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Abstract

Among recently investigated stroke therapies, stem cell treatment holds great promise by virtue of
their putative ability to replace lost cells, promote endogenous neurogenesis and produce
behavioral and functional improvement through their “bystander effects.” Translating stem cell in
the clinic, however, presents a number of technical difficulties. A strategy suggested to enhance
therapeutic utility of stem cells is combination therapy, i.e., cotransplantation of stem cells or
adjunct treatment with pharmacological agents and substrates, which is assumed to produce more
profound therapeutic benefits by circumventing limitations of individual treatments, and
facilitating complementary brain repair processes. We previously demonstrated enhanced
functional effects of co-treatment with granulocyte-colony stimulating factor (G-CSF) and human
umbilical cord blood cell (hUCB) transplantation in animal models of traumatic brain injury
(TBI). Here, we suggest that the aforementioned combination therapy may also produce
synergistic effects in stroke. Accordingly, G-CSF treatment may reduce expression of pro-
inflammatory cytokines and enhance neurogenesis rendering a receptive microenvironment for
hUCB engraftment. Adjunct treatment of G-CSF with hUCB may facilitate stemness maintenance
and guide neural lineage commitment of hUCB cells. Moreover, regenerative mechanisms
afforded by G-CSF-mobilized endogenous stem cells, secretion of growth factors by hUCB grafts
and G-CSF-recruited endothelial progenitor cells (EPCs) , as well as the potential graft-host
integration that may promote synaptic circuitry re-establishment could altogether produce more
pronounced functional improvement in stroked rats subjected to a combination G-CSF treatment
and hUCB transplantation. Nevertheless, differences in pathology and repair processes underlying
TBI and stroke deserve consideration when testing effects of combinatorial G-CSF and hUCB cell
transplantation for stroke treatment. Further studies are also required to determine safety and
efficacy of this intervention in both preclinical and clinical stroke studies.
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Introduction

Stroke is a worldwide public health concern causing 5.5 million deaths and the annual loss
of 49 million disability-adjusted life-years [1,2]. Despite years of research, therapeutic
options for acute ischemic stroke remain very limited [3,4]. To date, there is no specific
treatment available for either focal cerebral ischemia or global ischemic event other than the
recombinant protein therapy called tissue plasminogen activator or tPA, which dissolves
thrombi in affected blood vessels following stroke [5,6]. However, a major limitation with
tPA treatment is its very narrow therapeutic window of 4.5 hours after stroke onset [7].
Administering tPA beyond the therapeutic time window in stroke patients presents with
detrimental side effects, most notably, hemorrhagic transformation, which can exacerbate
stroke injury and counteract the benefits provided by reperfusion of the occluded artery, and
even lead to high mortality in stroke patients [7,8]. Thus, a mere 3 percent of ischemic
stroke patients actually benefit from tPA therapy [9,10]. Moreover, most of the currently
used stroke therapies (e.g. endovascular procedures using stents, surgical treatments) show
limited efficacy in restoring lost neurological functions [11]. The conventional medical and
rehabilitation therapies are only designed to enhance endogenous recovery, prevent the
recurrence of stroke, adapt to loss of function, and avoid dysfunctional behavior, but fail to
address the permanent loss of brain tissue following stroke [12], which must be considered
for optimal recovery. The lack of effective therapies and their significant adverse effects for
stroke prompted both preclinical and clinical research for novel stroke interventions. The
potential for small molecules and other pharmacological treatments to enhance the recovery
process is currently being investigated, but the greatest expectations are pinned on the
potential of stem cells, which are painted by the media as “magic bullets” for various
diseases.

Stem cells for stroke treatment

In contrast with pharmacologic agents, stem cell-based interventions show efficacy when
initiated in acute and sub-acute phases, as well as at later time-points following stroke onset
and address the complex pathophysiology of stroke, providing neurological improvement
[13,14]. Stem cells exert therapeutic benefits against ischemic stroke via transplantation of
exogenous stem cells or stimulation of endogenous stem cells within the neurogenic niches
of subventricular zone (SVZ) and subgranular zone (SGZ), or recruited from the bone
marrow through peripheral circulation [15]. The safety and efficacy of several sources of
stem cells have been demonstrated in animal models of stroke [e.g. 15,16]. We have recently
reviewed these various kinds of stem cell sources in a previous report [16]. The major types
of cells transplanted in stroke include fetal-derived cells, neuroteratocarcinoma cells
(NT2N), xenogenic pig-derived cells, embryonic stem (ES) cells, adult stem cells (bone
marrow, human umbilical cord, placenta, amnion fluid, menstrual blood), and induced
pluripotent stem cells (iPS) [16]. A number of preclinical studies on the effects of stem cell
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treatment in stroke reported the ability of transplanted stem cells to improve stroke-induced
brain and behavioral pathology robustly early on and stably over long-term post-insult than
any available stroke treatments [e.g. 17-19, for reviews see 15,16].

As opposed to ES cells, the use of adult stem cells has flourished over the last decade, due to
ethical and logistical concerns associated with the use of ES cells, and the moratorium for
using federal funds on ES research [15,16]. Adult stem cells as potential transplantation
sources are also more feasible than ES cells, as they circumvent ethical and moral problems
associated with stem cell therapy, and also minimize teratogenic and oncogenic risks usually
presented with transplantation of embryonal or fetal-derived stem cells [20]. Currently, the
ongoing FDA-approved stem cell clinical trials in stroke use adult stem cells. For this paper,
we highlight the potential of human umbilical cord blood (hUCB)-derived cells of which our
group and several others have assessed their potential clinical utility for various intractable
disorders, including stroke [17-19, 21; for review see 22].

Transplantation of umbilical cord blood-derived stem cells resulted in functional recovery,
reduction in infarct size, and higher expression of neuroprotective factors, such as brain-
derived neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF)
[19,23-26] in stroked animals. Limited clinical trials of hUCB cells for stroke are ongoing,
as well as in the treatment of other neurological disorders [for review see 27]. There are
several advantages to using hUCB in cell transplantation therapy such as providing an
unlimited supply of cells in culture thereby circumventing ethical and logistical issues,
availability in significant quantities and producing higher yields of hematopoietic progenitor
cells, retained capacity of stem or progenitor cell from cord blood to proliferate and
differentiate despite years of cryopreservation, low incidence of graft-versus-host disease
when compared to that of the adult bone marrow, and long-standing and successful clinical
history in the hematopoietic field [for review see 28]. hUCB stem cells have also been used
experimentally in animal models of traumatic brain injury (TBI) [e.g. 28-30]. Albeit there
are distinct differences in the pathology and mechanisms that govern repair in TBI and
stroke (see below), some overlapping pathophysiological mechanisms in both neurological
conditions indicate that hUCB treatment may be beneficial for both TBI and stroke [31].
Moreover, some studies showed that transplantation of cells obtained from the mononuclear
fraction of hUCB conferred neuroprotection by decreasing inflammation and brain tissue
loss, promoting neurogenesis, and rescue of neurological dysfunctions [e.g., 32-34].

The hurdles of stem cell therapy for stroke

Despite the rising trend of stem cell research quickly translating into clinical trials, it is
imperative to gain insights into the mechanisms of action of stem cells. These information
will guide optimization of both safety and efficacy of these interventions. In respect to
safety, the extent to which a stem cell treatment needs to be tested is risk-based, thus,
whether stem cells are generally safe or not remain controversial [12]. With regard to
efficacy, there is a need for rigorous translational research which should primarily determine
optimal transplantation regimen and provide important details on the regenerative
mechanisms of transplanted stem cells, which, by far, remain to be established [35]. This
necessitates demonstration of a well-defined stem cell source for quality assurance and
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quality control of graft origin and also for validity and reproducibility of experimental
outcomes [35]. In the case of hUCB cells, apart from identifying the optimal transplantable
hUCB cell phenotype, low graft survival may be expected in the injured (e.g. stroked) brain,
potentially due to the host tissue microenvironment that does not promote cell integration,
maturation and survival, likely created by the secondary neuroinflammatory response post-
injury [35-37]. Despite the fact that robust graft survival may not be necessary to promote
behavioral recovery, the alternative mechanism of graft-induced “bystander effects” still
implores modulation of the hostile ischemic tissue microenvironment as well as providing
an appropriate array of local and developmental cues for the maturation, integration and/or
survival of implanted or existing cells in order to facilitate important clinical outcomes
[35-38]. Thus, enhancing the therapeutic effects of transplanted stem cells by rendering a
receptive (i.e., less neuroinflammatory) microenvironment and that which promotes
maturation, integration and/or survival of stem cells appeal to advancing regenerative
medicine for stroke treatment.

Enhancing therapeutic utility of stem cells through combination therapy:
the potential of co-treatment of GCSF and stem cells in stroke

Synergistic effects on stem cell survival were documented with co-transplantation of stem
cells. Co-transplantation therapy also decreased adverse events as in the case of co-
transplanting bone marrow-derived stromal cells with embryonic stem cells which reduced
the incidence of tumor production, and combined treatment of neural stem cells and
epithelial cells which reportedly enhanced cell survival and stem cell differentiation [39,40].

The ability to enhance therapeutic effects of a stem cell type is not just limited to adjunct
treatment with another stem cell source. The use of pharmacological agents and substrates to
enhance the efficacy of a stem cell line being transplanted was also reported, for instance,
combination treatment of bone marrow-derived stromal cells and trophic factors which
enhanced survival and potentiation or provided a scaffold for stem cell adherence [41,42].
Here we discuss the potential therapeutic benefits of adjunct treatment of granulocyte-
colony stimulating factor (GCSF) with hUCB in stroke. G-CSF, per se, is considered as an
attractive stroke therapy in view of its diverse pharmacologic actions such as activation of
several neuroprotective pathways, anti-inflammatory and anti-apoptotic effects, and also its
ability to induce mobilization of hematopoietic stem cells which stimulate differentiation of
adult neuronal stem cells, promote angiogenesis, vasculogenesis and repair of the blood-
brain barrier (BBB) (see below). Thus, by combining G-CSF and hUCB cells, the
therapeutic limitations of hUCB transplantation in stroke may be overcome, or the
limitations of G-CSF as a stroke treatment may also be circumvented.

G-CSF as an attractive stroke therapeutics

First discovered in the mid-1960s as a hematopoietic glycoprotein that regulates the
survival, proliferation, differentiation, and function of neurotrophil granulocyte progenitor
cells and mature neutrophils, G-CSF is a myeloid growth factor produced by activated
macrophages, endothelial cells, and fibroblasts [43,44]. G-CSF exerts a wide range of
actions such as enhancement of the growth of mainly neutrophilic granulocyte colonies in a
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CFUGM assay, and improving the functions of mature neutrophils, for example,
enhancement of chemotactic peptide N-formyl-methionyl-leucyl-phenylalanine binding on
mature neutrophils [45-47; for review see 35].

Produced in the bone marrow in response to cellular stimuli, G-CSF also binds to specific
receptors (i.e., G-CSF receptor) in hematopoietic progenitor cells, monocytes, platelets,
neurons, endothelial cells, and small-cell lung cancer cells [35]. When G-CSF receptors are
activated, induction of signaling cascades follows including the Janus kinase/signal
transducer and transcription activator, Ras/mitogen-activated protein kinase and
phosphotidyl inositol 3-kinase/Protein kinase B/Akt pathways, which play important roles in
cellular proliferation, anti-inflammatory, and antiapoptotic processes and also in mobilizing
stem cells to target sites (e.g., sites of injury) [for review see 35]. The key roles of G-CSF in
the CNS have also been identified in recent studies [46]. Notably, G-CSF passes the BBB
allowing its delivery from the periphery to reach the site of brain injury, and acts on neurons
to afford its therapeutic effects [47,48]. In view of these findings, G-CSF is a novel
neurotrophic factor and a highly attractive candidate for the treatment of neurologic and
neurodegenerative conditions and various types of brain injuries [49].

Efficacy of G-CSF in animal models of stroke

The efficacy of G-CSF in animal models of stroke in different species has been shown in
previous studies [e.g., 50-52). Treatment with optimal doses of G-CSF increased CD34+
(endothelial progenitor cell [EPC] marker) cells in peripheral blood, which decreased infarct
volumes in stroked animal [53]. In other studies, treatment with G-CSF reduced glutamate-
induced neurotoxicity [54], influenced apoptotic pathways [55,56], attenuated edema
formation and interleukin-1f expression [57], and activated the cerebral G-CSF receptor
resulting in reduction of infarct volume in stroked animals [54,56]. G-CSF also stimulated
endogenous neurogenesis and vascularization [56].

As mentioned above, the only FDA-approved treatment for acute ischemic stroke, tPA,
presents deleterious side effects, notably, hemorrhage, when administered beyond the 4.5
therapeutic window. Recent studies indicate that cerebral hemorrhage after delayed tPA
treatment is due to tPA’s effect on the neurovascular unit which is comprised of
microvascular endothelium, astrocytes, pericytes, neurons, and the extracellular matrix, and
subsequent breakdown of the BBB [56]. We have recently investigated whether treatment
with G-CSF in conjunction with tPA at a delayed time point (6 h post stroke) reduces
hemorrhagic transformation associated with delayed tPA treatment [58]. Quantitative
analysis of cerebral hemorrhage volume showed reduction of delayed tPA-induced
hemorrhage in stroked rats treated with G-CSF. Rats treated with G-CSF also displayed
significant improvement of neurological and motor deficits compared to rats given vehicle
or tPA only [58]. Concomitant with the reduction in HT, increased levels of angiogenesis
marker Ang-2, vasculogenesis marker vVWF, phosphorylated eNOS, as well as EPC markers
CD34+ and vascular endothelial growth factor (VEGFR)-2 were observed in the ischemic
hemispheres of G-CSF+tPA-treated stroke rats compared to those given tPA alone.
Together, these findings indicate that G-CSF reduces delayed tPA-induced HT and
consequently improves neurological improvement post-stroke via angiogenic and
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vasculogenic activities of G-CSF and/or proliferative or regenerative actions of G-CSF-
recruited EPCs [58]. Of note, apart from G-CSF, we have earlier proposed the therapeutic
efficacy of EPC transplantation in stroke in view of their ability to reconstitute the BBB
[59,60]. Together, the above studies indicate the potential clinical worth of G-CSF in stroke
treatment, not only through its capacity to reduce functional post-stroke histological and
functional deficits, but also to attenuate lethal hemorrhage due to delayed treatment of the
only FDA-approved stroke intervention, tPA.

G-CSF in clinical trials for stroke

G-CSF is indeed a promising therapy for stroke due to its diverse therapeutic actions. The
clinical studies of G-CSF in acute ischemic stroke reported that G-CSF (Filgrastim) was
effective at mobilizing bone marrow CD34+ stem cells in stroke patients [61], was feasible,
and safe and improved neurological outcomes in stroke patients [62], and was also well-
tolerated even at high dosages in stroke patients [63]. The results of recent clinical trial [63],
however, reported contradicting findings, in that G-CSF (Filgrastim; AX200) treatment
failed to improve clinical outcomes in adult ischemic stroke patients. Among the reasons
cited for the clinical failure of G-CSF were excessively long therapeutic time window for G-
CSF (i.e., the timepoint of treatment with G-CSF was 6.8 h post-stroke), the limited number
of centers involved in the clinical trial [64], and co-treatment with tPA. Since irreversible
damage could have already occurred at 6.8 h post-stroke, administering G-CSF at this
timepoint may be expected to produce limited efficacy [65-67]. Co-treatment of G-CSF with
tPA may have also attenuated the beneficial effects of G-CSF due to the prior effects of the
tPA to weaken the endothelium [64]. This is, however, controversial in view of the findings
of an association study which reported that G-CSF did not enhance hemorrhage in G-CSF-
treated stroke patients administered with tPA [68]. Moreover, the latter study reported that
serum levels of G-CSF was associated with good functional outcomes even at 90 days post
treatment [68].

Currently, there are other ongoing clinical trials evaluating G-CSF treatment for stroke of
which findings are not yet reported: “Study to determine the effect of a drug called
Neupogen on stroke recovery (GIST),” “Establishment of clinical basis for hematopoietic
growth factors therapy in brain injury,” and “The variation of movement related cortical
potential, cortio-cortical inhibition, and motor evoked potential in intracerebral implantation
of autologous peripheral blood stem cells (CD34) in old ischemic stroke”[69]. In summary,
albeit the promise of G-CSF as a stroke intervention, there is still much to be proven with
regard to both safety and efficacy before it can be used in the clinic.

Combining G-CSF and stem cells for stroke treatment: translational
perspectives and efficacy

Adjunct treatment of G-CSF with stem cells (e.g., bone marrow mononuclear cell) produced
synergistic beneficial effects in an experimental mouse model of cerebral ischemia [70].
These effects were assumed to involve, at least in part, enhancement of proliferation and
differentiation of bone marrow stem cells resulting in improved host brain regeneration and
functional recovery [70]. The effects of G-CSF treatment alone or in combination with bone
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marrow mesenchymal stem cells (BM-MSCs) after stroke were recently evaluated in aged
rats [71, 72]. While the combination therapy produced remarkable angiogenesis in the
formerly infarct core and beyond in the “islet of regeneration,” it did not afford better
neuroprotection and recovery post-stroke compared with G-CSF treatment alone [71]. That
effects of G-CSF were more robust than those exerted by combination treatment with BM-
MSCs is consistent with the previous observation on survival-enhancing capacity and
beneficial effects on functional outcomes of G-CSF treatment in aged rats [72].

Recently, we tested the putative therapeutic benefits of combination therapy of hUCB and
G-CSF in a controlled cortical impact model of moderate TBI in adult rats [73]. Our studies
showed that the combination therapy produced more pronounced functional improvement in
TBI rats than that exerted by monotherapy with hUCB or G-CSF [73]. Notably, beneficial
effects of combination therapy were longer lasting than those exerted by hUCB
transplantation or G-CSF administration alone. Hence, complementary brain repair
processes distinctly or mutually afforded by these two therapies may have mediated
improved functional recovery exerted by combination treatment of hUCB and G-CSF.

The efficacy of hUCB transplantation to reduce inflammation and facilitate neurogenesis
and angiogenesis has been shown in preclinical studies involving animal models of TBI,
stroke, and aging studies [74-76]. Furthermore, treatment with G-CSF has been shown to
modulate neurogenesis in TBI and in other neurodegenerative disorders (e.g., hypoxic
injury, Alzheimer’s disease, etc.) [75,77]. Our histological studies indicated that
concomitant with functional improvement, adjunct treatment of G-CSF and hUCB resulted
in more pronounced reduction of TBI-induced upregulation of MHCII* cells (putatively
activated microglia) in the cortex, striatum, thalamus, SVZ, and the dentate gyrus (DG) of
the hippocampus, compared with hUCB and/or G-CSF monotherapy [73]. We also noted a
decrease in the number of MHCII* cells not only in the corpus callosum and fornix, but also
in the cerebral peduncle of TBI rats subjected to combined therapy of hUCB and G-CSF.
Moreover, combination hUCB and GCSF therapy exerted synergistic effects in attenuating
TBI-induced impairment in endogenous neurogenesis and hippocampal cell loss, and
reduced neuroinflammation, which coincided with enhanced neurogenesis in DG and SVZ
while increasing the survival of CA3 neurons in TBI rats [73]. Together, the above results
show that combined therapy of hUCB and G-CSF synergistically dampened TBI-induced
neuroinflammation and also enhanced endogenous neurogenesis and reduced hippocampal
cell loss.

In view of these results, it would be worthwhile to examine the efficacy of combination
hUCB and G-CSF therapy in stroke. The interactions between hUCB and G-CSF may
produce more profound functional recovery post-stroke by producing widespread effects in
diverse brain regions. G-CSF via its ability to pass the BBB to act upon neurons and glial
cells through the G-CSF receptor [76], may further reduce expression of pro-inflammatory
cytokines and enhance neurogenesis [51,78]. G-CSF-mobilized stem cells, which can
infiltrate injured tissues may enhance neural repair [56,77,79]. Adjunct treatment of G-CSF
with hUCB may facilitate stemness maintenance and, under appropriate circumstances (such
as in combination with SCF), may guide neural lineage commitment of hUCB [80,81].
Moreover, G-CSF-mobilized bone marrow cells (i.e. EPCs) and hUCB cells may also
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altogether exert therapeutic benefits via a paracrine mechanism, whereby transplanted cells
secrete growth factors, trophic factors, chemokines, and immune-modulating cytokines to
the injured brain tissue microenvironment, in keeping with the concept of bystander effects
of transplanted stem cells [32,82-84]. hUCB contains many cell types e.g., hematopoietic
stem/progenitor cells, endothelial progenitors, lymphocytes, and mesenchymal stem/
progenitor cells that have been shown to exert neuroprotective and immunomodulatory
effects in animal models of neurological diseases, including stroke [for review see 85].
Freshly isolated hUCB mononuclear cells are known to express BDNF transcripts, glial cell
line—derived neurotrophic factor (GDNF), nerve growth factor (NGF), neurotrophin (NT)-3,
and NT-5 in higher amounts than peripheral blood mononuclear cells [86]. Furthermore,
culture supernatants of hUCB cells also contain VEGF, BDNF, NT-4, NT-5, and several
cytokines and chemokines [28,88]. G-CSF, per se, has been suggested as a neurotrophic
factor [46,87], which enhanced neuronal differentiation of adult neural stem cells in the
brain, and improved long-term recovery in more chronic stroke models [46]. It has also been
reported that FIk1/CD34-double-positive EPCs can express pro-recovery mediators such as
the BDNF and basic fibroblast growth factor [88]. In summary, regenerative mechanisms
such as those accomplished by G-CSF-mobilized endogenous stem cells as well as secretion
of growth and neurotrophic factors by hUCB grafts and G CSF-recruited EPCs may
altogether cause more profound functional improvement in stroke rats subjected to a
combination hUCB and G-CSF therapy. An important goal for future research is to
determine whether this approach will also facilitate graft-host integration and promote
reconstruction of synaptic circuitry [89], and to prove that these events correlate with
functional recovery. So far, circuit integration of newly formed cells remains to be proven as
an important mechanism of repair of stem cell transplantation in stroke and in other
neurological disorders [for review see 90].

Differences in pathology and repair processes underlying TBI and stroke deserve
consideration when evaluating effects of combining G-CSF and hUCB for stroke treatment.
It is quite known that TBI and stroke arise from different types of primary insults (traumatic
vs. ischemic) producing different cellular vulnerability patterns, injury and recovery
processes [for review see 31]. In TBI, head trauma results in shear forces that produce
primary membrane damage to neuronal cell bodies, white matter structures and vascular
beds and a spectrum of secondary injury mechanisms. Cerebral ischemia produces metabolic
stress, disturbances in intracellular ionic homeostasis, and a cascade of biochemical and
molecular events ultimately leading to neuronal death [31]. While stroke involves greater
damage in gray matter structures, damages in white matter are more pronounced in TBI

[31]. Nevertheless, as mentioned above, certain similarities in the pathogenesis of these
neurological injuries imply that therapeutic approaches which are beneficial in TBI may also
be helpful in stroke [31]. Thus, it is still very interesting to test efficacy of combination G-
CSF and hUCB treatment in both preclinical and clinical stroke studies. Importantly, the fact
that both G-CSF and hUCB cell transplantation showed promise as stand-alone treatments in
both preclinical and clinical stroke studies indicate rationality and potentiality of
combinatorial G-CSF and hUCB cells treatment for stroke. Moreover, while the pathology
of TBI (axonal injury) differs from stroke (infarction), the acute cortical cell death followed
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by progressive secondary cell death may allow testing of treatments effective in TBI to
stroke, and vice versa.

Conclusion

Therapeutic interventions for stroke remain very limited, and there is a substantial need for
restorative or regenerative stroke therapies in view of the permanent disability that ensue in
at least 50% of stroke survivors [for review see 12]. Stem cell treatment holds promise to
address the latter clinical need in view of the putative ability of stem cells to replace lost
cells and promote endogenous neurogenesis, and their bystander effects. However, the
diverse functional outcomes of stem cell treatment suggest the necessity for adjunctive
treatments (e.g. pharmacologic) to enhance their therapeutic benefits. Our recent studies on
the effects of combination therapy of hUCB and G-CSF in TBI models support the potential
of this approach in stroke treatment and demonstrate how the limitations of stand-alone
therapies (i.e., hUCB and G-CSF) could be overcome when combination therapy is pursued
instead of monotherapy [73]. Further studies are necessary to address safety and efficacy of
this approach in both preclinical and clinical settings and to determine the mechanism of
action. With regard to the latter, it might be challenging to identify the exact mechanism of
action of this combination therapy in stroke, considering that molecular events underlying
functional recovery following stem cell transplantation are not yet well-defined, and could
interface with the molecular effects G-CSF. Furthermore, it is also important to consider that
despite similarities in the pathogenesis of stroke and TBI, these neurological injuries also
show differences in certain aspects in their pathology (e.g. tissue responses to differing
injury severities and types) which may complicate treatment strategies not tailored to
individual cases [31].

As different types of combination therapies continue to surface and demonstrate their
efficacy, many lab-to-clinic translational variables persist necessitating laboratory
investigations prior to human application. In respect to the use of stem cells, factors
including optimal dose, route of administration, and sex of donor/recipient, all of which are
likely to be dependent upon the cell type being tested need to be determined [91]. We
erstwhile investigated many of these parameters with umbilical cord blood for conditions
such as Alzheimer’s disease, Amyotrophic Lateral Sclerosis, and Sanfilippo syndrome
[91,92], but there is still much to be understood in regard to stroke therapy. With regard to
the use of G-CSF, although the safety of this intervention has been proven in the clinic, it
remains important to determine appropriate dosing of the drug when combined with other
interventions (e.g. stem cells), as well as the timepoint of G-CSF treatment with respect to
stem cell treatment, to facilitate enhanced neuroprotection and induction of neurogenesis,
and also vascular and BBB repair afforded by G-CSF-recruited EPCs.
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Figure 1. Per spectives on efficacy, mechanism of action and therapeutic utility of combinatorial
G-CSF and hUBC treatment in stroke

Combination therapy of G-CSF and hUCB treatment is likely to produce more meaningful
therapeutic effects and circumvent therapeutic limitations of G-CSF or hUCB treatment
alone. Accordingly, interactions between G-CSF and hUCB may produce numerous effects
in diverse brain regions. GCSF treatment may reduce expression of pro-inflammatory
cytokines and enhance neurogenesis by acting upon GCSF receptors on neurons and glial
cells. It may also enhance neural repair through G-CSF mobilized cells, e.g. EPCs. Adjunct
treatment of G-CSF with hUCB may promote stemness maintenance and guide neural
lineage commitment of hUCB. Furthermore, G-CSF-mobilized EPCs and hUCB cells may
altogether exert therapeutic benefits by secreting growth and neurotrophic factors, such as
BDNF, GDNF, VEGF, NGF, NT-3, NT-4, NT-5, chemokines, and immune-modulating
cytokines to the injured brain tissue microenvironment. Together, regenerative mechanisms
accomplished by G-CSF-mobilized EPCs and EPC- and hUCB graft-secreted growth and
neurotrophic factors and chemokines may cause more profound functional improvement
after stroke. Abbreviations: hUCB: human umbilical cord blood cell, G-CSF: granulocyte-
colony stimulating factor, EPC: endothelial progenitor cells, BDNF: brain-derived
neurotrophic factor, GDNF: glial cell line—derived neurotrophic factor, NGF: nerve growth
factor, NT: neurotrophin, VEGF: vascular endothelial growth factor.
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