pretreatment 
increased MSCs’ survival and proangiogenic activity through Erk1/2 signaling 
pathway [110], which is consistent with other studies that melatonin treatment 
enhanced adipose-derived mesenchymal stem cells (ADMSCs) survival and therapy 
for lung ischemia injury [134] and reduced grafted eEPC apoptosis/necrosis as well 
as increased their outgrowth in injured kidney [87]. For minocycline, Sakata et al. 
showed that transplantation of minocycline-preconditioned NSCs protected their 
survival from ischemic reperfusion injury via upregulation of Nrf2 and Nrf2- 
regulated antioxidant genes, increased their paracrine factors releasing, attenuated 
infarct size, and improved neurological performance [94], and doxycycline has the 
similar protective effects [80]. Additionally, low LPS pretreatment was found to 
protect MSCs against oxidative stress-induced apoptosis and increase cell engraft-
ment after transplantation into ischemic heart [132]. A recent study showed that 
EPO pretreatment could also suppress MSCs’ apoptosis in response to hydrogen 
peroxide stimuli [25].

9.1.3.3  Biomaterial-Based Method

The development of biomaterials has evolved from the first-generation, material- 
based approach that focused on mechanical strength, durability, and biocompatibil-
ity to the third-generation, bio-functional materials that try to integrate biological 
cues to modulate cellular functions by modifying with extracellular matrix (ECM) 
related to signaling molecules. In recent years, biomaterials have been proven to be 
an effective strategy for regulating cellular behavior, including promoting cell sur-
vival, directing cell differentiation. Advances in biomaterials engineering enable 
promoting grafted cell survival and engraftment and have generated much attention 
in stroke therapy.

With regard to injecting stem cells which are encapsulated within biomaterials 
into ischemic brain, the infarct cavity is always an ideal location. First, it is more 
clinical relevant since the transplantation procedure is not initiated until infarct cav-
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ity is formed, which is already 2–3 weeks after the onset of stroke; second, cavity is 
adjacent to the highly plastic peri-infarct region, and injection of stem cells into the 
cavity shows to achieve best outcome. Third, injection into the cavity will not dam-
age normal brain tissues. Although directly injecting stem cells into infarct cavity 
shows its merit in reduced infarct volume, enhanced behavioral recovery, and 
increased angiogenesis and neurogenesis, low cell survival is still a major problem 
that hinders its clinical application. For instance, only 8 % of the grafted NSPC 
transplanted cells survived 4 weeks posttransplantation in Mongolian gerbils after 
focal ischemia [43]. In another study, approximately 4 % of grafted NPCs survived 
at 2 weeks posttransplantation [145].

Previous experimental studies showed that using Matrigel, fibrin glue gels, par-
ticles, and other scaffolds as matrices could improve the survival of stem cells in the 
infarct cavity posttransplantation (Table  9.3). Matrigel is an extracellular matrix 
comprised of ECM proteins and growth factor mixtures, including collagen, lam-
inin, epidermal growth factor (EGF), and fibroblast growth factor 2 (FGF-2). Jin 
et al. injected NPCs encapsulated with Matrigel into the infarct cavity in both young 
and aged rats. Compared to control group, more cells were detected at the infarct 
site, and best functional recovery was achieved in the NPCs+Matrigel group [45, 
46]. However, Matrigel is derived from a mouse sarcoma that raises a serious con-
cern for its clinical application.

The functions of biodegradable polymers such as PGA and PLGA are also exten-
sively investigated in stem cell-based therapy in stroke. For instance, Park et  al. 
implanted NSCs seeded on polyglycolic acid (PGA), a high biocompatible scaffold 
into the infarct cavity, and found infarct volume was greatly reduced as well as 
establishment of neuronal connections between exogenous transplanted NSCs and 
endogenous neurons [85]. Modo’s group demonstrated PLGA could act as a struc-
tural support for NSCs in infarct cavity to improve cell survival and function [7]. In 
their further study, they loaded VEGF into the PLGA microparticles and trans-
planted NSCs which were seeded on the VEGF-releasing PLGA particles into the 
cavity. Their results showed that VEGF-releasing PLGA not only provides structural 
support but also attracts ECs into the cavity to induce neurovascular formation [8].

Hyaluronan (HA), a glycosaminoglycan that naturally and abundantly exist in 
the brain, could involve in brain development and influence cell adhesion, migra-
tion, angiogenesis, and axon growth. Thus it is reasonable to choose HA as protec-
tive matrices to encapsulate cells for transplantation into the brain to maintain a 
hydrated and porous environment [83]. Recently, experimental studies from Dr. 
Thomas Carmichael’s group proved that hydrogel composed of cross-linked hyal-
uronan and heparin sulfate significantly promoted NPCs’ survival after transplanta-
tion into the infarct cavity, accompanied by reduced inflammation [145]. In their 
further study, they proposed to modify hyaluronic acid hydrogel with cell adhesion 
peptide RGD and cross-linked with either MMP degradable peptides or non-MMP 
degradable peptides through a Michael Addition reaction to produce two hydrogel 
formulations with two different stiffness moduli (300 Pa in MMP HA and 1000 Pa 
in non-MMP HA). NPCs derived from induced pluripotent stem cells (iPS-NPC) 
were encapsulated in the hydrogel matrix and delivered to the infarct cavity of stroke 
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Table 9.3 Enhancement of stem cell survival by biomaterials

Biomaterials
Stem cells 
involved

Animal 
model Stem cell fate Outcome

PLGA 
microparticles 
[147]

MHP36 cells MCAO Cell survival was 
increased, and 
cells were 
differentiated into 
neurons

PLGA microparticles 
acted as a structural 
support for NSCs;

PLGA 
microparticles 
loaded with 
VEGF [148]

hNSCs NSCs showed 
neuronal 
differentiation, and 
neurovascular unit 
was performed in the 
infarct cavity

Matrigel [45, 
162]

Human fetal 
NPCs

MCAO Enhance the 
survival of 
transplanted NPCs

Behavioral recovery 
was improved, and 
infarct volume was 
reduced

Collagen [135, 
167, 187, 203]

Cardiomyoblasts Myocardial 
infarction

Enhanced early 
survival of H9c2 
cardiomyoblasts 
after 
transplantation into 
ischemic hearts

Left ventricular 
function was 
improved

NSCs MCAO Increased cell 
survival and 
distribution

Reduced infarct 
volume, induced 
angiogenesis

Marrow stromal 
cell-derived 
NPCs;

Excisional 
wound 
healing 
model

Remained longer 
viability

Improved motor 
behavior;

BM-MSCs significantly enhanced 
angiogenesis and 
VEGF

Hyaluronan 
[168, 183]

NPCs; iPS-NSCs MCAO Promoted NPCs’ 
survival and 
neuronal 
differentiation 
after 
transplantation into 
the infarct cavity

Enhanced 
neurovascular unit 
formation and reduced 
inflammation

Fibrin glue 
[151]

iPS MCAO N/A Improved the motor  
function, reduced  
infarct size, attenuated  
inflammation  
cytokines, and  
mediated  
neuroprotection

Collagen with 
bFGF in gelatin 
microspheres 
[179]

NS-MSCs MCAO Increased cell 
survival and 
proliferation

Significantly 
improved histological 
and
Functional recovery in 
the rat stroke model
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mice. They found that hydrogel system with MMP and RGD modification promoted 
neuronal differentiation of iPS-NPC and induced minimum inflammation [58].

9.1.4  Bone Marrow Stem Cell Mobilization in Stroke

9.1.4.1  Factors Mediating BMSC Homing

Migration and homing of administered cells to the ischemic regions are clinically 
relevant and very critical to their therapeutic efficacy. A detailed analysis of the 
biological responses to brain injury would not only give us insight into the mecha-
nism of stem cell homing but also give us important clues about how we can improve 
their homing capacity. Now it is clear that following brain injury, homing molecular 
cues, including chemokines, growth factors, and adhesion molecules, originating 
from the inflammatory zone in the injured brain, are activated and upregulated to 
cause BMSC homing. Chemokines such as G-CSF and SDF-1 have been demon-
strated to be an important stem cell homing mediator that mobilizes stem cells from 
bone marrow into the PB.  G-CSF treatment enhances tissue regeneration and 
improves recovery after stroke by mobilizing BMSCs from bone marrow into 
peripheral blood [91]. Previous studies showed that subcutaneous injection of 
G-CSF for 5 days after cerebral ischemia promotes BMSC migration to the lesion 
area, reduces infarcts, and enhances functional recovery in stroke rats [101]. G-CSF 
treatment is also demonstrated to facilitate neurogenesis in SVZ by increasing the 
infiltration of BMSC into the brain [99]. BMSCs exert their benefits on cerebral 
ischemic injuries through promoting neuronal repair and recovery of brain function, 
which provides a basis for the development of a noninvasive autologous therapy for 
cerebral ischemia. Some pilot clinical trials demonstrated that G-CSF could mobi-
lize BMSCs in patients after acute stroke safely and provide better neurological 
outcome compared to conventional treatment [101].

SDF-1 is another important homing factor, which is secreted primarily by bone 
marrow fibroblasts and is required for BMSC homing/retention in the bone marrow 
microenvironment. SDF-1 and its receptors CXCR4 and CXCR7 were found upreg-
ulated after early focal cerebral ischemia [121] and showed beneficial for the adhe-
sion and migration of BMSCs both to bone marrow and to ischemic tissue through 
activation of specific integrin molecules. Given that CXCR4 and CXCR7 are pres-
ent on bone marrow stem cells [14], upregulation of SDF-1 in the local ischemic 
damage after injury may be related to stem cell homing and engraftment toward the 
injured tissue. During cerebral ischemia, SDF-1 was found primarily co-localized 
with endothelial cells and closely interacted with infiltrated BMSCs from bone mar-
row in the ischemic penumbra region, suggesting that SDF-1 may mediate traffick-
ing of transplanted BMSCs to ischemically damaged tissue. Indeed, overexpression 
of SDF-1 in ischemic tissues has recently been found to augment EPC-induced vas-
culogenesis in hind-limb ischemic mice, as well as enhanced recovery of blood 
perfusion, increased capillary density, and induced partial incorporation of EPCs 
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into the microvessels [129]. Our previous studies have highlighted biphasic function 
of SDF-1 in stroke mice in a time-dependent manner. One study demonstrated that 
injection of CXCR4 inhibitor AMD3100 into ischemic mice during acute phase 
significantly suppressed inflammatory response and reduced blood–brain barrier 
disruption via inhibiting leukocyte migration and infiltration [39]; however, another 
study showed that overexpression of SDF-1 in mice brain during post-acute phase 
promoted neurovascular recovery, neurogenesis, and angiogenesis through enhanc-
ing migration of neural progenitor cells and endothelial cells, while AMD3100 
reversed protective effects of SDF-1 [66].

In addition to chemokines, growth factors, inflammatory cytokines, and adhesion- 
related molecules also play important roles in stem cell homing. For instance, PDGF 
and VEGF are demonstrated to act as chemoattractants to induce migration of MSCs 
[105]; IL-6, (TGF)-β1, interleukin (IL)-1β, and tumor necrosis factor (TNF)-α stim-
ulate chemotactic migration through matrix metalloproteinases (MMPs) secreted by 
the MSCs [18]. During the transmigration process of MSCs through the vascular 
endothelium, integrins and adhesion molecules are involved. Based on the fact that 
MSCs express α4β1 integrin and vascular cell adhesion molecule-1 (VCAM-1), it is 
proposed that MSCs roll along the vascular endothelium may share the same mech-
anism as white blood cells and HSCs to move through the blood vessels. Indeed, Ip 
et  al. identified that β1 integrins are important for the intramyocardial traffic of 
MSCs by developing a functional genomics approach [42]. Moreover, the adhesion 
of rat MSCs to endothelial cells of microvessels is reduced by anti-VCAM-1 anti-
body [98].

9.1.4.2  Tracking of Grafted Stem Cells In Vivo

Different administration routes will result in different homing, distribution, and 
engraftment. Experimental studies demonstrated that intracerebral [], intra-arterial, 
intravenous, and intracisternal injection of MSCs result in reduced infarct volume 
and enhanced behavioral functional recovery, irrespective of pros and cons existing 
in each injection method [112]. Intracerebral injection delivers and had the highest 
cell retention in a desired location compared to other methods [111], but it also 
induces adverse effects involving seizures and transient motor function impairment 
given its invasive procedure. Intraventricular transplantation is less invasive but 
achieves less therapeutic efficacy as intraventricularly injected human NSCs into 
ischemic rat brain did not show improvement [102]. Intravenous delivery is safer 
and more feasible, but only few cells could localize to the infarct region [111]. Intra- 
arterial administration contributes to more cells retaining in the brain than intrave-
nous delivery and is beneficial for behavioral recovery [63]. However, intra-arterial 
transplantation leads to high mortality (about 40 %) and morbidity due to cell accu-
mulation and microemboli, especially when large-sized stem cells (e.g., MSCs) 
were transplanted intra-arterially [44], which is a major concern for its clinical 
translation.
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In order to determine stem cell migration and in vivo distribution, noninvasive 
and real-time imaging modalities are developed in recent years. Several multifunc-
tional nanoprobes with high MR sensitivity are developed by our group to label 
stem cells and allow us to longitudinally track them after injection by MRI in terms 
of its high spatial resolution. In one study we labeled MSCs [122] and NSCs [142] 
with high MR sensitivity fluorescent-magnetite-nanocluster (FMNC) and tracked 
them by MRI and fluorescent imaging after injection into the contralateral hemi-
sphere of the ischemic mice brain. MSCs were detected to migrate toward the peri-
focal region of the ipsilateral hemisphere through the corpus callosum. We further 
developed a trifunctional nanoprobe by adding iodine-125 to superparamagnetic 
iron oxide nanoparticles, which allows us to quantitatively track MSCs injected into 
the brain by micro-SPECT/CT and MRI. Using this method we found 30 % of intra-
cerebrally grafted MSCs migrated from the injection hemisphere to the lesion area, 
and intravenously injection induced more than 90 % of MSCs migrated and accu-
mulated in the lung, while no cells were found in the brain (Fig. 9.1) [111]. However, 
one major limitation of SPIO-based imaging strategy is that survival and dead cells 
cannot be distinguished. Signals from survival and dead cells are all captured by 
MRI and micro-SPECT. To resolve this problem, bioluminescence imaging (BLI) is 
developed and widely used to track the migration and survival of transplanted cells 
which are modified with a firefly or Renilla luciferase (Luc) enzyme [143]. However, 
the spatial resolution and the penetration depth of BLI are limited, which hinder its 
clinical application at current stage.

Recently, radionuclide probes for PET imaging were designed, as 
18F-fluorodeoxyglucose ([18F]-FDG) is the most popular one. Several studies have 
reported direct imaging of transplanted cells with 18F-FDG [9, 113]. To track 
 survival of grafted cells, the herpes simplex virus type 1-derived thymidine kinase 
(HSV-1-tk), which could exclusively phosphorylate substrates composed of acyclo-
guanosines, is employed and routinely used to monitor human ESCs and C17.2 
NSCs in the rodent brain [106, 118].

9.1.5  Strategies to Improve Bone Marrow Stem Cell Homing

Stem cell homing is a multistep process involving cell attachment, adhesion to the 
vascular endothelium, and migration through the tissue stromal, which are mediated 
by different factors, including chemokines, growth factors, integrins, and adhesion 
molecules. Understanding the mechanism of homing could help us to develop novel 
strategies to improve their homing ability and further increase the therapeutic effi-
cacy. In principle, those methods that used to increase stem cell survival could also 
apply to improving stem cell homing.

Y. Tang



217

9.1.5.1  Homing Gene-Based Method

We and others demonstrated that genetic modification of the target tissue or the stem 
cells with homing genes is feasible to stimulate their homing ability and further 
improve behavioral recovery after stroke (Table 9.4). By stereotactic injection of 
adeno-associated virus (AAV) carrying SDF-1α gene into ischemic mice brain, Li 
et al. found that migration of endogenous neural stem cells and OPCs from subven-
tricular zone to the peri-infarct region was enhanced and induced increased neuro-
genesis and oligodendrogenesis, reduced brain atrophy, as well as improved white 
matter and behavioral recovery [66, 69].

Fig. 9.1 SPECT/CT tracking of (125) I-fSiO4@SPIO-labeled MSCs in ischemic rats after IC and 
IV injection. (a, b) SPECT/CT imaging of labeled MSCs and particles alone in ischemic rats after 
IC (a) and IV injection (b). (c) The radioactivity detected in the right and left hemispheres account-
ing for the total transplanted dose at different time points after IC injection. (d) Ex vivo analysis of 
radioactivity in right and left hemispheres accounting for the total transplanted dose 14 days after 
IC injection. (e) Biodistribution of (125) I-fSiO4@SPIO-labeled MSCs at 14 days after IV or IC 
transplantation (Reprinted from Tang et al. [111], Copyright 2015, with permission from Wiley)
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In addition to SDF-1 α, Yu and coworkers demonstrated its receptor CXCR4 also 
plays a pivotal role in stem cell homing. By transducing MSCs with CXCR4 by 
lentivirus and injecting them via the femoral vein following MCAO, they found that 
CXCR4 overexpression promoted MSCs’ migration to the infarct region and 
enhanced neuroprotection via increased angiogenesis [137]. Besides stroke, MSCs 
overexpressing CXCR4 was also proved to migrate into the cardiac infarct area in a 
cardiac infarct animal model, leading to a significant improvement in cardiac func-

Table 9.4 Enhancement of stem cell homing by gene modification

Overexpressing 
genes Stem cells Animal model Outcome

CXCR4 [207] MSCs Myocardial 
Infarction

Increased accumulation of BMSCs in 
the lesion area and an improvement in 
cardiac function

CCR1 [159] MSC Myocardium 
infarct

CCR1-MSCs accumulated in the 
infarcted myocardium at significantly 
higher levels. CCR1-MSC-injected 
hearts exhibited a significant 
reduction in infarct size, reduced 
cardiomyocyte apoptosis, and 
increased capillary density

ACE2 [150] EPC Cerebral 
ischemia

ACE2 overexpression improved the 
abilities of EPC migration and tube 
formation, reduced cerebral infarct 
volume and neurologic deficits, 
increased cerebral microvascular 
density and angiogenesis

HGF siRNA 
[149]

ASC Hind-limb 
ischemia

Transduced ASC-shHGF secreted 
>80 % less HGF, which led to a 
reduced ability to promote survival, 
proliferation, and migration of mature 
and progenitor endothelial cells 
in vitro

IGF-1 [156] MSC Permanent 
coronary artery 
occlusion

IGF-1 transgene expression induced 
massive stem cell mobilization via 
SDF-1α signaling and culminated in 
extensive angiomyogenesis in the 
infarcted heart

GDNF [163] NPC Stroke More NSPC-GDNF cells migrated 
toward the ischemic core, reduced 
infarct volume, and improved 
behavioral recovery

SCF [193] NSPCs Normal mice Recombinant SCF induces potent 
NSPC migration in vitro and in vivo 
through the activation of c-kit on 
NSPCs

MicroRNA 9 
[153]

hESC-derived 
neural 
progenitors

Stroke hNPCs without miR-9 activity also 
showed enhanced migration
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tion [17]. Additionally, growth factors also show their capacity to enhance stem cell 
migration posttransplantation. Haider et al. demonstrated that IGF-1 overexpression 
promoted MSC recruitment through paracrine activation of SDF-1α and enhanced 
myocardial repair [31]. When NPCs overexpressing GDNF were injected into isch-
emic rat brain, more cells were found accumulated in the lesion area [49]. For EPC 
it was reported that overexpression of angiotensin-converting enzyme 2 (ACE2) 
improved the EPC migration and tube formation, and injection of lentivirus-ACE2- 
transfected EPCs reduced cerebral infarct volume and neurological deficits, which 
was driven by eNOS [16].

Recently, miRNAs were demonstrated to play an important role in stem cell 
migration. One study from Delaloy et  al. for the first time identified miR-9 as a 
novel regulator that coordinates the proliferation and migration of hNPCs. They 
found that hNPCs without miR-9 activity showed enhanced migration when trans-
planted into mouse embryonic or adult brains in a stroke mouse model [21]. Other 
miRNAs such as miR-10b and miR-204 have been also proven to play an important 
role in cell migration [41, 72].

9.1.5.2  Preconditioning-Based Method

As we discussed above, although overexpression of homing genes in both grafted 
stem cells and local brain tissues improves stem cell homing, several disadvantages 
exist in this strategy. For instance, uncontrolled expression of introducing genes 
raises the safety issue, and the risk of tumorigenicity such as leukemia also limits its 
application. Recently, upregulation of homing genes in MSCs under stress condi-
tions including hypoxia has been confirmed, which may be mediated by HIF-1 
alpha [24]. It is reported that hypoxia induces CXCR4 and CXCR7 expression in 
BMSCs via upregulated HIF-1α [75], and hypoxia preconditioning enhances migra-
tion of MSCs via increased expression of cMet [93], which hints at the possibility 
that hypoxia preconditioning could enhance mobilization of stem cells to lesion 
sites in ischemic brain. In addition to hypoxia preconditioning, H2O2 precondition-
ing could increase the migration of MSCs through upregulation of CXCR4 and 
activation of extracellular signal-regulated kinase (ERK) [65], and pretreatment of 
HSCs with SDF-1 or dextran sulfate enhances their homing to bone marrow, which 
is involved in several genes including CXCR4 and MMP-9 [33].

Accumulating evidence shows that pretreatment with growth factors also 
increases MSCs’ mobilization (Table 9.5). In previous investigations, IGF-1 as well 
as VEGF increased MSC migratory responses via CXCR4 chemokine receptor sig-
naling which is PI3/Akt dependent [70, 109]. Early studies have demonstrated that 
statins increased EPC number and function through activating the Akt/eNOS path-
way [22]. Likewise, enhancement of eNOS enhancers improves the stem cell hom-
ing. In particular, pretreatment with eNOS enhancers significantly increased the 
homing of the intravenously infused EPCs or BMCs and led to increased exercise 
capacity in a hind-limb ischemia model [95].
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Table 9.5 Preconditioning mediators to enhance stem cell homing

Triggers
Stem cells 
involved Animal model Stem cell fate Outcome

Hypoxia hESCs 
[155]

Myocardial 
infarction; 
MCAO

Increased neural 
precursor cell 
survival; engraftment 
of MSC was 
increased; cell 
survival was 
increased; promoted 
their survival, 
migration, and 
homing to the 
ischemic brain 
region; promote 
transplanted cell 
survival

Promoted neuronal 
differentiation; 
improvement in global, 
regional, and diastolic left 
ventricular functions; an 
increase in angiogenesis, as 
well as enhanced 
morphologic and functional  
benefits of stem cell 
therapy; reduced infarct 
volume and improved 
behavioral recovery; 
ES-NPCs exhibited 
extensive neuronal 
differentiation in the 
ischemic brain, accelerated 
and enhanced recovery of 
sensorimotor function

MSC 
[158, 161, 
201]; 
ES-NPCs 
[195]

H2O2 MSC 
[172, 199]

Myocardial 
infarction

Increased cell 
survival

Increased fractional 
shortening, ejection 
fraction, arteriole density 
and decreased infarct size; 
increased the capillary 
density and the fractional 
shortening and attenuated 
myocardial fibrosis

Hydrogen 
sulfide

MSCs 
[202]

Myocardial 
infarction

Improved the survival 
rate of the 
transplanted MSCs

Reduced the infarct size 
and increased left 
ventricular (LV) function

IGF-1 NSCs [94] MCAO Protected the grafted 
neural stem cells 
from ischemic 
reperfusion injury

Attenuated infarct size, 
improved neurological 
performance and 
angiogenesis

VEGF MSCs 
[181, 
194]; 
ADMSC 
[205]

MCAO; Improved survival of 
MSCs; decreased 
apoptosis of ADMSC

Reduced infarct volume,  
enhanced angiogenesis,  
neurogenesis, and  
functional recovery;  
protected the lung from  
ischemic injury; increased  
survival, paracrine activity,  
and efficiency of MSCs

acute lung 
ischemia- 
reperfusion 
injury; 
ischemic 
kidney

Minocycline NSCs 
[188]; 
OPC 
[190]

MCAO; 
in vitro

Minocycline 
preconditioning 
protected the grafted 
NSCs from ischemic 
reperfusion injury; 
reduced apoptosis in 
response to OGD

Attenuated infarct size and 
improved neurological 
performance

(continued)
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9.1.5.3  Biomaterial-Based Method

With the rapid development of tissue engineering, many state-of-the-art biomateri-
als have been developed to combine stem cells to treat cerebrovascular diseases, 
with the ultimate goal of repairing organs and tissue. In past two decades, many 
protein-based, polysaccharide-based, polymer-based, peptide-based, and ceramic-
based scaffolds that have been proven to promote the viability, differentiation, and 
migration of stem cells are well designed [125]. Both natural and synthetic bioma-
terials have been developed and combined with stem cell-based therapy to promote 
cell survival and migration posttransplantation (Table 9.6).

Fibrin gel is ranked as the first biomaterial to prevent bleeding and promote 
wound healing in terms of the abundance of fibrinogen, ease fabrication, controlla-
ble gelation time, and tunable mechanical property. Fibrin gel is able to exclusively 
enhance the migration of the transplanted cells toward the lesion boundary zone, 
even it disappears completely 4 weeks after transplantation [133]. In one study per-
formed by Lee and coworkers, they designed a VEGF-releasing gel that could 
attract NSC migration [171]. It is also reported that PEGylated fibrin patch con-
trolled the release of SDF-1α at the infarct site and increased the rate of c-kit+ stem 

Table 9.5 (continued)

Triggers
Stem cells 
involved Animal model Stem cell fate Outcome

Doxycycline NSCs 
[178]

In vitro Decreased cell death 
and increased cell 
viability after 
oxygen–glucose 
deprivation–
reoxygenation

Showed cryoprotective via 
induced the expression of 
Nrf2

BDNF NSC 
[186]

MCAO Promoted cell 
survival 1 week after 
transplantation

BDNF pretreatment of 
NSCs results in higher 
initial NSC engraftment 
and survival, increased 
neuroprotection, and 
greater functional recovery

Valporate 
and lithium 
[198]

MSC MCAO Priming with VPA or 
lithium increased the 
number of MSC 
homing to the 
cerebral infarcted 
regions, and 
copriming with VPA 
and lithium further 
enhanced this effect 
through VPA- induced 
CXCR4 
overexpression and 
lithium-induced 
MMP-9 upregulation

Priming with VPA and/or 
lithium improved 
functional recovery, 
reduced brain infarct 
volume, and enhanced 
angiogenesis
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Table 9.6 Biomaterial-based method to enhance stem cell homing

Biomaterials

Stem cells/
homing factors 
involved Animal model Stem cell fate

Fibrin gel BMSC [204] Cortical injury Fibrin matrix enhanced the retention 
of the transplanted cells within the 
lesion, migration toward the lesion 
boundary zone, and differentiation 
into the neurons and perivascular 
cells

C17.2 cell line 
[171]

Myocardial 
ischemia

The cells migrated toward the fibrin 
gel, with the total migration distance 
of 102.4 ± 76.1 μm over 3 days

(PEGylated) 
fibrin patch [208]

The myocardial recruitment of c-kit+ 
cells was significantly higher in the 
group treated with the SDF-1a 
PEGylated fibrin patch

Alginate 
microspheres

Bone marrow- 
derived 
progenitor cells 
[165]

Hind-limb 
ischemia

Increased mobilization of bone 
marrow-derived progenitor cells and 
also improved recruitment of 
angiogenic cells expressing CXCR4 
from bone marrow and local tissue

hMSCs [206] Myocardial 
ischemia

RGD-modified alginate improved cell 
attachment and growth and increased 
angiogenic growth factor expression

starPEG-heparin 
hydrogels

EPCs [146] In vitro Higher migration rates were achieved

Gtn-HPA hydrogels 
and PCNs

NPCs [174] In vitro Gtn-HPA/SDF-1-PCN hydrogels 
promoted hemotactic recruitment to 
enhance infiltration of aNPCs by 3- to 
45-fold relative to hydrogels that 
lacked SDF-1

Collagen microgel hMSCs [197] Hind-limb 
ischemia

Optimized hMSC embedded 
microgels were shown to induce 
vascular repair and functional 
improvement by increasing SDF-1 
expression

HA EPCs [177] Myocardial 
ischemia

Induced continuous homing of EPCs 
and improved left ventricular function 
in a rat model of myocardial 
infarction

SDF-1 [191] Injection of biomimetic hydrogels 
containing SDF-1 and Ac-SDKP 
increased stem cell homing and 
significantly improved left ventricle 
function, increased angiogenesis, 
decreased infarct size and great

(continued)
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cell recruitment and offered potential therapeutic benefits in the myocardium isch-
emic mice [140]. This body of work suggests that migration of stem cells can be 
monitored by fibrin scaffolds.

Recently, scaffolds fabricated from gelatin [130], collagen [88], alginate [36], 
and hyaluronic acid (HA) [128] have been developed for the controlled release of 
growth factors, which could provide homing signals to enhance stem cell migration. 
Kuraitis et al. found encapsulating SDF-1 into alginate microspheres led to increased 
mobilization of bone marrow-derived CXCR4+ progenitor cells and restoring per-
fusion to ischemic tissues via neovascularization [56]. Further studies demonstrated 
hMSCs encapsulated in RGD-modified alginate microspheres are capable of facili-
tating myocardial repair [135]. Baumann et al. reported that encapsulating SDF-1α 
with starPEG-heparin hydrogels enhanced migration of EPCs in vitro [6]. Lim et al. 

Table 9.6 (continued)

Biomaterials

Stem cells/
homing factors 
involved Animal model Stem cell fate

PLGA SDF-1 [152, 
196]

In vitro Released SDF-1α caused significant 
migration of MSCs throughout the 
duration of release from the 
microspheres
Threefold increase of the host-derived 
stem cell migration at the interface 
for up to 2 weeks

PCL MSCs [189] Bone tissue 
engineering 
model

MSCs were shown to migrate within 
a polycaprolactone scaffold in 
response to SDF-1

PLEOF [157] BMSCs In vitro The migration of BMS cells in 
response to time-released SDF-
1alpha closely followed the protein 
release kinetics from the hydrogels

PUASM [164] SDF-1 MCAO Systemic administration of SDF-1α-
loaded copolymer into ischemic rat 
resulted in enhanced angiogenesis 
and neurogenesis

SPIONs combined 
with exterior magnet

EPCs [173] MCAO SPION-labeled EPC homing was 
greatly increased in ischemic 
hemisphere with magnetic field 
treatment

MSCs [185] Balloon 
angioplasty in a 
rabbit model

Magnetic targeting of mesenchymal 
stem cells gives rise to a sixfold 
increase in cell retention following 
balloon angioplasty in a rabbit model

hNSCs [192] Magnet treated rats had a larger 
number and greater distribution of 
ferumoxide-labeled NSCs as 
compared with controls
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developed a multifunctional biomaterial comprising injectable gelatin- 
hydroxyphenylpropionic acid (Gtn-HPA) hydrogels and dextran sulfate/chitosan 
polyelectrolyte complex nanoparticles (PCNs) to carry SDF-1 to promote infiltra-
tion of NPCs through MMP-9 [73]. In particular, an interesting study fabricated and 
optimized a shape-controlled 3D type-I collagen-based microgel platform to modu-
late SDF-1 expression of hMSCs, and hMSCs embedded in the microgels were 
shown to induce vascular repair and functional improvement in hind-limb ischemic 
mouse [116]. Currently, HA is gaining its popularity as a biomaterial for tissue 
regeneration [62]. By chemically modifying HA with hydroxyethyl methacrylate, 
controlled release of SDF-1 was achieved after its encapsulation into HA, and 
enhanced endothelial progenitor cell chemotaxis was identified [79]. It is also 
reported that loading SDF-1 and angiogenic peptides (Ac-SDKP) to HA-based 
hydrogel promoted regeneration of cardiac function through increasing stem cell 
homing and angiogenesis [103].

Poly lactic-co-glycolic acid (PLGA) is an FDA-approved polymer and the most 
attractive polymeric drug/protein carrier among those synthetic materials as its high 
biocompatibility, biodegradability, and tunable mechanical property. PLGA has 
been extensively designed for controlled release of small molecule drugs, proteins, 
and other macromolecules in commercial use and in research. Double-emulsion 
solvent extraction/evaporation is a routine technique to load proteins to biodegrad-
able PLGA microspheres. Using this strategy, Cross et al. loaded SDF-lα into PLGA 
microspheres for releasing SDF-1α over 50 days without affecting its bioactivity, 
and significant migration of MSCs throughout the duration of release from the 
microspheres was observed [19]. Thevenot and colleagues fabricated PLGA salt- 
leached scaffolds to carry SDF-1 and implanted in the subcutaneous cavity of Balb/c 
mice. They found this strategy enhanced host-derived stem cell engraftment by 
threefold compared to conventional mini-osmotic pump delivery for up to 2 weeks 
with limited inflammatory response [115].

In addition to PLGA, polycaprolactone (PCL) and poly (lactide ethylene oxide 
fumarate) hydrogel (PLEOF) have also been used to achieve MSC recruitment. 
Schantz et al. have developed acellular PCL scaffolds that allowed sequential deliv-
ery of VEGF, SDF-1, and bone morphogenetic protein-6 (BMP-6) in the rat and 
increased MSCs infiltrating into the scaffold, with concomitant angiogenesis [97]. 
In another study, He et al. synthesized SDF-1-loaded PLEOF hydrogel with poly(l- 
lactide) (PLA) fractions. A pronounced burst release followed by a period of sus-
tained release was achieved, and MSCs showed migration to SDF-1  in a 
dose-dependent manner [34]. Recently, Kim et al. synthesized a dual pH-sensitive 
copolymer-poly (urethane amino sulfamethazine) (PUASM)-based random copoly-
mer for controlled release of SDF-1 in stroke. This copolymer showed high protein 
encapsulation efficiency at pH 7.4, and at pH 5.5, it could release protein rapidly. 
Systemic administration of SDF-1α-loaded copolymer into ischemic rat resulted in 
enhanced angiogenesis and neurogenesis [51].

Recent studies have highlighted the role of superparamagnetic iron oxide 
nanoparticles in targeted cell delivery. Experimental studies from Dr. Yang’s lab 
showed that intravenous injection of SPION-labeled EPCs into ischemic mice and 
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followed by magnetic field treatment promoted their migration to the infarcts, fur-
ther reduced brain atrophic volume, and improved neurobehavioral outcomes [64]. 
Other studies with this method also showed that magnetic targeting of MSCs or 
hNSCs led to increased cell retention following their injection [92, 104]. An inter-
esting study reported that small direct current (DC) electric fields induced signifi-
cant directional migration of hNSCs toward the cathode independent of CXCR4 
signal [27].

9.2  Conclusion

Bone marrow-derived stem cells have been demonstrated as promising sources of 
adult stem cells for regeneration and repair of neurological disorders, including 
ischemic stroke. On the other hand, many experimental studies make us recognize 
many fundamental questions related to the cell survival, homing, and engraftment 
that contribute to the limited efficacy of BM-derived stem cell transplantation in the 
clinic. We and other groups have proposed many strategies such as gene modifica-
tion, preconditioning treatment, and biomaterial-based method to overcome these 
limitations. Strategies to improve cell survival and homing would enhance their 
therapeutic efficacy and strengthen the application potential of stem cell therapy. In 
summary, stem cell-based therapy for ischemic stroke in humans is still in its 
infancy. Further basic and translational studies are required before it becomes a 
scientifically proven strategy in clinical setting.

References

 1. Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T, Witzenbichler B, 
Schatteman G, Isner JM. Isolation of putative progenitor endothelial cells for angiogenesis. 
Science. 1997;275(5302):964–7.

 2. Bacigaluppi M, Pluchino S, Peruzzotti-Jametti L, Kilic E, Kilic U, Salani G, Brambilla E, 
West MJ, Comi G, Martino G, Hermann DM. Delayed post-ischaemic neuroprotection fol-
lowing systemic neural stem cell transplantation involves multiple mechanisms. Brain 
J Neurol. 2009;132(Pt 8):2239–51. doi:10.1093/brain/awp174.

 3. Bakshi A, Keck CA, Koshkin VS, LeBold DG, Siman R, Snyder EY, McIntosh TK. Caspase- 
mediated cell death predominates following engraftment of neural progenitor cells into trau-
matically injured rat brain. Brain Res. 2005;1065(1–2):8–19. doi:10.1016/j.
brainres.2005.09.059.

 4. Banerjee S, Bentley P, Hamady M, Marley S, Davis J, Shlebak A, Nicholls J, Williamson DA, 
Jensen SL, Gordon M, Habib N, Chataway J.  Intra-arterial immunoselected CD34+ stem 
cells for acute ischemic stroke. Stem Cells Transl Med. 2014;3(11):1322–30. doi:10.5966/
sctm.2013-0178.

 5. Bao X, Wei J, Feng M, Lu S, Li G, Dou W, Ma W, Ma S, An Y, Qin C, Zhao RC, Wang 
R. Transplantation of human bone marrow-derived mesenchymal stem cells promotes behav-
ioral recovery and endogenous neurogenesis after cerebral ischemia in rats. Brain Res. 
2011;1367:103–13. doi:10.1016/j.brainres.2010.10.063.

9 Modification of Bone Marrow Stem Cells for Homing and Survival…

http://dx.doi.org/10.1093/brain/awp174
http://dx.doi.org/10.1016/j.brainres.2005.09.059
http://dx.doi.org/10.1016/j.brainres.2005.09.059
http://dx.doi.org/10.5966/sctm.2013-0178
http://dx.doi.org/10.5966/sctm.2013-0178
http://dx.doi.org/10.1016/j.brainres.2010.10.063


226

 6. Baumann L, Prokoph S, Gabriel C, Freudenberg U, Werner C, Beck-Sickinger AG. A novel, 
biased-like SDF-1 derivative acts synergistically with starPEG-based heparin hydrogels and 
improves eEPC migration in  vitro. J  Control Release. 2012;162(1):68–75. doi:10.1016/j.
jconrel.2012.04.049.

 7. Bible E, Chau DY, Alexander MR, Price J, Shakesheff KM, Modo M. The support of neural 
stem cells transplanted into stroke-induced brain cavities by PLGA particles. Biomaterials. 
2009;30(16):2985–94. doi:10.1016/j.biomaterials.2009.02.012.

 8. Bible E, Qutachi O, Chau DY, Alexander MR, Shakesheff KM, Modo M. Neo-vascularization 
of the stroke cavity by implantation of human neural stem cells on VEGF-releasing PLGA 
microparticles. Biomaterials. 2012;33(30):7435–46. doi:10.1016/j.biomaterials.2012.06.085.

 9. Bonios M, Terrovitis J, Chang CY, Engles JM, Higuchi T, Lautamaki R, Yu J, Fox J, Pomper 
M, Wahl RL, Tsui BM, O’Rourke B, Bengel FM, Marban E, Abraham MR. Myocardial sub-
strate and route of administration determine acute cardiac retention and lung bio-distribution 
of cardiosphere-derived cells. J  Nucl Cardiol. 2011;18(3):443–50. doi:10.1007/
s12350-011-9369-9.

 10. Borlongan CV. Bone marrow stem cell mobilization in stroke: a ‘bonehead’ may be good 
after all! Leukemia. 2011;25(11):1674–86. doi:10.1038/leu.2011.167.

 11. Borlongan CV, Glover LE, Tajiri N, Kaneko Y, Freeman TB. The great migration of bone 
marrow-derived stem cells toward the ischemic brain: therapeutic implications for stroke and 
other neurological disorders. Prog Neurobiol. 2011;95(2):213–28. doi:10.1016/j.
pneurobio.2011.08.005.

 12. Calio ML, Marinho DS, Ko GM, Ribeiro RR, Carbonel AF, Oyama LM, Ormanji M, Guirao 
TP, Calio PL, Reis LA, Simoes Mde J, Lisboa-Nascimento T, Ferreira AT, Bertoncini 
CR.  Transplantation of bone marrow mesenchymal stem cells decreases oxidative stress, 
apoptosis, and hippocampal damage in brain of a spontaneous stroke model. Free Radic Biol 
Med. 2014;70:141–54. doi:10.1016/j.freeradbiomed.2014.01.024.

 13. Caplan AI.  Mesenchymal stem cells. J  Orthop Res. 1991;9(5):641–50. doi:10.1002/
jor.1100090504.

 14. Cencioni C, Capogrossi MC, Napolitano M. The SDF-1/CXCR4 axis in stem cell precondi-
tioning. Cardiovasc Res. 2012;94(3):400–7. doi:10.1093/cvr/cvs132.

 15. Chen J, Li Y, Wang L, Zhang Z, Lu D, Lu M, Chopp M. Therapeutic benefit of intravenous 
administration of bone marrow stromal cells after cerebral ischemia in rats. Stroke J Cereb 
Circ. 2001;32(4):1005–11.

 16. Chen J, Xiao X, Chen S, Zhang C, Chen J, Yi D, Shenoy V, Raizada MK, Zhao B, Chen 
Y. Angiotensin-converting enzyme 2 priming enhances the function of endothelial progenitor 
cells and their therapeutic efficacy. Hypertension. 2013;61(3):681–9. doi:10.1161/
HYPERTENSIONAHA.111.00202.

 17. Cheng Z, Ou L, Zhou X, Li F, Jia X, Zhang Y, Liu X, Li Y, Ward CA, Melo LG, Kong 
D. Targeted migration of mesenchymal stem cells modified with CXCR4 gene to infarcted 
myocardium improves cardiac performance. Mol Ther J Am Soc Gene Ther. 2008;16(3):571–
9. doi:10.1038/sj.mt.6300374.

 18. Coronel MF, Musolino PL, Villar MJ. Selective migration and engraftment of bone marrow 
mesenchymal stem cells in rat lumbar dorsal root ganglia after sciatic nerve constriction. 
Neurosci Lett. 2006;405(1–2):5–9. doi:10.1016/j.neulet.2006.06.018.

 19. Cross DP, Wang C. Stromal-derived factor-1 alpha-loaded PLGA microspheres for stem cell 
recruitment. Pharm Res. 2011;28(10):2477–89. doi:10.1007/s11095-011-0474-x.

 20. Darsalia V, Kallur T, Kokaia Z. Survival, migration and neuronal differentiation of human 
fetal striatal and cortical neural stem cells grafted in stroke-damaged rat striatum. Eur 
J Neurosci. 2007;26(3):605–14. doi:10.1111/j.1460-9568.2007.05702.x.

 21. Delaloy C, Liu L, Lee JA, Su H, Shen F, Yang GY, Young WL, Ivey KN, Gao FB. MicroRNA-9 
coordinates proliferation and migration of human embryonic stem cell-derived neural pro-
genitors. Cell Stem Cell. 2010;6(4):323–35. doi:10.1016/j.stem.2010.02.015.

Y. Tang

http://dx.doi.org/10.1016/j.jconrel.2012.04.049
http://dx.doi.org/10.1016/j.jconrel.2012.04.049
http://dx.doi.org/10.1016/j.biomaterials.2009.02.012
http://dx.doi.org/10.1016/j.biomaterials.2012.06.085
http://dx.doi.org/10.1007/s12350-011-9369-9
http://dx.doi.org/10.1007/s12350-011-9369-9
http://dx.doi.org/10.1038/leu.2011.167
http://dx.doi.org/10.1016/j.pneurobio.2011.08.005
http://dx.doi.org/10.1016/j.pneurobio.2011.08.005
http://dx.doi.org/10.1016/j.freeradbiomed.2014.01.024
http://dx.doi.org/10.1002/jor.1100090504
http://dx.doi.org/10.1002/jor.1100090504
http://dx.doi.org/10.1093/cvr/cvs132
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.00202
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.00202
http://dx.doi.org/10.1038/sj.mt.6300374
http://dx.doi.org/10.1016/j.neulet.2006.06.018
http://dx.doi.org/10.1007/s11095-011-0474-x
http://dx.doi.org/10.1111/j.1460-9568.2007.05702.x
http://dx.doi.org/10.1016/j.stem.2010.02.015


227

 22. Dimmeler S, Aicher A, Vasa M, Mildner-Rihm C, Adler K, Tiemann M, Rutten H, 
Fichtlscherer S, Martin H, Zeiher AM.  HMG-CoA reductase inhibitors (statins) increase 
endothelial progenitor cells via the PI 3-kinase/Akt pathway. J Clin Invest. 2001;108(3):391–
7. doi:10.1172/JCI13152.

 23. Doeppner TR, Ewert TA, Tonges L, Herz J, Zechariah A, ElAli A, Ludwig AK, Giebel B, 
Nagel F, Dietz GP, Weise J, Hermann DM, Bahr M. Transduction of neural precursor cells 
with TAT-heat shock protein 70 chaperone: therapeutic potential against ischemic stroke after 
intrastriatal and systemic transplantation. Stem Cells. 2012;30(6):1297–310. doi:10.1002/
stem.1098.

 24. Ejtehadifar M, Shamsasenjan K, Movassaghpour A, Akbarzadehlaleh P, Dehdilani N, Abbasi 
P, Molaeipour Z, Saleh M. The effect of hypoxia on mesenchymal stem cell biology. Adv 
Pharm Bull. 2015;5(2):141–9. 10.15171/apb.2015.021.

 25. Ercan E, Bagla AG, Aksoy A, Gacar G, Unal ZS, Asgun HF, Karaoz E. In vitro protection of 
adipose tissue-derived mesenchymal stem cells by erythropoietin. Acta Histochem. 
2014;116(1):117–25. doi:10.1016/j.acthis.2013.06.007.

 26. Fan Y, Shen F, Frenzel T, Zhu W, Ye J, Liu J, Chen Y, Su H, Young WL, Yang GY. Endothelial 
progenitor cell transplantation improves long-term stroke outcome in mice. Ann Neurol. 
2010;67(4):488–97. doi:10.1002/ana.21919.

 27. Feng JF, Liu J, Zhang XZ, Zhang L, Jiang JY, Nolta J, Zhao M. Guided migration of neural 
stem cells derived from human embryonic stem cells by an electric field. Stem Cells. 
2012;30(2):349–55. doi:10.1002/stem.779.

 28. Frisch SM, Francis H.  Disruption of epithelial cell-matrix interactions induces apoptosis. 
J Cell Biol. 1994;124(4):619–26.

 29. Frisch SM, Screaton RA. Anoikis mechanisms. Curr Opin Cell Biol. 2001;13(5):555–62.
 30. Haider H, Ashraf M.  Preconditioning and stem cell survival. J  Cardiovasc Transl Res. 

2010;3(2):89–102. doi:10.1007/s12265-009-9161-2.
 31. Haider H, Jiang S, Idris NM, Ashraf M.  IGF-1-overexpressing mesenchymal stem cells 

accelerate bone marrow stem cell mobilization via paracrine activation of SDF-1alpha/
CXCR4 signaling to promote myocardial repair. Circ Res. 2008;103(11):1300–8. doi:10.1161/
CIRCRESAHA.108.186742.

 32. Hall PE, Lathia JD, Caldwell MA, Ffrench-Constant C.  Laminin enhances the growth of 
human neural stem cells in defined culture media. BMC Neurosci. 2008;9:71. 
doi:10.1186/1471-2202-9-71.

 33. Hayakawa J, Migita M, Ueda T, Fukazawa R, Adachi K, Ooue Y, Hayakawa M, Shimada T, 
Fukunaga Y. Dextran sulfate and stromal cell derived factor-1 promote CXCR4 expression 
and improve bone marrow homing efficiency of infused hematopoietic stem cells. J Nippon 
Med Sch = Nippon Ika Daigaku Zasshi. 2009;76(4):198–208.

 34. He X, Ma J, Jabbari E. Migration of marrow stromal cells in response to sustained release of 
stromal-derived factor-1alpha from poly(lactide ethylene oxide fumarate) hydrogels. Int 
J Pharm. 2010;390(2):107–16. doi:10.1016/j.ijpharm.2009.12.063.

 35. Hill CE, Moon LD, Wood PM, Bunge MB. Labeled Schwann cell transplantation: cell loss, 
host Schwann cell replacement, and strategies to enhance survival. Glia. 2006;53(3):338–43. 
doi:10.1002/glia.20287.

 36. Ho YC, Mi FL, Sung HW, Kuo PL. Heparin-functionalized chitosan-alginate scaffolds for 
controlled release of growth factor. Int J  Pharm. 2009;376(1–2):69–75. doi:10.1016/j.
ijpharm.2009.04.048.

 37. Hu J, Deng L, Wang X, Xu XM. Effects of extracellular matrix molecules on the growth 
properties of oligodendrocyte progenitor cells in vitro. J Neurosci Res. 2009;87(13):2854–
62. doi:10.1002/jnr.22111.

 38. Hu X, Yu SP, Fraser JL, Lu Z, Ogle ME, Wang JA, Wei L.  Transplantation of hypoxia- 
preconditioned mesenchymal stem cells improves infarcted heart function via enhanced sur-
vival of implanted cells and angiogenesis. J Thorac Cardiovasc Surg. 2008;135(4):799–808. 
doi:10.1016/j.jtcvs.2007.07.071.

9 Modification of Bone Marrow Stem Cells for Homing and Survival…

http://dx.doi.org/10.1172/JCI13152
http://dx.doi.org/10.1002/stem.1098
http://dx.doi.org/10.1002/stem.1098
http://dx.doi.org/10.1016/j.acthis.2013.06.007
http://dx.doi.org/10.1002/ana.21919
http://dx.doi.org/10.1002/stem.779
http://dx.doi.org/10.1007/s12265-009-9161-2
http://dx.doi.org/10.1161/CIRCRESAHA.108.186742
http://dx.doi.org/10.1161/CIRCRESAHA.108.186742
http://dx.doi.org/10.1186/1471-2202-9-71
http://dx.doi.org/10.1016/j.ijpharm.2009.12.063
http://dx.doi.org/10.1002/glia.20287
http://dx.doi.org/10.1016/j.ijpharm.2009.04.048
http://dx.doi.org/10.1016/j.ijpharm.2009.04.048
http://dx.doi.org/10.1002/jnr.22111
http://dx.doi.org/10.1016/j.jtcvs.2007.07.071


228

 39. Huang J, Li Y, Tang Y, Tang G, Yang GY, Wang Y. CXCR4 antagonist AMD3100 protects 
blood-brain barrier integrity and reduces inflammatory response after focal ischemia in mice. 
Stroke J Cereb Circ. 2013;44(1):190–7. doi:10.1161/STROKEAHA.112.670299.

 40. Ikeda N, Nonoguchi N, Zhao MZ, Watanabe T, Kajimoto Y, Furutama D, Kimura F, Dezawa 
M, Coffin RS, Otsuki Y, Kuroiwa T, Miyatake S. Bone marrow stromal cells that enhanced 
fibroblast growth factor-2 secretion by herpes simplex virus vector improve neurological out-
come after transient focal cerebral ischemia in rats. Stroke J Cereb Circ. 2005;36(12):2725–
30. doi:10.1161/01.STR.0000190006.88896.d3.

 41. Imam JS, Plyler JR, Bansal H, Prajapati S, Bansal S, Rebeles J, Chen HI, Chang YF, 
Panneerdoss S, Zoghi B, Buddavarapu KC, Broaddus R, Hornsby P, Tomlinson G, Dome J, 
Vadlamudi RK, Pertsemlidis A, Chen Y, Rao MK. Genomic loss of tumor suppressor miRNA-
 204 promotes cancer cell migration and invasion by activating AKT/mTOR/Rac1 signaling 
and actin reorganization. PLoS ONE. 2012;7(12), e52397. doi:10.1371/journal.pone.0052397.

 42. Ip JE, Wu Y, Huang J, Zhang L, Pratt RE, Dzau VJ. Mesenchymal stem cells use integrin 
beta1 not CXC chemokine receptor 4 for myocardial migration and engraftment. Mol Biol 
Cell. 2007;18(8):2873–82. doi:10.1091/mbc.E07-02-0166.

 43. Ishibashi S, Sakaguchi M, Kuroiwa T, Yamasaki M, Kanemura Y, Shizuko I, Shimazaki T, 
Onodera M, Okano H, Mizusawa H. Human neural stem/progenitor cells, expanded in long- 
term neurosphere culture, promote functional recovery after focal ischemia in Mongolian 
gerbils. J Neurosci Res. 2004;78(2):215–23. doi:10.1002/jnr.20246.

 44. Janowski M, Lyczek A, Engels C, Xu J, Lukomska B, Bulte JW, Walczak P. Cell size and 
velocity of injection are major determinants of the safety of intracarotid stem cell transplanta-
tion. J Cereb Blood Flow Metab. 2013;33(6):921–7. doi:10.1038/jcbfm.2013.32.

 45. Jin K, Mao X, Xie L, Galvan V, Lai B, Wang Y, Gorostiza O, Wang X, Greenberg 
DA. Transplantation of human neural precursor cells in Matrigel scaffolding improves out-
come from focal cerebral ischemia after delayed postischemic treatment in rats. J  Cereb 
Blood Flow Metab. 2010;30(3):534–44. doi:10.1038/jcbfm.2009.219.

 46. Jin K, Mao X, Xie L, Greenberg RB, Peng B, Moore A, Greenberg MB, Greenberg 
DA. Delayed transplantation of human neural precursor cells improves outcome from focal 
cerebral ischemia in aged rats. Aging Cell. 2010;9(6):1076–83. doi: 
10.1111/j.1474-9726.2010.00638.x.

 47. Johann V, Schiefer J, Sass C, Mey J, Brook G, Kruttgen A, Schlangen C, Bernreuther C, 
Schachner M, Dihne M, Kosinski CM. Time of transplantation and cell preparation deter-
mine neural stem cell survival in a mouse model of Huntington’s disease. Exp Brain Res. 
2007;177(4):458–70. doi:10.1007/s00221-006-0689-y.

 48. Kallur T, Darsalia V, Lindvall O, Kokaia Z. Human fetal cortical and striatal neural stem cells 
generate region-specific neurons in vitro and differentiate extensively to neurons after intra-
striatal transplantation in neonatal rats. J Neurosci Res. 2006;84(8):1630–44. doi:10.1002/
jnr.21066.

 49. Kameda M, Shingo T, Takahashi K, Muraoka K, Kurozumi K, Yasuhara T, Maruo T, Tsuboi 
T, Uozumi T, Matsui T, Miyoshi Y, Hamada H, Date I. Adult neural stem and progenitor cells 
modified to secrete GDNF can protect, migrate and integrate after intracerebral transplanta-
tion in rats with transient forebrain ischemia. Eur J  Neurosci. 2007;26(6):1462–78. 
doi:10.1111/j.1460-9568.2007.05776.x.

 50. Kaplan RN, Psaila B, Lyden D.  Niche-to-niche migration of bone-marrow-derived cells. 
Trends Mol Med. 2007;13(2):72–81. doi:10.1016/j.molmed.2006.12.003.

 51. Kim DH, Seo YK, Thambi T, Moon GJ, Son JP, Li G, Park JH, Lee JH, Kim HH, Lee DS, 
Bang OY.  Enhancing neurogenesis and angiogenesis with target delivery of stromal cell 
derived factor-1alpha using a dual ionic pH-sensitive copolymer. Biomaterials. 2015;61:115–
25. doi:10.1016/j.biomaterials.2015.05.025.

 52. Kim JH, Oh AY, Choi YM, Ku SY, Kim YY, Lee NJ, Sepac A, Bosnjak ZJ.  Isoflurane 
decreases death of human embryonic stem cell-derived, transcriptional marker Nkx2.5(+) 
cardiac progenitor cells. Acta Anaesthesiol Scand. 2011;55(9):1124–31. 
doi:10.1111/j.1399-6576.2011.02509.x.

Y. Tang

http://dx.doi.org/10.1161/STROKEAHA.112.670299
http://dx.doi.org/10.1161/01.STR.0000190006.88896.d3
http://dx.doi.org/10.1371/journal.pone.0052397
http://dx.doi.org/10.1091/mbc.E07-02-0166
http://dx.doi.org/10.1002/jnr.20246
http://dx.doi.org/10.1038/jcbfm.2013.32
http://dx.doi.org/10.1038/jcbfm.2009.219
http://dx.doi.org/10.1111/j.1474-9726.2010.00638.x
http://dx.doi.org/10.1007/s00221-006-0689-y
http://dx.doi.org/10.1002/jnr.21066
http://dx.doi.org/10.1002/jnr.21066
http://dx.doi.org/10.1111/j.1460-9568.2007.05776.x
http://dx.doi.org/10.1016/j.molmed.2006.12.003
http://dx.doi.org/10.1016/j.biomaterials.2015.05.025
http://dx.doi.org/10.1111/j.1399-6576.2011.02509.x


229

 53. Kinnaird T, Stabile E, Burnett MS, Lee CW, Barr S, Fuchs S, Epstein SE. Marrow-derived 
stromal cells express genes encoding a broad spectrum of arteriogenic cytokines and promote 
in vitro and in vivo arteriogenesis through paracrine mechanisms. Circ Res. 2004;94(5):678–
85. doi:10.1161/01.RES.0000118601.37875.AC.

 54. Kostjuk S, Loseva P, Chvartatskaya O, Ershova E, Smirnova T, Malinovskaya E, Roginko O, 
Kuzmin V, Izhevskaia V, Baranova A, Ginter E, Veiko N. Extracellular GC-rich DNA acti-
vates TLR9- and NF-kB-dependent signaling pathways in human adipose-derived mesenchy-
mal stem cells (haMSCs). Expert Opin Biol Ther. 2012;12 Suppl 1:S99–111. doi:10.1517/14
712598.2012.690028.

 55. Kucia M, Zhang YP, Reca R, Wysoczynski M, Machalinski B, Majka M, Ildstad ST, Ratajczak 
J, Shields CB, Ratajczak MZ. Cells enriched in markers of neural tissue-committed stem cells 
reside in the bone marrow and are mobilized into the peripheral blood following stroke. 
Leukemia. 2006;20(1):18–28. doi:10.1038/sj.leu.2404011.

 56. Kuraitis D, Zhang P, Zhang Y, Padavan DT, McEwan K, Sofrenovic T, McKee D, Zhang J, 
Griffith M, Cao X, Musaro A, Ruel M, Suuronen EJ. A stromal cell-derived factor-1 releasing 
matrix enhances the progenitor cell response and blood vessel growth in ischaemic skeletal 
muscle. Eur Cells Mater. 2011;22:109–23.

 57. Kurozumi K, Nakamura K, Tamiya T, Kawano Y, Ishii K, Kobune M, Hirai S, Uchida H, 
Sasaki K, Ito Y. Mesenchymal stem cells that produce neurotrophic factors reduce ischemic 
damage in the rat middle cerebral artery occlusion model. Mol Ther. 2005;11(1):96–104.

 58. Lam J, Lowry WE, Carmichael ST, Segura T.  Delivery of iPS-NPCs to the stroke cavity 
within a hyaluronic acid matrix promotes the differentiation of transplanted cells. Adv Funct 
Mater. 2014;24(44):7053–62. doi:10.1002/adfm.201401483.

 59. Le Belle JE, Caldwell MA, Svendsen CN. Improving the survival of human CNS precursor- 
derived neurons after transplantation. J  Neurosci Res. 2004;76(2):174–83. doi:10.1002/
jnr.20035.

 60. Lee HJ, Kim KS, Park IH, Kim SU. Human neural stem cells over-expressing VEGF provide 
neuroprotection, angiogenesis and functional recovery in mouse stroke model. PLoS ONE. 
2007;2(1), e156. doi:10.1371/journal.pone.0000156.

 61. Lee HJ, Kim MK, Kim HJ, Kim SU. Human neural stem cells genetically modified to over-
express Akt1 provide neuroprotection and functional improvement in mouse stroke model. 
PLoS ONE. 2009;4(5), e5586. doi:10.1371/journal.pone.0005586.

 62. Lei Y, Gojgini S, Lam J, Segura T. The spreading, migration and proliferation of mouse mes-
enchymal stem cells cultured inside hyaluronic acid hydrogels. Biomaterials. 2011;32(1):39–
47. doi:10.1016/j.biomaterials.2010.08.103.

 63. Li L, Jiang Q, Qu CS, Ding GL, Li QJ, Wang SY, Lee JH, Lu M, Mahmood A, Chopp 
M. Transplantation of marrow stromal cells restores cerebral blood flow and reduces cerebral 
atrophy in rats with traumatic brain injury: in vivo MRI study. J Neurotrauma. 2011;28(4):535–
45. doi:10.1089/neu.2010.1619.

 64. Li Q, Tang G, Xue S, He X, Miao P, Li Y, Wang J, Xiong L, Wang Y, Zhang C, Yang GY. Silica- 
coated superparamagnetic iron oxide nanoparticles targeting of EPCs in ischemic brain 
injury. Biomaterials. 2013;34(21):4982–92. doi:10.1016/j.biomaterials.2013.03.030.

 65. Li S, Deng Y, Feng J, Ye W. Oxidative preconditioning promotes bone marrow mesenchymal 
stem cells migration and prevents apoptosis. Cell Biol Int. 2009;33(3):411–8. doi:10.1016/j.
cellbi.2009.01.012.

 66. Li Y, Huang J, He X, Tang G, Tang YH, Liu Y, Lin X, Lu Y, Yang GY, Wang Y. Postacute 
stromal cell-derived factor-1alpha expression promotes neurovascular recovery in ischemic 
mice. Stroke J Cereb Circ. 2014;45(6):1822–9. doi:10.1161/STROKEAHA.114.005078.

 67. Li Y, Liu Z, Xin H, Chopp M.  The role of astrocytes in mediating exogenous cell-based 
restorative therapy for stroke. Glia. 2014;62(1):1–16. doi:10.1002/glia.22585.

 68. Li Y, Lu Z, Keogh CL, Yu SP, Wei L. Erythropoietin-induced neurovascular protection, angio-
genesis, and cerebral blood flow restoration after focal ischemia in mice. J Cereb Blood Flow 
Metab. 2007;27(5):1043–54. doi:10.1038/sj.jcbfm.9600417.

9 Modification of Bone Marrow Stem Cells for Homing and Survival…

http://dx.doi.org/10.1161/01.RES.0000118601.37875.AC
http://dx.doi.org/10.1517/14712598.2012.690028
http://dx.doi.org/10.1517/14712598.2012.690028
http://dx.doi.org/10.1038/sj.leu.2404011
http://dx.doi.org/10.1002/adfm.201401483
http://dx.doi.org/10.1002/jnr.20035
http://dx.doi.org/10.1002/jnr.20035
http://dx.doi.org/10.1371/journal.pone.0000156
http://dx.doi.org/10.1371/journal.pone.0005586
http://dx.doi.org/10.1016/j.biomaterials.2010.08.103
http://dx.doi.org/10.1089/neu.2010.1619
http://dx.doi.org/10.1016/j.biomaterials.2013.03.030
http://dx.doi.org/10.1016/j.cellbi.2009.01.012
http://dx.doi.org/10.1016/j.cellbi.2009.01.012
http://dx.doi.org/10.1161/STROKEAHA.114.005078
http://dx.doi.org/10.1002/glia.22585
http://dx.doi.org/10.1038/sj.jcbfm.9600417


230

 69. Li Y, Tang G, Liu Y, He X, Huang J, Lin X, Zhang Z, Yang GY, Wang Y. CXCL12 gene 
therapy ameliorates ischemia-induced white matter injury in mouse brain. Stem Cells Transl 
Med. 2015;4(10):1122–30. doi:10.5966/sctm.2015-0074.

 70. Li Y, Yu X, Lin S, Li X, Zhang S, Song YH. Insulin-like growth factor 1 enhances the migra-
tory capacity of mesenchymal stem cells. Biochem Biophys Res Commun. 2007;356(3):780–
4. doi:10.1016/j.bbrc.2007.03.049.

 71. Li YF, Ren LN, Guo G, Cannella LA, Chernaya V, Samuel S, Liu SX, Wang H, Yang 
XF. Endothelial progenitor cells in ischemic stroke: an exploration from hypothesis to ther-
apy. J Hematol Oncol. 2015;8:33. doi:10.1186/s13045-015-0130-8.

 72. Liao CG, Kong LM, Zhou P, Yang XL, Huang JG, Zhang HL, Lu N. miR-10b is overex-
pressed in hepatocellular carcinoma and promotes cell proliferation, migration and invasion 
through RhoC, uPAR and MMPs. J  Transl Med. 2014;12:234.  doi:10.1186/
s12967-014-0234-x.

 73. Lim TC, Rokkappanavar S, Toh WS, Wang LS, Kurisawa M, Spector M. Chemotactic recruit-
ment of adult neural progenitor cells into multifunctional hydrogels providing sustained 
SDF-1alpha release and compatible structural support. FASEB J.  2013;27(3):1023–33. 
doi:10.1096/fj.12-221515.

 74. Liu H, Honmou O, Harada K, Nakamura K, Houkin K, Hamada H, Kocsis JD. Neuroprotection 
by PlGF gene-modified human mesenchymal stem cells after cerebral ischaemia. Brain 
J Neurol. 2006;129(Pt 10):2734–45. doi:10.1093/brain/awl207.

 75. Liu H, Xue W, Ge G, Luo X, Li Y, Xiang H, Ding X, Tian P, Tian X. Hypoxic preconditioning 
advances CXCR4 and CXCR7 expression by activating HIF-1alpha in MSCs. Biochem 
Biophys Res Commun. 2010;401(4):509–15. doi:10.1016/j.bbrc.2010.09.076.

 76. Liu N, Zhang Y, Fan L, Yuan M, Du H, Cheng R, Liu D, Lin F. Effects of transplantation with 
bone marrow-derived mesenchymal stem cells modified by survivin on experimental stroke 
in rats. J Transl Med. 2011;9:105. doi:10.1186/1479-5876-9-105.

 77. Liu X, Ye R, Yan T, Yu SP, Wei L, Xu G, Fan X, Jiang Y, Stetler RA, Liu G, Chen J. Cell based 
therapies for ischemic stroke: from basic science to bedside. Prog Neurobiol. 2014;115:92–
115. doi:10.1016/j.pneurobio.2013.11.007.

 78. Lu G, Ashraf M, Haider KH. Insulin-like growth factor-1 preconditioning accentuates intrin-
sic survival mechanism in stem cells to resist ischemic injury by orchestrating protein kinase 
calpha-erk1/2 activation. Antioxid Redox Signal. 2012;16(3):217–27. doi:10.1089/
ars.2011.4112.

 79. MacArthur Jr JW, Purcell BP, Shudo Y, Cohen JE, Fairman A, Trubelja A, Patel J, Hsiao P, 
Yang E, Lloyd K, Hiesinger W, Atluri P, Burdick JA, Woo YJ. Sustained release of engineered 
stromal cell-derived factor 1-alpha from injectable hydrogels effectively recruits endothelial 
progenitor cells and preserves ventricular function after myocardial infarction. Circulation. 
2013;128(11 Suppl 1):S79–86. doi:10.1161/CIRCULATIONAHA.112.000343.

 80. Malik YS, Sheikh MA, Zhu X. Doxycycline can stimulate cytoprotection in neural stem cells 
with oxygen-glucose deprivation-reoxygenation injury: a potential approach to enhance 
effectiveness of cell transplantation therapy. Biochem Biophys Res Commun. 
2013;432(2):355–8. doi:10.1016/j.bbrc.2013.01.097.

 81. Meng S, Cao J, Wang L, Zhou Q, Li Y, Shen C, Zhang X, Wang C. MicroRNA 107 partly 
inhibits endothelial progenitor cells differentiation via HIF-1beta. PLoS ONE. 2012;7(7), 
e40323. doi:10.1371/journal.pone.0040323.

 82. Miller DJ, Simpson JR, Silver B. Safety of thrombolysis in acute ischemic stroke: a review of 
complications, risk factors, and newer technologies. Neurohospitalist. 2011;1(3):138–47. 
doi:10.1177/1941875211408731.

 83. Moshayedi P, Carmichael ST. Hyaluronan, neural stem cells and tissue reconstruction after 
acute ischemic stroke. Biomatter. 2013;3(1):1–9. doi:10.4161/biom.23863.

 84. Niagara MI, Haider H, Jiang S, Ashraf M. Pharmacologically preconditioned skeletal myo-
blasts are resistant to oxidative stress and promote angiomyogenesis via release of paracrine 
factors in the infarcted heart. Circ Res. 2007;100(4):545–55. doi:10.1161/01.
RES.0000258460.41160.ef.

Y. Tang

http://dx.doi.org/10.5966/sctm.2015-0074
http://dx.doi.org/10.1016/j.bbrc.2007.03.049
http://dx.doi.org/10.1186/s13045-015-0130-8
http://dx.doi.org/10.1186/s12967-014-0234-x
http://dx.doi.org/10.1186/s12967-014-0234-x
http://dx.doi.org/10.1096/fj.12-221515
http://dx.doi.org/10.1093/brain/awl207
http://dx.doi.org/10.1016/j.bbrc.2010.09.076
http://dx.doi.org/10.1186/1479-5876-9-105
http://dx.doi.org/10.1016/j.pneurobio.2013.11.007
http://dx.doi.org/10.1089/ars.2011.4112
http://dx.doi.org/10.1089/ars.2011.4112
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.000343
http://dx.doi.org/10.1016/j.bbrc.2013.01.097
http://dx.doi.org/10.1371/journal.pone.0040323
http://dx.doi.org/10.1177/1941875211408731
http://dx.doi.org/10.4161/biom.23863
http://dx.doi.org/10.1161/01.RES.0000258460.41160.ef
http://dx.doi.org/10.1161/01.RES.0000258460.41160.ef


231

 85. Park KI, Teng YD, Snyder EY. The injured brain interacts reciprocally with neural stem cells 
supported by scaffolds to reconstitute lost tissue. Nat Biotechnol. 2002;20(11):1111–7. 
doi:10.1038/nbt751.

 86. Parr AM, Kulbatski I, Tator CH. Transplantation of adult rat spinal cord stem/progenitor cells 
for spinal cord injury. J Neurotrauma. 2007;24(5):835–45. doi:10.1089/neu.2006.3771.

 87. Patschan D, Hildebrandt A, Rinneburger J, Wessels JT, Patschan S, Becker JU, Henze E, 
Kruger A, Muller GA. The hormone melatonin stimulates renoprotective effects of “early 
outgrowth” endothelial progenitor cells in acute ischemic kidney injury. Am J Physiol Ren 
Physiol. 2012;302(10):F1305–12. doi:10.1152/ajprenal.00445.2011.

 88. Quinlan E, Lopez-Noriega A, Thompson EM, Hibbitts A, Cryan SA, O’Brien FJ. Controlled 
release of vascular endothelial growth factor from spray-dried alginate microparticles in 
collagen-hydroxyapatite scaffolds for promoting vascularization and bone repair. J Tissue 
Eng Regen Med. 2015. doi:10.1002/term.2013.

 89. Ratajczak MZ, Kim CH, Wojakowski W, Janowska-Wieczorek A, Kucia M, Ratajczak 
J. Innate immunity as orchestrator of stem cell mobilization. Leukemia. 2010;24(10):1667–
75. doi:10.1038/leu.2010.162.

 90. Ratajczak MZ, Zuba-Surma E, Wojakowski W, Suszynska M, Mierzejewska K, Liu R, 
Ratajczak J, Shin DM, Kucia M. Very small embryonic-like stem cells (VSELs) represent a 
real challenge in stem cell biology: recent pros and cons in the midst of a lively debate. 
Leukemia. 2014;28(3):473–84. doi:10.1038/leu.2013.255.

 91. Rennert RC, Sorkin M, Garg RK, Gurtner GC. Stem cell recruitment after injury: lessons for 
regenerative medicine. Regen Med. 2012;7(6):833–50. doi:10.2217/rme.12.82.

 92. Riegler J, Liew A, Hynes SO, Ortega D, O’Brien T, Day RM, Richards T, Sharif F, Pankhurst 
QA, Lythgoe MF. Superparamagnetic iron oxide nanoparticle targeting of MSCs in vascular 
injury. Biomaterials. 2013;34(8):1987–94. doi:10.1016/j.biomaterials.2012.11.040.

 93. Rosova I, Dao M, Capoccia B, Link D, Nolta JA. Hypoxic preconditioning results in increased 
motility and improved therapeutic potential of human mesenchymal stem cells. Stem Cells. 
2008;26(8):2173–82. doi:10.1634/stemcells.2007-1104.

 94. Sakata H, Niizuma K, Yoshioka H, Kim GS, Jung JE, Katsu M, Narasimhan P, Maier CM, 
Nishiyama Y, Chan PH. Minocycline-preconditioned neural stem cells enhance neuroprotec-
tion after ischemic stroke in rats. J  Neurosci Off J  Soc Neurosci. 2012;32(10):3462–73. 
doi:10.1523/JNEUROSCI.5686-11.2012.

 95. Sasaki K, Heeschen C, Aicher A, Ziebart T, Honold J, Urbich C, Rossig L, Koehl U, Koyanagi 
M, Mohamed A, Brandes RP, Martin H, Zeiher AM, Dimmeler S. Ex vivo pretreatment of 
bone marrow mononuclear cells with endothelial NO synthase enhancer AVE9488 enhances 
their functional activity for cell therapy. Proc Natl Acad Sci U S A. 2006;103(39):14537–41. 
doi:10.1073/pnas.0604144103.

 96. Savitz SI, Dinsmore JH, Wechsler LR, Rosenbaum DM, Caplan LR. Cell therapy for stroke. 
NeuroRx J Am Soc Exp Neurother. 2004;1(4):406–14. doi:10.1602/neurorx.1.4.406.

 97. Schantz JT, Chim H, Whiteman M. Cell guidance in tissue engineering: SDF-1 mediates site- 
directed homing of mesenchymal stem cells within three-dimensional polycaprolactone scaf-
folds. Tissue Eng. 2007;13(11):2615–24. doi:10.1089/ten.2006.0438.

 98. Segers VF, Van Riet I, Andries LJ, Lemmens K, Demolder MJ, De Becker AJ, Kockx MM, 
De Keulenaer GW. Mesenchymal stem cell adhesion to cardiac microvascular endothelium: 
activators and mechanisms. Am J  Physiol Heart Circ Physiol. 2006;290(4):H1370–7. 
doi:10.1152/ajpheart.00523.2005.

 99. Sehara Y, Hayashi T, Deguchi K, Zhang H, Tsuchiya A, Yamashita T, Lukic V, Nagai M, 
Kamiya T, Abe K. Potentiation of neurogenesis and angiogenesis by G-CSF after focal cere-
bral ischemia in rats. Brain Res. 2007;1151:142–9. doi:10.1016/j.brainres.2007.01.149.

 100. Shyu WC, Lin SZ, Chiang MF, Su CY, Li H. Intracerebral peripheral blood stem cell (CD34+) 
implantation induces neuroplasticity by enhancing beta1 integrin-mediated angiogenesis in 
chronic stroke rats. J  Neurosci Off J  Soc Neurosci. 2006;26(13):3444–53. doi:10.1523/
JNEUROSCI.5165-05.2006.

9 Modification of Bone Marrow Stem Cells for Homing and Survival…

http://dx.doi.org/10.1038/nbt751
http://dx.doi.org/10.1089/neu.2006.3771
http://dx.doi.org/10.1152/ajprenal.00445.2011
http://dx.doi.org/10.1002/term.2013
http://dx.doi.org/10.1038/leu.2010.162
http://dx.doi.org/10.1038/leu.2013.255
http://dx.doi.org/10.2217/rme.12.82
http://dx.doi.org/10.1016/j.biomaterials.2012.11.040
http://dx.doi.org/10.1634/stemcells.2007-1104
http://dx.doi.org/10.1523/JNEUROSCI.5686-11.2012
http://dx.doi.org/10.1073/pnas.0604144103
http://dx.doi.org/10.1602/neurorx.1.4.406
http://dx.doi.org/10.1089/ten.2006.0438
http://dx.doi.org/10.1152/ajpheart.00523.2005
http://dx.doi.org/10.1016/j.brainres.2007.01.149
http://dx.doi.org/10.1523/JNEUROSCI.5165-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.5165-05.2006


232

 101. Shyu WC, Lin SZ, Lee CC, Liu DD, Li H. Granulocyte colony-stimulating factor for acute 
ischemic stroke: a randomized controlled trial. CMAJ Can Med Assoc J = J Assoc Med Can. 
2006;174(7):927–33. doi:10.1503/cmaj.051322.

 102. Smith EJ, Stroemer RP, Gorenkova N, Nakajima M, Crum WR, Tang E, Stevanato L, Sinden 
JD, Modo M. Implantation site and lesion topology determine efficacy of a human neural 
stem cell line in a rat model of chronic stroke. Stem Cells. 2012;30(4):785–96. doi:10.1002/
stem.1024.

 103. Song M, Jang H, Lee J, Kim JH, Kim SH, Sun K, Park Y. Regeneration of chronic myocardial 
infarction by injectable hydrogels containing stem cell homing factor SDF-1 and angiogenic 
peptide Ac-SDKP.  Biomaterials. 2014;35(8):2436–45.  doi:10.1016/j.
biomaterials.2013.12.011.

 104. Song M, Kim YJ, Kim YH, Roh J, Kim SU, Yoon BW. Using a neodymium magnet to target 
delivery of ferumoxide-labeled human neural stem cells in a rat model of focal cerebral isch-
emia. Hum Gene Ther. 2010;21(5):603–10. doi:10.1089/hum.2009.144.

 105. Spaeth E, Klopp A, Dembinski J, Andreeff M, Marini F. Inflammation and tumor microenvi-
ronments: defining the migratory itinerary of mesenchymal stem cells. Gene Ther. 
2008;15(10):730–8. doi:10.1038/gt.2008.39.

 106. Sun N, Lee A, Wu JC.  Long term non-invasive imaging of embryonic stem cells using 
reporter genes. Nat Protoc. 2009;4(8):1192–201. doi:10.1038/nprot.2009.100.

 107. Taguchi A, Soma T, Tanaka H, Kanda T, Nishimura H, Yoshikawa H, Tsukamoto Y, Iso H, 
Fujimori Y, Stern DM, Naritomi H, Matsuyama T. Administration of CD34+ cells after stroke 
enhances neurogenesis via angiogenesis in a mouse model. J Clin Invest. 2004;114(3):330–8. 
doi:10.1172/JCI20622.

 108. Takahashi K, Yasuhara T, Shingo T, Muraoka K, Kameda M, Takeuchi A, Yano A, Kurozumi 
K, Agari T, Miyoshi Y, Kinugasa K, Date I.  Embryonic neural stem cells transplanted in 
middle cerebral artery occlusion model of rats demonstrated potent therapeutic effects, com-
pared to adult neural stem cells. Brain Res. 2008;1234:172–82. doi:10.1016/j.
brainres.2008.07.086.

 109. Tang J, Wang J, Kong X, Yang J, Guo L, Zheng F, Zhang L, Huang Y, Wan Y. Vascular endo-
thelial growth factor promotes cardiac stem cell migration via the PI3K/Akt pathway. Exp 
Cell Res. 2009;315(20):3521–31. doi:10.1016/j.yexcr.2009.09.026.

 110. Tang Y, Cai B, Yuan F, He X, Lin X, Wang J, Wang Y, Yang GY. Melatonin pretreatment 
improves the survival and function of transplanted mesenchymal stem cells after focal cere-
bral ischemia. Cell Transplant. 2014;23(10):1279–91. doi:10.3727/096368913X667510.

 111. Tang Y, Zhang C, Wang J, Lin X, Zhang L, Yang Y, Wang Y, Zhang Z, Bulte JW, Yang 
GY. MRI/SPECT/fluorescent tri-modal probe for evaluating the homing and therapeutic effi-
cacy of transplanted mesenchymal stem cells in a rat ischemic stroke model. Adv Funct 
Mater. 2015;25(7):1024–34. doi:10.1002/adfm.201402930.

 112. Tang YH, Ma YY, Zhang ZJ, Wang YT, Yang GY. Opportunities and challenges: stem cell- 
based therapy for the treatment of ischemic stroke. CNS Neurosci Ther. 2015;21(4):337–47. 
doi:10.1111/cns.12386.

 113. Terrovitis J, Lautamaki R, Bonios M, Fox J, Engles JM, Yu J, Leppo MK, Pomper MG, Wahl 
RL, Seidel J, Tsui BM, Bengel FM, Abraham MR, Marban E. Noninvasive quantification and 
optimization of acute cell retention by in vivo positron emission tomography after intramyo-
cardial cardiac-derived stem cell delivery. J  Am Coll Cardiol. 2009;54(17):1619–26. 
doi:10.1016/j.jacc.2009.04.097.

 114. Theus MH, Wei L, Cui L, Francis K, Hu X, Keogh C, Yu SP. In vitro hypoxic preconditioning 
of embryonic stem cells as a strategy of promoting cell survival and functional benefits after 
transplantation into the ischemic rat brain. Exp Neurol. 2008;210(2):656–70. doi:10.1016/j.
expneurol.2007.12.020.

 115. Thevenot PT, Nair AM, Shen J, Lotfi P, Ko CY, Tang L. The effect of incorporation of SDF- 
1alpha into PLGA scaffolds on stem cell recruitment and the inflammatory response. 
Biomaterials. 2010;31(14):3997–4008. doi:10.1016/j.biomaterials.2010.01.144.

Y. Tang

http://dx.doi.org/10.1503/cmaj.051322
http://dx.doi.org/10.1002/stem.1024
http://dx.doi.org/10.1002/stem.1024
http://dx.doi.org/10.1016/j.biomaterials.2013.12.011
http://dx.doi.org/10.1016/j.biomaterials.2013.12.011
http://dx.doi.org/10.1089/hum.2009.144
http://dx.doi.org/10.1038/gt.2008.39
http://dx.doi.org/10.1038/nprot.2009.100
http://dx.doi.org/10.1172/JCI20622
http://dx.doi.org/10.1016/j.brainres.2008.07.086
http://dx.doi.org/10.1016/j.brainres.2008.07.086
http://dx.doi.org/10.1016/j.yexcr.2009.09.026
http://dx.doi.org/10.3727/096368913X667510
http://dx.doi.org/10.1002/adfm.201402930
http://dx.doi.org/10.1111/cns.12386
http://dx.doi.org/10.1016/j.jacc.2009.04.097
http://dx.doi.org/10.1016/j.expneurol.2007.12.020
http://dx.doi.org/10.1016/j.expneurol.2007.12.020
http://dx.doi.org/10.1016/j.biomaterials.2010.01.144


233

 116. Thomas D, Fontana G, Chen X, Sanz-Nogues C, Zeugolis DI, Dockery P, O’Brien T, Pandit 
A.  A shape-controlled tuneable microgel platform to modulate angiogenic paracrine 
responses in stem cells. Biomaterials. 2014;35(31):8757–66. doi:10.1016/j.
biomaterials.2014.06.053.

 117. Tilkorn DJ, Davies EM, Keramidaris E, Dingle AM, Gerrand YW, Taylor CJ, Han XL, Palmer 
JA, Penington AJ, Mitchell CA, Morrison WA, Dusting GJ, Mitchell GM. The in vitro pre-
conditioning of myoblasts to enhance subsequent survival in an in vivo tissue engineering 
chamber model. Biomaterials. 2012;33(15):3868–79.  doi:10.1016/j.
biomaterials.2012.02.006.

 118. Waerzeggers Y, Klein M, Miletic H, Himmelreich U, Li H, Monfared P, Herrlinger U, Hoehn 
M, Coenen HH, Weller M, Winkeler A, Jacobs AH. Multimodal imaging of neural progenitor 
cell fate in rodents. Mol Imaging. 2008;7(2):77–91.

 119. Wang JA, He A, Hu X, Jiang Y, Sun Y, Jiang J, Gui C, Wang Y, Chen H. Anoxic precondition-
ing: a way to enhance the cardioprotection of mesenchymal stem cells. Int J  Cardiol. 
2009;133(3):410–2. doi:10.1016/j.ijcard.2007.11.096.

 120. Wang L, Lin Z, Shao B, Zhuge Q, Jin K. Therapeutic applications of bone marrow-derived 
stem cells in ischemic stroke. Neurol Res. 2013;35(5):470–8. doi:10.1179/17431328
13Y.0000000210.

 121. Wang Y, Huang J, Li Y, Yang GY. Roles of chemokine CXCL12 and its receptors in ischemic 
stroke. Curr Drug Targets. 2012;13(2):166–72.

 122. Wang Y, Xu F, Zhang C, Lei D, Tang Y, Xu H, Zhang Z, Lu H, Du X, Yang GY. High MR 
sensitive fluorescent magnetite nanocluster for stem cell tracking in ischemic mouse brain. 
Nanomed Nanotechnol Biol Med. 2011;7(6):1009–19. doi:10.1016/j.nano.2011.03.006.

 123. Wei L, Cui L, Snider BJ, Rivkin M, Yu SS, Lee CS, Adams LD, Gottlieb DI, Johnson Jr EM, 
Yu SP, Choi DW. Transplantation of embryonic stem cells overexpressing Bcl-2 promotes 
functional recovery after transient cerebral ischemia. Neurobiol Dis. 2005;19(1–2):183–93. 
doi:10.1016/j.nbd.2004.12.016.

 124. Wei L, Fraser JL, Lu ZY, Hu X, Yu SP. Transplantation of hypoxia preconditioned bone mar-
row mesenchymal stem cells enhances angiogenesis and neurogenesis after cerebral ischemia 
in rats. Neurobiol Dis. 2012;46(3):635–45. doi:10.1016/j.nbd.2012.03.002.

 125. Willerth SM, Sakiyama-Elbert SE. Combining stem cells and biomaterial scaffolds for con-
structing tissues and cell delivery. In: StemBook. Cambridge, MA. 2008. doi:10.3824/
stembook.1.1.1.

 126. Writing Group M, Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, De Simone 
G, Ferguson TB, Ford E, Furie K, Gillespie C, Go A, Greenlund K, Haase N, Hailpern S, Ho 
PM, Howard V, Kissela B, Kittner S, Lackland D, Lisabeth L, Marelli A, McDermott MM, 
Meigs J, Mozaffarian D, Mussolino M, Nichol G, Roger VL, Rosamond W, Sacco R, Sorlie 
P, Roger VL, Thom T, Wasserthiel-Smoller S, Wong ND, Wylie-Rosett J, American Heart 
Association Statistics C, Stroke Statistics S. Heart disease and stroke statistics – 2010 update: 
a report from the American Heart Association. Circulation. 2010;121(7):e46–215. 
doi:10.1161/CIRCULATIONAHA.109.192667.

 127. Xie X, Sun A, Zhu W, Huang Z, Hu X, Jia J, Zou Y, Ge J. Transplantation of mesenchymal 
stem cells preconditioned with hydrogen sulfide enhances repair of myocardial infarction in 
rats. Tohoku J Exp Med. 2012;226(1):29–36.

 128. Xu X, Jha AK, Duncan RL, Jia X. Heparin-decorated, hyaluronic acid-based hydrogel parti-
cles for the controlled release of bone morphogenetic protein 2. Acta Biomater. 
2011;7(8):3050–9. doi:10.1016/j.actbio.2011.04.018.

 129. Yamaguchi J, Kusano KF, Masuo O, Kawamoto A, Silver M, Murasawa S, Bosch-Marce M, 
Masuda H, Losordo DW, Isner JM, Asahara T. Stromal cell-derived factor-1 effects on ex vivo 
expanded endothelial progenitor cell recruitment for ischemic neovascularization. Circulation. 
2003;107(9):1322–8.

 130. Yamamoto M, Ikada Y, Tabata Y. Controlled release of growth factors based on biodegrada-
tion of gelatin hydrogel. J Biomater Sci Polym Ed. 2001;12(1):77–88.

9 Modification of Bone Marrow Stem Cells for Homing and Survival…

http://dx.doi.org/10.1016/j.biomaterials.2014.06.053
http://dx.doi.org/10.1016/j.biomaterials.2014.06.053
http://dx.doi.org/10.1016/j.biomaterials.2012.02.006
http://dx.doi.org/10.1016/j.biomaterials.2012.02.006
http://dx.doi.org/10.1016/j.ijcard.2007.11.096
http://dx.doi.org/10.1179/1743132813Y.0000000210
http://dx.doi.org/10.1179/1743132813Y.0000000210
http://dx.doi.org/10.1016/j.nano.2011.03.006
http://dx.doi.org/10.1016/j.nbd.2004.12.016
http://dx.doi.org/10.1016/j.nbd.2012.03.002
http://dx.doi.org/10.3824/stembook.1.1.1
http://dx.doi.org/10.3824/stembook.1.1.1
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.192667
http://dx.doi.org/10.1016/j.actbio.2011.04.018


234

 131. Yan F, Yao Y, Chen L, Li Y, Sheng Z, Ma G. Hypoxic preconditioning improves survival of 
cardiac progenitor cells: role of stromal cell derived factor-1alpha-CXCR4 axis. PLoS ONE. 
2012;7(7), e37948. doi:10.1371/journal.pone.0037948.

 132. Yao Y, Zhang F, Wang L, Zhang G, Wang Z, Chen J, Gao X. Lipopolysaccharide precondi-
tioning enhances the efficacy of mesenchymal stem cells transplantation in a rat model of 
acute myocardial infarction. J Biomed Sci. 2009;16:74. doi:10.1186/1423-0127-16-74.

 133. Yasuda H, Kuroda S, Shichinohe H, Kamei S, Kawamura R, Iwasaki Y. Effect of biodegrad-
able fibrin scaffold on survival, migration, and differentiation of transplanted bone marrow 
stromal cells after cortical injury in rats. J Neurosurg. 2010;112(2):336–44. doi:10.3171/200
9.2.JNS08495.

 134. Yip HK, Chang YC, Wallace CG, Chang LT, Tsai TH, Chen YL, Chang HW, Leu S, Zhen YY, 
Tsai CY, Yeh KH, Sun CK, Yen CH. Melatonin treatment improves adipose-derived mesen-
chymal stem cell therapy for acute lung ischemia-reperfusion injury. J  Pineal Res. 
2013;54(2):207–21. doi:10.1111/jpi.12020.

 135. Yu J, Du KT, Fang Q, Gu Y, Mihardja SS, Sievers RE, Wu JC, Lee RJ. The use of human 
mesenchymal stem cells encapsulated in RGD modified alginate microspheres in the repair 
of myocardial infarction in the rat. Biomaterials. 2010;31(27):7012–20. doi:10.1016/j.
biomaterials.2010.05.078.

 136. Yu SP, Wei Z, Wei L. Preconditioning strategy in stem cell transplantation therapy. Transl 
Stroke Res. 2013;4(1):76–88. doi:10.1007/s12975-012-0251-0.

 137. Yu X, Chen D, Zhang Y, Wu X, Huang Z, Zhou H, Zhang Y, Zhang Z. Overexpression of 
CXCR4 in mesenchymal stem cells promotes migration, neuroprotection and angiogenesis in 
a rat model of stroke. J Neurol Sci. 2012;316(1–2):141–9. doi:10.1016/j.jns.2012.01.001.

 138. Yuan J, Yankner BA.  Apoptosis in the nervous system. Nature. 2000;407(6805):802–9. 
doi:10.1038/35037739.

 139. Zemani F, Silvestre JS, Fauvel-Lafeve F, Bruel A, Vilar J, Bieche I, Laurendeau I, Galy- 
Fauroux I, Fischer AM, Boisson-Vidal C. Ex vivo priming of endothelial progenitor cells 
with SDF-1 before transplantation could increase their proangiogenic potential. Arterioscler 
Thromb Vasc Biol. 2008;28(4):644–50. doi:10.1161/ATVBAHA.107.160044.

 140. Zhang G, Nakamura Y, Wang X, Hu Q, Suggs LJ, Zhang J. Controlled release of stromal cell- 
derived factor-1 alpha in situ increases c-kit+ cell homing to the infarcted heart. Tissue Eng. 
2007;13(8):2063–71. doi:10.1089/ten.2006.0013.

 141. Zhang J, Chen GH, Wang YW, Zhao J, Duan HF, Liao LM, Zhang XZ, Chen YD, Chen 
H. Hydrogen peroxide preconditioning enhances the therapeutic efficacy of Wharton’s Jelly 
mesenchymal stem cells after myocardial infarction. Chin Med J. 2012;125(19):3472–8.

 142. Zhang L, Wang Y, Tang Y, Jiao Z, Xie C, Zhang H, Gu P, Wei X, Yang GY, Gu H, Zhang 
C. High MRI performance fluorescent mesoporous silica-coated magnetic nanoparticles for 
tracking neural progenitor cells in an ischemic mouse model. Nanoscale. 2013;5(10):4506–
16. doi:10.1039/c3nr00119a.

 143. Zhang SJ, Wu JC. Comparison of imaging techniques for tracking cardiac stem cell therapy. 
J Nucl Med. 2007;48(12):1916–9. doi:10.2967/jnumed.107.043299.

 144. Zhao YH, Yuan B, Chen J, Feng DH, Zhao B, Qin C, Chen YF. Endothelial progenitor cells: 
therapeutic perspective for ischemic stroke. CNS Neurosci Ther. 2013;19(2):67–75. 
doi:10.1111/cns.12040.

 145. Zhong J, Chan A, Morad L, Kornblum HI, Fan G, Carmichael ST. Hydrogel matrix to support 
stem cell survival after brain transplantation in stroke. Neurorehabil Neural Repair. 
2010;24(7):636–44. doi:10.1177/1545968310361958.

 146. Baumann L, Prokoph S, Gabriel C, Freudenberg U, Werner C, Beck-Sickinger AG. A novel, 
biased-like SDF-1 derivative acts synergistically with starPEG-based heparin hydrogels and 
improves eEPC migration in  vitro. J  Control Release. 2012;162(1):68–75. doi:10.1016/j.
jconrel.2012.04.049.

 147. Bible E, Chau DY, Alexander MR, Price J, Shakesheff KM, Modo M. The support of neural 
stem cells transplanted into stroke-induced brain cavities by PLGA particles. Biomaterials. 
2009;30(16):2985–94. doi:10.1016/j.biomaterials.2009.02.012.

Y. Tang

http://dx.doi.org/10.1371/journal.pone.0037948
http://dx.doi.org/10.1186/1423-0127-16-74
http://dx.doi.org/10.3171/2009.2.JNS08495
http://dx.doi.org/10.3171/2009.2.JNS08495
http://dx.doi.org/10.1111/jpi.12020
http://dx.doi.org/10.1016/j.biomaterials.2010.05.078
http://dx.doi.org/10.1016/j.biomaterials.2010.05.078
http://dx.doi.org/10.1007/s12975-012-0251-0
http://dx.doi.org/10.1016/j.jns.2012.01.001
http://dx.doi.org/10.1038/35037739
http://dx.doi.org/10.1161/ATVBAHA.107.160044
http://dx.doi.org/10.1089/ten.2006.0013
http://dx.doi.org/10.1039/c3nr00119a
http://dx.doi.org/10.2967/jnumed.107.043299
http://dx.doi.org/10.1111/cns.12040
http://dx.doi.org/10.1177/1545968310361958
http://dx.doi.org/10.1016/j.jconrel.2012.04.049
http://dx.doi.org/10.1016/j.jconrel.2012.04.049
http://dx.doi.org/10.1016/j.biomaterials.2009.02.012


235

 148. Bible E, Qutachi O, Chau DY, Alexander MR, Shakesheff KM, Modo M. Neo-vascularization 
of the stroke cavity by implantation of human neural stem cells on VEGF-releasing PLGA 
microparticles. Biomaterials. 2012;33(30):7435–46. doi:10.1016/j.
biomaterials.2012.06.085.

 149. Cai L, Johnstone BH, Cook TG, Liang Z, Traktuev D, Cornetta K, Ingram DA, Rosen ED, 
March KL.  Suppression of hepatocyte growth factor production impairs the ability of 
adipose- derived stem cells to promote ischemic tissue revascularization. Stem Cells. 
2007;25(12):3234–43. doi:10.1634/stemcells.2007-0388.

 150. Chen J, Xiao X, Chen S, Zhang C, Chen J, Yi D, Shenoy V, Raizada MK, Zhao B, Chen 
Y. Angiotensin-converting enzyme 2 priming enhances the function of endothelial progenitor 
cells and their therapeutic efficacy. Hypertension. 2013;61(3):681–9. doi:10.1161/
HYPERTENSIONAHA.111.00202.

 151. Chen SJ, Chang CM, Tsai SK, Chang YL, Chou SJ, Huang SS, Tai LK, Chen YC, Ku HH, Li 
HY, Chiou SH. Functional improvement of focal cerebral ischemia injury by subdural trans-
plantation of induced pluripotent stem cells with fibrin glue. Stem Cells Dev. 
2010;19(11):1757–67. doi:10.1089/scd.2009.0452.

 152. Cross DP, Wang C. Stromal-derived factor-1 alpha-loaded PLGA microspheres for stem cell 
recruitment. Pharm Res. 2011;28(10):2477–89. doi:10.1007/s11095-011-0474-x.

 153. Delaloy C, Liu L, Lee JA, Su H, Shen F, Yang GY, Young WL, Ivey KN, Gao FB. MicroRNA-9 
coordinates proliferation and migration of human embryonic stem cell-derived neural pro-
genitors. Cell Stem Cell. 2010;6(4):323–35. doi:10.1016/j.stem.2010.02.015.

 154. Doeppner TR, Ewert TA, Tonges L, Herz J, Zechariah A, ElAli A, Ludwig AK, Giebel B, 
Nagel F, Dietz GP, Weise J, Hermann DM, Bahr M. Transduction of neural precursor cells 
with TAT-heat shock protein 70 chaperone: therapeutic potential against ischemic stroke after 
intrastriatal and systemic transplantation. Stem Cells. 2012;30(6):1297–310. doi:10.1002/
stem.1098.

 155. Francis KR, Wei L. Human embryonic stem cell neural differentiation and enhanced cell 
survival promoted by hypoxic preconditioning. Cell Death Dis. 2010;1, e22. doi:10.1038/
cddis.2009.22.

 156. Haider H, Jiang S, Idris NM, Ashraf M.  IGF-1-overexpressing mesenchymal stem cells 
accelerate bone marrow stem cell mobilization via paracrine activation of SDF-1alpha/
CXCR4 signaling to promote myocardial repair. Circ Res. 2008;103(11):1300–8. doi:10.1161/
CIRCRESAHA.108.186742.

 157. He X, Ma J, Jabbari E. Migration of marrow stromal cells in response to sustained release of 
stromal-derived factor-1alpha from poly(lactide ethylene oxide fumarate) hydrogels. Int 
J Pharm. 2010;390(2):107–16. doi:10.1016/j.ijpharm.2009.12.063.

 158. Hu X, Yu SP, Fraser JL, Lu Z, Ogle ME, Wang JA, Wei L.  Transplantation of hypoxia- 
preconditioned mesenchymal stem cells improves infarcted heart function via enhanced sur-
vival of implanted cells and angiogenesis. J Thorac Cardiovasc Surg. 2008;135(4):799–808. 
doi:10.1016/j.jtcvs.2007.07.071.

 159. Huang J, Zhang Z, Guo J, Ni A, Deb A, Zhang L, Mirotsou M, Pratt RE, Dzau VJ. Genetic 
modification of mesenchymal stem cells overexpressing CCR1 increases cell viability, migra-
tion, engraftment, and capillary density in the injured myocardium. Circ Res. 
2010;106(11):1753–62. doi:10.1161/CIRCRESAHA.109.196030.

 160. Ikeda N, Nonoguchi N, Zhao MZ, Watanabe T, Kajimoto Y, Furutama D, Kimura F, 
Dezawa M, Coffin RS, Otsuki Y, Kuroiwa T, Miyatake S. Bone marrow stromal cells that 
enhanced fibroblast growth factor-2 secretion by herpes simplex virus vector improve neuro-
logical outcome after transient focal cerebral ischemia in rats. Stroke J  Cereb Circ. 
2005;36(12):2725–30. doi:10.1161/01.STR.0000190006.88896.d3.

 161. Jaussaud J, Biais M, Calderon J, Chevaleyre J, Duchez P, Ivanovic Z, Couffinhal T, Barandon 
L. Hypoxia-preconditioned mesenchymal stromal cells improve cardiac function in a swine 
model of chronic myocardial ischaemia. Eur J  Cardiothorac Surg. 2013;43(5):1050–7. 
doi:10.1093/ejcts/ezs549.

9 Modification of Bone Marrow Stem Cells for Homing and Survival…

http://dx.doi.org/10.1016/j.biomaterials.2012.06.085
http://dx.doi.org/10.1016/j.biomaterials.2012.06.085
http://dx.doi.org/10.1634/stemcells.2007-0388
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.00202
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.00202
http://dx.doi.org/10.1089/scd.2009.0452
http://dx.doi.org/10.1007/s11095-011-0474-x
http://dx.doi.org/10.1016/j.stem.2010.02.015
http://dx.doi.org/10.1002/stem.1098
http://dx.doi.org/10.1002/stem.1098
http://dx.doi.org/10.1038/cddis.2009.22
http://dx.doi.org/10.1038/cddis.2009.22
http://dx.doi.org/10.1161/CIRCRESAHA.108.186742
http://dx.doi.org/10.1161/CIRCRESAHA.108.186742
http://dx.doi.org/10.1016/j.ijpharm.2009.12.063
http://dx.doi.org/10.1016/j.jtcvs.2007.07.071
http://dx.doi.org/10.1161/CIRCRESAHA.109.196030
http://dx.doi.org/10.1161/01.STR.0000190006.88896.d3
http://dx.doi.org/10.1093/ejcts/ezs549


236

 162. Jin K, Mao X, Xie L, Galvan V, Lai B, Wang Y, Gorostiza O, Wang X, Greenberg 
DA. Transplantation of human neural precursor cells in Matrigel scaffolding improves out-
come from focal cerebral ischemia after delayed postischemic treatment in rats. J  Cereb 
Blood Flow Metab. 2010;30(3):534–44. doi:10.1038/jcbfm.2009.219.

 163. Kameda M, Shingo T, Takahashi K, Muraoka K, Kurozumi K, Yasuhara T, Maruo T, Tsuboi 
T, Uozumi T, Matsui T, Miyoshi Y, Hamada H, Date I. Adult neural stem and progenitor cells 
modified to secrete GDNF can protect, migrate and integrate after intracerebral transplanta-
tion in rats with transient forebrain ischemia. Eur J  Neurosci. 2007;26(6):1462–78. 
doi:10.1111/j.1460-9568.2007.05776.x.

 164. Kim DH, Seo YK, Thambi T, Moon GJ, Son JP, Li G, Park JH, Lee JH, Kim HH, Lee DS, 
Bang OY.  Enhancing neurogenesis and angiogenesis with target delivery of stromal cell 
derived factor-1alpha using a dual ionic pH-sensitive copolymer. Biomaterials. 2015;61:115–
25. doi:10.1016/j.biomaterials.2015.05.025.

 165. Kuraitis D, Zhang P, Zhang Y, Padavan DT, McEwan K, Sofrenovic T, McKee D, Zhang J, 
Griffith M, Cao X, Musaro A, Ruel M, Suuronen EJ. A stromal cell-derived factor-1 releasing 
matrix enhances the progenitor cell response and blood vessel growth in ischaemic skeletal 
muscle. Eur Cells Mater. 2011;22:109–23.

 166. Kurozumi K, Nakamura K, Tamiya T, Kawano Y, Ishii K, Kobune M, Hirai S, Uchida H, 
Sasaki K, Ito Y, Kato K, Honmou O, Houkin K, Date I, Hamada H. Mesenchymal stem cells 
that produce neurotrophic factors reduce ischemic damage in the rat middle cerebral artery 
occlusion model. Mol Ther J  Am Soc Gene Ther. 2005;11(1):96–104. doi:10.1016/j.
ymthe.2004.09.020.

 167. Kutschka I, Chen IY, Kofidis T, Arai T, von Degenfeld G, Sheikh AY, Hendry SL, Pearl J, 
Hoyt G, Sista R, Yang PC, Blau HM, Gambhir SS, Robbins RC. Collagen matrices enhance 
survival of transplanted cardiomyoblasts and contribute to functional improvement of isch-
emic rat hearts. Circulation. 2006;114(1 Suppl):I167–73. doi:10.1161/
CIRCULATIONAHA.105.001297.

 168. Lam J, Lowry WE, Carmichael ST, Segura T.  Delivery of iPS-NPCs to the stroke cavity 
within a hyaluronic acid matrix promotes the differentiation of transplanted cells. Adv Funct 
Mater. 2014;24(44):7053–62. doi:10.1002/adfm.201401483.

 169. Lee HJ, Kim KS, Park IH, Kim SU. Human neural stem cells over-expressing VEGF provide 
neuroprotection, angiogenesis and functional recovery in mouse stroke model. PLoS ONE. 
2007;2(1), e156. doi:10.1371/journal.pone.0000156.

 170. Lee HJ, Kim MK, Kim HJ, Kim SU. Human neural stem cells genetically modified to over-
express Akt1 provide neuroprotection and functional improvement in mouse stroke model. 
PLoS ONE. 2009;4(5), e5586. doi:10.1371/journal.pone.0005586.

 171. Lee YB, Polio S, Lee W, Dai G, Menon L, Carroll RS, Yoo SS. Bio-printing of collagen and 
VEGF-releasing fibrin gel scaffolds for neural stem cell culture. Exp Neurol. 2010;223(2):645–
52. doi:10.1016/j.expneurol.2010.02.014.

 172. Li JH, Zhang N, Wang JA.  Improved anti-apoptotic and anti-remodeling potency of bone 
marrow mesenchymal stem cells by anoxic pre-conditioning in diabetic cardiomyopathy. 
J Endocrinol Investig. 2008;31(2):103–10. doi:10.1007/BF03345575.

 173. Li Q, Tang G, Xue S, He X, Miao P, Li Y, Wang J, Xiong L, Wang Y, Zhang C, Yang GY. Silica- 
coated superparamagnetic iron oxide nanoparticles targeting of EPCs in ischemic brain 
injury. Biomaterials. 2013;34(21):4982–92. doi:10.1016/j.biomaterials.2013.03.030.

 174. Lim TC, Rokkappanavar S, Toh WS, Wang LS, Kurisawa M, Spector M. Chemotactic recruit-
ment of adult neural progenitor cells into multifunctional hydrogels providing sustained 
SDF-1alpha release and compatible structural support. FASEB J.  2013;27(3):1023–33. 
doi:10.1096/fj.12-221515.

 175. Liu H, Honmou O, Harada K, Nakamura K, Houkin K, Hamada H, Kocsis JD. Neuroprotection 
by PlGF gene-modified human mesenchymal stem cells after cerebral ischaemia. Brain 
J Neurol. 2006;129(Pt 10):2734–45. doi:10.1093/brain/awl207.

Y. Tang

http://dx.doi.org/10.1038/jcbfm.2009.219
http://dx.doi.org/10.1111/j.1460-9568.2007.05776.x
http://dx.doi.org/10.1016/j.biomaterials.2015.05.025
http://dx.doi.org/10.1016/j.ymthe.2004.09.020
http://dx.doi.org/10.1016/j.ymthe.2004.09.020
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.001297
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.001297
http://dx.doi.org/10.1002/adfm.201401483
http://dx.doi.org/10.1371/journal.pone.0000156
http://dx.doi.org/10.1371/journal.pone.0005586
http://dx.doi.org/10.1016/j.expneurol.2010.02.014
http://dx.doi.org/10.1007/BF03345575
http://dx.doi.org/10.1016/j.biomaterials.2013.03.030
http://dx.doi.org/10.1096/fj.12-221515
http://dx.doi.org/10.1093/brain/awl207


237

 176. Liu N, Zhang Y, Fan L, Yuan M, Du H, Cheng R, Liu D, Lin F. Effects of transplantation with 
bone marrow-derived mesenchymal stem cells modified by survivin on experimental stroke 
in rats. J Transl Med. 2011;9:105. doi:10.1186/1479-5876-9-105.

 177. MacArthur Jr JW, Purcell BP, Shudo Y, Cohen JE, Fairman A, Trubelja A, Patel J, Hsiao P, 
Yang E, Lloyd K, Hiesinger W, Atluri P, Burdick JA, Woo YJ. Sustained release of engineered 
stromal cell-derived factor 1-alpha from injectable hydrogels effectively recruits endothelial 
progenitor cells and preserves ventricular function after myocardial infarction. Circulation. 
2013;128(11 Suppl 1):S79–86. doi:10.1161/CIRCULATIONAHA.112.000343.

 178. Malik YS, Sheikh MA, Zhu X. Doxycycline can stimulate cytoprotection in neural stem cells 
with oxygen-glucose deprivation-reoxygenation injury: a potential approach to enhance 
effectiveness of cell transplantation therapy. Biochem Biophys Res Commun. 
2013;432(2):355–8. doi:10.1016/j.bbrc.2013.01.097.

 179. Matsuse D, Kitada M, Ogura F, Wakao S, Kohama M, Kira J, Tabata Y, Dezawa M. Combined 
transplantation of bone marrow stromal cell-derived neural progenitor cells with a collagen 
sponge and basic fibroblast growth factor releasing microspheres enhances recovery after 
cerebral ischemia in rats. Tissue Eng A. 2011;17(15–16):1993–2004. doi:10.1089/ten.
TEA.2010.0585.

 180. McGinley LM, McMahon J, Stocca A, Duffy A, Flynn A, O’Toole D, O’Brien T. Mesenchymal 
stem cell survival in the infarcted heart is enhanced by lentivirus vector-mediated heat shock 
protein 27 expression. Hum Gene Ther. 2013;24(10):840–51. doi:10.1089/hum.2011.009.

 181. Mias C, Trouche E, Seguelas MH, Calcagno F, Dignat-George F, Sabatier F, Piercecchi-Marti 
MD, Daniel L, Bianchi P, Calise D, Bourin P, Parini A, Cussac D. Ex vivo pretreatment with 
melatonin improves survival, proangiogenic/mitogenic activity, and efficiency of mesenchy-
mal stem cells injected into ischemic kidney. Stem Cells. 2008;26(7):1749–57. doi:10.1634/
stemcells.2007-1000.

 182. Moon HH, Joo MK, Mok H, Lee M, Hwang KC, Kim SW, Jeong JH, Choi D, Kim SH. MSC- 
based VEGF gene therapy in rat myocardial infarction model using facial amphipathic bile 
acid-conjugated polyethyleneimine. Biomaterials. 2014;35(5):1744–54. doi:10.1016/j.
biomaterials.2013.11.019.

 183. Moshayedi P, Carmichael ST. Hyaluronan, neural stem cells and tissue reconstruction after 
acute ischemic stroke. Biomatter. 2013;3(1):1–9. doi:10.4161/biom.23863.

 184. Onda T, Honmou O, Harada K, Houkin K, Hamada H, Kocsis JD. Therapeutic benefits by 
human mesenchymal stem cells (hMSCs) and Ang-1 gene-modified hMSCs after cerebral 
ischemia. J Cereb Blood Flow Metab. 2008;28(2):329–40. doi:10.1038/sj.jcbfm.9600527.

 185. Riegler J, Liew A, Hynes SO, Ortega D, O’Brien T, Day RM, Richards T, Sharif F, Pankhurst 
QA, Lythgoe MF. Superparamagnetic iron oxide nanoparticle targeting of MSCs in vascular 
injury. Biomaterials. 2013;34(8):1987–94. doi:10.1016/j.biomaterials.2012.11.040.

 186. Rosenblum S, Smith TN, Wang N, Chua JY, Westbroek E, Wang K, Guzman R. BDNF pre-
treatment of human embryonic-derived neural stem cells improves cell survival and func-
tional recovery after transplantation in hypoxic-ischemic stroke. Cell Transplant. 
2015;24(12):2449–61. doi:10.3727/096368914X679354.

 187. Rustad KC, Wong VW, Sorkin M, Glotzbach JP, Major MR, Rajadas J, Longaker MT, Gurtner 
GC. Enhancement of mesenchymal stem cell angiogenic capacity and stemness by a biomi-
metic hydrogel scaffold. Biomaterials. 2012;33(1):80–90. doi:10.1016/j.
biomaterials.2011.09.041.

 188. Sakata H, Narasimhan P, Niizuma K, Maier CM, Wakai T, Chan PH.  Interleukin 
6- preconditioned neural stem cells reduce ischaemic injury in stroke mice. Brain J Neurol. 
2012;135(Pt 11):3298–310. doi:10.1093/brain/aws259.

 189. Schantz JT, Chim H, Whiteman M. Cell guidance in tissue engineering: SDF-1 mediates site- 
directed homing of mesenchymal stem cells within three-dimensional polycaprolactone scaf-
folds. Tissue Eng. 2007;13(11):2615–24. doi:10.1089/ten.2006.0438.

 190. Schmitz T, Endesfelder S, Chew LJ, Zaak I, Buhrer C. Minocycline protects oligodendroglial 
precursor cells against injury caused by oxygen-glucose deprivation. J  Neurosci Res. 
2012;90(5):933–44. doi:10.1002/jnr.22824.

9 Modification of Bone Marrow Stem Cells for Homing and Survival…

http://dx.doi.org/10.1186/1479-5876-9-105
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.000343
http://dx.doi.org/10.1016/j.bbrc.2013.01.097
http://dx.doi.org/10.1089/ten.TEA.2010.0585
http://dx.doi.org/10.1089/ten.TEA.2010.0585
http://dx.doi.org/10.1089/hum.2011.009
http://dx.doi.org/10.1634/stemcells.2007-1000
http://dx.doi.org/10.1634/stemcells.2007-1000
http://dx.doi.org/10.1016/j.biomaterials.2013.11.019
http://dx.doi.org/10.1016/j.biomaterials.2013.11.019
http://dx.doi.org/10.4161/biom.23863
http://dx.doi.org/10.1038/sj.jcbfm.9600527
http://dx.doi.org/10.1016/j.biomaterials.2012.11.040
http://dx.doi.org/10.3727/096368914X679354
http://dx.doi.org/10.1016/j.biomaterials.2011.09.041
http://dx.doi.org/10.1016/j.biomaterials.2011.09.041
http://dx.doi.org/10.1093/brain/aws259
http://dx.doi.org/10.1089/ten.2006.0438
http://dx.doi.org/10.1002/jnr.22824


238

 191. Song M, Jang H, Lee J, Kim JH, Kim SH, Sun K, Park Y. Regeneration of chronic myocardial 
infarction by injectable hydrogels containing stem cell homing factor SDF-1 and angiogenic 
peptide Ac-SDKP.  Biomaterials. 2014;35(8):2436–45. doi:10.1016/j.
biomaterials.2013.12.011.

 192. Song M, Kim YJ, Kim YH, Roh J, Kim SU, Yoon BW. Using a neodymium magnet to target 
delivery of ferumoxide-labeled human neural stem cells in a rat model of focal cerebral isch-
emia. Hum Gene Ther. 2010;21(5):603–10. doi:10.1089/hum.2009.144.

 193. Sun L, Lee J, Fine HA. Neuronally expressed stem cell factor induces neural stem cell migra-
tion to areas of brain injury. J Clin Invest. 2004;113(9):1364–74. doi:10.1172/JCI20001.

 194. Tang Y, Cai B, Yuan F, He X, Lin X, Wang J, Wang Y, Yang GY. Melatonin pretreatment 
improves the survival and function of transplanted mesenchymal stem cells after focal cere-
bral ischemia. Cell Transplant. 2014;23(10):1279–91. doi:10.3727/096368913X667510.

 195. Theus MH, Wei L, Cui L, Francis K, Hu X, Keogh C, Yu SP. In vitro hypoxic preconditioning 
of embryonic stem cells as a strategy of promoting cell survival and functional benefits after 
transplantation into the ischemic rat brain. Exp Neurol. 2008;210(2):656–70. doi:10.1016/j.
expneurol.2007.12.020.

 196. Thevenot PT, Nair AM, Shen J, Lotfi P, Ko CY, Tang L. The effect of incorporation of SDF- 
1alpha into PLGA scaffolds on stem cell recruitment and the inflammatory response. 
Biomaterials. 2010;31(14):3997–4008. doi:10.1016/j.biomaterials.2010.01.144.

 197. Thomas D, Fontana G, Chen X, Sanz-Nogues C, Zeugolis DI, Dockery P, O’Brien T, Pandit 
A.  A shape-controlled tuneable microgel platform to modulate angiogenic paracrine 
responses in stem cells. Biomaterials. 2014;35(31):8757–66. doi:10.1016/j.
biomaterials.2014.06.053.

 198. Tsai LK, Wang Z, Munasinghe J, Leng Y, Leeds P, Chuang DM. Mesenchymal stem cells 
primed with valproate and lithium robustly migrate to infarcted regions and facilitate recov-
ery in a stroke model. Stroke J  Cereb Circ. 2011;42(10):2932–9. doi:10.1161/
STROKEAHA.110.612788.

 199. Wang JA, He A, Hu X, Jiang Y, Sun Y, Jiang J, Gui C, Wang Y, Chen H. Anoxic precondition-
ing: a way to enhance the cardioprotection of mesenchymal stem cells. Int J  Cardiol. 
2009;133(3):410–2. doi:10.1016/j.ijcard.2007.11.096.

 200. Wei L, Cui L, Snider BJ, Rivkin M, Yu SS, Lee CS, Adams LD, Gottlieb DI, Johnson Jr EM, 
Yu SP, Choi DW. Transplantation of embryonic stem cells overexpressing Bcl-2 promotes 
functional recovery after transient cerebral ischemia. Neurobiol Dis. 2005;19(1–2):183–93. 
doi:10.1016/j.nbd.2004.12.016.

 201. Wei N, Yu SP, Gu X, Taylor TM, Song D, Liu XF, Wei L. Delayed intranasal delivery of 
hypoxic-preconditioned bone marrow mesenchymal stem cells enhanced cell homing and 
therapeutic benefits after ischemic stroke in mice. Cell Transplant. 2013;22(6):977–91. doi:1
0.3727/096368912X657251.

 202. Xie X, Sun A, Zhu W, Huang Z, Hu X, Jia J, Zou Y, Ge J. Transplantation of mesenchymal 
stem cells preconditioned with hydrogen sulfide enhances repair of myocardial infarction in 
rats. Tohoku J Exp Med. 2012;226(1):29–36.

 203. Yan F, Yue W, Zhang YL, Mao GC, Gao K, Zuo ZX, Zhang YJ, Lu H. Chitosan-collagen 
porous scaffold and bone marrow mesenchymal stem cell transplantation for ischemic stroke. 
Neural Regen Res. 2015;10(9):1421–6. doi:10.4103/1673-5374.163466.

 204. Yasuda H, Kuroda S, Shichinohe H, Kamei S, Kawamura R, Iwasaki Y. Effect of biodegrad-
able fibrin scaffold on survival, migration, and differentiation of transplanted bone marrow 
stromal cells after cortical injury in rats. J Neurosurg. 2010;112(2):336–44. doi:10.3171/200
9.2.JNS08495.

 205. Yip HK, Chang YC, Wallace CG, Chang LT, Tsai TH, Chen YL, Chang HW, Leu S, Zhen YY, 
Tsai CY, Yeh KH, Sun CK, Yen CH. Melatonin treatment improves adipose-derived mesen-
chymal stem cell therapy for acute lung ischemia-reperfusion injury. J  Pineal Res. 
2013;54(2):207–21. doi:10.1111/jpi.12020.

 206. Yu H, Cao B, Feng M, Zhou Q, Sun X, Wu S, Jin S, Liu H, Lianhong J. Combinated trans-
plantation of neural stem cells and collagen type I promote functional recovery after cerebral 
ischemia in rats. Anat Rec. 2010;293(5):911–7. doi:10.1002/ar.20941.

Y. Tang

http://dx.doi.org/10.1016/j.biomaterials.2013.12.011
http://dx.doi.org/10.1016/j.biomaterials.2013.12.011
http://dx.doi.org/10.1089/hum.2009.144
http://dx.doi.org/10.1172/JCI20001
http://dx.doi.org/10.3727/096368913X667510
http://dx.doi.org/10.1016/j.expneurol.2007.12.020
http://dx.doi.org/10.1016/j.expneurol.2007.12.020
http://dx.doi.org/10.1016/j.biomaterials.2010.01.144
http://dx.doi.org/10.1016/j.biomaterials.2014.06.053
http://dx.doi.org/10.1016/j.biomaterials.2014.06.053
http://dx.doi.org/10.1161/STROKEAHA.110.612788
http://dx.doi.org/10.1161/STROKEAHA.110.612788
http://dx.doi.org/10.1016/j.ijcard.2007.11.096
http://dx.doi.org/10.1016/j.nbd.2004.12.016
http://dx.doi.org/10.3727/096368912X657251
http://dx.doi.org/10.3727/096368912X657251
http://dx.doi.org/10.4103/1673-5374.163466
http://dx.doi.org/10.3171/2009.2.JNS08495
http://dx.doi.org/10.3171/2009.2.JNS08495
http://dx.doi.org/10.1111/jpi.12020
http://dx.doi.org/10.1002/ar.20941


239

 207. Yu X, Chen D, Zhang Y, Wu X, Huang Z, Zhou H, Zhang Y, Zhang Z. Overexpression of 
CXCR4 in mesenchymal stem cells promotes migration, neuroprotection and angiogenesis in 
a rat model of stroke. J Neurol Sci. 2012;316(1–2):141–9. doi:10.1016/j.jns.2012.01.001.

 208. Zhang G, Nakamura Y, Wang X, Hu Q, Suggs LJ, Zhang J. Controlled release of stromal cell- 
derived factor-1 alpha in situ increases c-kit+ cell homing to the infarcted heart. Tissue Eng. 
2007;13(8):2063–71. doi:10.1089/ten.2006.0013.

 209. Zhao MZ, Nonoguchi N, Ikeda N, Watanabe T, Furutama D, Miyazawa D, Funakoshi H, 
Kajimoto Y, Nakamura T, Dezawa M, Shibata MA, Otsuki Y, Coffin RS, Liu WD, Kuroiwa T, 
Miyatake S. Novel therapeutic strategy for stroke in rats by bone marrow stromal cells and 
ex vivo HGF gene transfer with HSV-1 vector. J Cereb Blood Flow Metab. 2006;26(9):1176–
88. doi:10.1038/sj.jcbfm.9600273.

 210. Zhu W, Mao Y, Zhao Y, Zhou LF, Wang Y, Zhu JH, Zhu Y, Yang GY. Transplantation of vas-
cular endothelial growth factor-transfected neural stem cells into the rat brain provides neu-
roprotection after transient focal cerebral ischemia. Neurosurgery. 2005;57(2):325–33. 
discussion 325–333.Fig. 9.1 (continued)

9 Modification of Bone Marrow Stem Cells for Homing and Survival…

http://dx.doi.org/10.1016/j.jns.2012.01.001
http://dx.doi.org/10.1089/ten.2006.0013
http://dx.doi.org/10.1038/sj.jcbfm.9600273

	Chapter 9: Modification of Bone Marrow Stem Cells for Homing and Survival During Cerebral Ischemia
	9.1 Introduction
	9.1.1 Basic Concept of Bone Marrow Stem Cells (BMSCs) in Stroke
	9.1.1.1 Bone Marrow-Derived Mesenchymal Stem Cells (MSCs)in Stroke
	9.1.1.2 HSC
	9.1.1.3 EPC
	9.1.1.4 Very Small Embryonic-Like Cells

	9.1.2 Mechanism of Death of Transplanted Stem Cells During Cerebral Ischemia
	9.1.3 Strategies to Improve BMSC Survival
	9.1.3.1 Gene Modification
	9.1.3.2 Precondition-Based Method
	9.1.3.3 Biomaterial-Based Method

	9.1.4 Bone Marrow Stem Cell Mobilization in Stroke
	9.1.4.1 Factors Mediating BMSC Homing
	9.1.4.2 Tracking of Grafted Stem Cells In Vivo

	9.1.5 Strategies to Improve Bone Marrow Stem Cell Homing
	9.1.5.1 Homing Gene-Based Method
	9.1.5.2 Preconditioning-Based Method
	9.1.5.3 Biomaterial-Based Method


	9.2 Conclusion
	References


