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Abstract

In recent years, accumulating evidence has demonstrated the important role of inflammation in
cerebrovascular diseases. The inflammation can last for a long period after the initial insult.
Hence, modulation of the inflammation in a wider therapeutic window is a practical approach to
treat these cerebrovascular diseases. Despite the acute upregulation of many growth factors after
the injury, it is not sufficient to protect and to regenerate the brain. In this mini review, we discuss
major growth factors and their beneficial properties to combat the inflammation in cerebrovascular
diseases. Emerging biotechnologies that facilitate the therapeutic effects of growth factors are also
discussed in an effort to provide insights into the future combination therapies incorporating both
central and peripheral abrogation of inflammation. Strategies designed to robustly maintain
upregulation of growth factors in the injured brain and the circulation may prove as a potent
regenerative approach in sequestering neuroinflammation associated with cerebrovascular
diseases.
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1. Introduction

Cerebrovascular diseases, as defined by the American Association of Neurological
Surgeons, cover all of the disorders in which an area of the brain is temporarily or
permanently affected by ischemia or bleeding and one or more of the cerebral blood vessels
are involved in the pathological process [1]. The reduction in blood flow may occur from
intracranial stenosis, aneurysms, and vascular malformations [1]. In this review we focus on
stroke and traumatic brain injury (TBI), which are characterized by cerebrovascular
pathologic symptoms accounting for a large patient population with limited therapeutic
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options and have huge medical costs associated to them. A common feature among
cerebrovascular diseases is the occurrence of neuroinflammation as a key neurodegenerative
cell death pathway during the progression of the disease. As the need for effective
therapeutic treatments for cerebrovascular diseases increases, a relatively new line of
research investigation has focused on modulating growth factors in sequestering the
inflammatory response following the onset of these diseases. Growth factors have been
extensively studied in experimental models of many diseases because of the feasibility to
control experimental groups and the direct medical application to the current unmet clinical
need. The regulatory functions of these molecules in the brain after such injury include
neurogenesis, angiogenesis, anti-apoptosis, anti-inflammation, and among many others
[2,3]. There are many growth factors including, but not limited to, nerve growth factor
(NGF), fibroblast growth factor (FGF), hepatocyte growth factor (HGF), glial cell line
derived neurotrophic factor (GDNF), vascular endothelial growth factor (VEGF), stromal
derived factor 1 (SDF-1), stem cell factor (SCF), and brain-derived neurotrophic factor
(BDNF). In this review, we describe the relationship between inflammation and
cerebrovascular diseases with a focus on stroke and TBI; then we discuss specific growth
factors, namely GDNF, VEGF, SDF-1, SCF and BDNF, summarizing relevant experimental
studies that support their applications in cerebrovascular diseases with emphasis on stroke
and TBI. We have focused on only these five growth factors, which have generated much
preclinical evidence to date. Finally, we present the challenges facing growth factor therapy
and the approaches taken to enhance their functional outcomes in experimental models.

A stroke is defined as loss of blood flow to one or multiple parts of the brain either by
obstruction of blood vessels which leads to ischemic stroke or rupture of blood vessels
which results in hemorrhagic stroke [4]. While ischemic stroke is the more common type of
stroke, hemorrhagic stroke has higher mortality rate [4]. Currently stroke is ranked the 4t
leading cause of death in the United States [4]. In 2012, the U.S. spends $71.6 billion in total
stroke-related cost and it is expected to triple in 2030 [4]. Despite the improvement in
awareness and care for stroke, the only FDA approved treatment for stroke is limited to
tissue-type plasminogen activator (tPA) with small therapeutic window and serious
complications [4]. In recent years, several novel drugs have been shown effective in
experimental models of stroke, but have failed in the clinic. Among these drugs, Cilostazol
has generated some interest as a stroke therapeutic, by acting as a phosphodiesterase (PDE)
inhibitor of cyclic adenosine monophosphate (CAMP) [5]. Cilostazol inhibits the platelet
aggregation induced by collagen and adenosine diphosphate (ADP), reduces thrombus
formation through inhibition of monocyte chemoattractant protein-1 (MPC-1), and may
prevent the progression of symptomatic intracranial artery stenosis [5]. Nonetheless, there
are side effects associated with Cilostazol treatment, such as headache, gastrointestinal
disturbance, and dizziness, incidences of bleeding, requiring much more rigorous preclinical
research on its safety and efficacy as a stroke drug. Hence, there is still an urgent need to
develop a more effective treatment for stroke. Among the many pathological features
implicated in stroke such as necrosis, apoptosis, Ca2* toxicity, glutamate excitotoxicity,
compromised blood brain barrier (BBB) and downregulation of specific growth factors, the
topic of inflammation has received favorable attention when contemplating growth factor
therapy [6,7]. In the ischemic core, the cells are generally considered irreversibly succumbed
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to cell death due to energy failure, characterized by an influx of Na* and Ca?*, causing
swelling and breaking down of the plasma membrane. On the other hand, the cells in the
penumbra, the area surrounding the ischemic core, which are stressed due to the hypoxic
environment may be resuscitated. These cells secrete pro-inflammation cytokines, including
interleukin 1beta (IL-1pB), IL-6, and tumor necrosis factor — alpha (TNF-a), which activate
immune cells such as microglia from within the brain and leukocytes from the vascular, and
peripheral systems. The pro-inflammatory cytokines trigger a cascade of events that
eventually leads to secondary cell death and the expansion of the ischemic core if no
intervention is initiated.

The susceptibility of the cerebrovasculature to mechanical impact or blast injury has defined
the complex pathology of TBI. Depending on the severity of the TBI either macrovessels or
microvessels will be sheared [8]. Each year, 1.7 million TBIs occur in the U.S which result
in approximately 52,000 deaths and 275,000 hospitalizations [9]. The treatment for TBI is
limited to managing the symptoms and rehabilitation [9]. Therefore, there is a significant
unmet need to develop a comprehensive treatment for TBI. TBI has two distinct phases,
acute and chronic, with the latter accompanied by dementia and chronic traumatic
encephalopathy (CTE) [8]. The secondary cell death arising from the primary insult in TBI
include impaired metabolism, deficient mitochondrial function, BBB breakdown, diffuse
axonal injury, and reduced growth factors [10,11]. Similar to the delayed phase of stroke,
pro-inflammatory cytokines plague the progression of secondary cell death in TBI and
expands the damage in the peri-impact area, the equivalent of the penumbra in stroke.
Sequestration of neuroinflammation via growth factor therapy may retard and even halt this
secondary cell death after TBI.

2. Relationship between Inflammation and Cerebrovascular Diseases

The role of inflammation as a key component of pathological processes has been implicated
in cell death in many cerebrovascular diseases [12-14]. Figure 1 summarizes the role of
inflammation in the pathological progress of cerebrovascular diseases. The inflammation in
the brain not only can be originated from brain tissues, but also from the vasculature through
the infiltration of immune cells in diseases such as atherosclerosis, stroke and TBI.
Atherosclerosis has been reported to be linked with plaque-filled blood vessels that have
high levels of cholesterol and inflammation cytokines [15-18]. These plaques can reduce
and/or block blood flow to the brain can result in stroke [18], or exacerbate brain insults
such as TBI [19-21]. Similarly, aneurysms, abnormal blood vessels, can increase the
deposition of cholesterol and promote inflammation responses [22]. Rupture of aneurysms
in the brain leads to hemorrhagic stroke, a less common but more lethal form of stroke [4].
Once stroke or TBI ensues, the primary insult triggers a cascade of secondary cell death
events with inflammation around the core damaged tissue, a key degenerative process of the
neurovascular unit [13,23,24]. Hence, maintenance of the blood vessel integrity, including
the preserving BBB permeability, towards sequestration of the inflammation-induced
secondary cell death is a crucial step in retarding the progressive pathology of
cerebrovascular diseases. Of note, growth factors and their receptors tend to be highly
expressed in blood vessels immediately after injury which implicate to the therapeutic
effects of these factors in rescuing the neurovascular unit [25]. Cerebrovascular diseases
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have compromised neurovasculature at varying levels during the secondary cell death
[26,27], further suggesting that repairing and protecting these leaky blood vessels seem to be
a logical treatment approach for diseases such as stroke or TBI. In addition to reducing the
damage to the blood vessels, these growth factors can reduce inflammation and eventually
secondary cell death in the penumbra or peri-impact area in stroke and TBI, respectively
[10,14,28,29]. Accordingly, finding effective therapeutic regimens that advance the use
growth factors in preserving the vasculature and dampening the inflammation may lead to
better outcome for patients with cerebrovascular diseases. Along this line of using growth
factors to abrogate inflammation, growth factors such as GDNF, VEGF, SDF-1a, SCF, and
BDNF have been shown as candidate molecules with anti-inflammatory effects that can
preserve blood vessel integrity and its function in cerebrovascular diseases. Table 1
summarizes the functions of the five growth factors discussed in this paper. The subsequent
sections will focus on each of these therapeutic molecules to gauge their safety and efficacy,
and mechanism of action against neuroinflammation.

After its milestone discovery of successfully protecting embryonic nigral neurons in vitro,
GDNF has been an attractive neurotrophic factor to study in various neurological disorders.
Subsequent studies have shown that GDNF also promotes the survival of dopaminergic
midbrain neurons, cranial and spinal cord motor neurons, brain stem noradrenergic neurons,
basal forebrain cholinergic neurons, Purkinje cells, and specific groups of dorsal ganglia and
sympathetic neurons, all demonstrated in in vitro and in vivo experimental studies [30]. In
the rat central nervous system (CNS), GDNF transcripts have been identified in the striatum,
hippocampus, cortex, cerebellum, and spinal cord [30]. Similarly, in the human CNS, it has
also been detected in the striatum, hippocampus, cortex, and spinal cord [30]. GDNF
signaling is mediated through rearranged during transfection (RET) receptor tyrosine kinase,
which is only activated if the ligand is bound to the GDNF-family receptor-al (GFRal), a
class of membrane glycosyl phosphatidylinositol anchored receptors [31,32]. GFRa.l
preferentially binds to GDNF and forms a complex with the transmembrane protein RET to
initiate essential intracellular signaling cascades through the Ras-MAPK, phosphoinositol 3-
kinase, and Jun N-terminal kinase- and PLCvy-dependent pathways [30]. As these pathways
regulate inflammation, the therapeutic effects seen with GDNF treatment include cell
survival, differentiation, proliferation, migration, chemotaxis, branching morphogenesis,
neurite outgrowth and synaptic plasticity [31,33-35]. To date, four GFRa receptors have
been elucidated with extensive data showing the beneficial effects of GDNF in neurological
disorders [31].

The therapeutic effect of GDNF is evident in the nigrostriatal pathway against inflammation-
driven lypopolysaccharides (LPS) rodent model of Parkinson’s disease (PD) [36]. The
unilateral intranigral infusion of LPS into the substantia nigra of male rats induced
contralateral motor impairments, local microgliosis, and nigrostriatal neurodegeneration in
which GDNF-transduced mesenchymal stem cells (MSCs) were effective in affording
protection to the nigrostriatal terminals in its immediate vicinity [36]. In light of other
studies demonstrating that higher levels of GDNF are secreted from MSCs transduced with a
retrovirus to overexpress the GDNF transgene compared to their intrinsic level, this research
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group sought to determine the potential of GDNF in the LPS-induced inflammation model
of PD [36]. Indeed, tyrosine hydroxylase (TH)-positive staining near the cell transplantation
site was observed in animals that received GDNF transplants but not in control animals,
indicating that the protection and regeneration of the striatal dopaminergic terminals was a
result of the secreted GDNF rather than the inherent protective properties of MSCs [36].

Because GDNF is a large molecule that does not cross the intact BBB, technologies geared
towards facilitating GDNF access to the brain have been explored. Indeed, GDNF has been
re-engineered for BBB transport along with an anti-inflammatory agent as 1gG fusion
proteins fused to the heavy chain of a chimeric monoclonal antibody (MADb) against the
mouse transferrin receptor (TfR) to determine the therapeutic effects of GDNF in a
reversible one-hour middle cerebral artery occlusion (rMCAQ) model of focal cerebral
ischemia in mice [37]. Mice were treated intravenously with saline, GDNF alone, the
cTfRMAD GDNF fusion protein alone, or the combined cTFfRMAb-GDNF and cTfRMAb-
TNFR (tumor necrosis factor receptor) fusion proteins [37]. The cTFRMAb-GDNF fusion
protein alone caused a significant 25% and 30% reduction in hemispheric and cortical stroke
volumes, respectively, while the combined treatment with the cTFRMAb-GDNF and
cTfRMADb-TNFR fusion proteins caused a significant 54%, 69% and 30% reduction in
hemispheric, cortical and subcortical stroke volumes, respectively [37]. However,
intravenous GDNF had no therapeutic effect, which was attributed to the intact BBB that
was not permissive for GDNF access into the brain [37]. This study also demonstrated that
combination intravenous therapy may be more beneficial than stand-alone therapy in that the
reduction in stroke volume with the combined use of the cTFRMAb—-GDNF fusion protein
and the cTFRMAb-TNFR fusion protein reduced more significantly the stroke volume than
the single therapy with the cTFRMAb-GDNF fusion protein [37].

Another combination therapy examined the benefits of GDNF and another neuroprotective
molecule in TBI experimental models. The administration of adenoviral vector into the
forelimb sensorimotor cortex of rats (FL-SMC) containing human GDNF (AdGDNF) after a
controlled cortical impact injury (CCI) and the intravenous administration of L-arginine after
30 minutes of the CCI demonstrate a significantly smaller contusion than injured rats that
did not receive any treatment, or injured rats treated with either AJGDNF or l-arginine alone
[38]. This implies that AGDNF alone following a CCI was not therapeutic and although
combining it with I-arginine decreased contusion size, it did not enhance behavioral recovery
[38]. Similarly, the unilateral injection of an adenoviral vector harboring AAGDNF or green
fluorescent protein (AdGFP) into the FL-SMC of rats one week prior to a unilateral CCl and
at 2 weeks post-injury resulted in rats injected with AAGDNF displaying significantly
smaller contusions, more surviving neurons, and less neurodegeneration than AAGFP
injected and uninjected injured animals [39].

These encouraging preclinical studies on GDNF, either as stand-alone or in combination
with other therapeutic agents, in stroke and TBI will merit from long-term investigations of
safety and efficacy monitoring in order to avoid the deleterious adverse effects seen in the
halted clinical trials of GDNF use in PD. While much attention was generated in assessing
the safety of GDNF as a therapeutic agent in PD human patients, GDNF has not yet been
evaluated for cerebrovascular diseases in clinical trials [40,41]. Of interest, the current
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literature has attributed the therapeutic benefits of stem cell therapy in cerebral diseases to
the cocktail of neurotrophic factors that these cells pump to the extracellular milieu, often
implicating GDNF and the other factors discussed in this review [42,43].

Multiple forms of VEGF are secreted by endothelial cells [44]. VEGF is secreted into
circulation as a cysteine-linked dimer [45]. VEGF signaling is mediated on the cell surface
of endothelial cells, where the cysteine-linked dimer binds to the specific receptor tyrosine
kinases — FLT1/fms, FLK1/KDR, and FLT4 [45]. Following binding of the VEGF molecule,
the intracellular domains of VEGF receptors 2 (VEGFR2) are phosphorylated, which leads
to activation of pro-angiogenesis signaling cascades [45]. Recent data suggest there is
evidence of the neuroprotective effect in delayed VEGF treatment on neonate rodent stroke
models following MCAQ [46,47]. A single intracerebroventricular injection of human
recombinant VEGF in this stroke model demonstrated a significant increase in endogenous
angiogenesis in the peri-infarct area of the caudate [46]. Furthermore, delayed VEGF
treatment revealed a notable reduction in Ibal-postive microglial cells and an increase in
myelin basic protein (MBP) in the area of the ischemic caudate [46]. Therefore,
cerebrovascular injury such as stroke can be reduced with delayed treatment of VEGF
[46,47].

VEGF also plays a key role in providing protection following CNS trauma — specifically
TBI [48]. To date, there is evidence that upregulation of VEGF-A has protective benefits in
both early and late treatment of TBI [48]. A virus delivery system was coupled with an
engineered zinc-finger protein transcription factor transactivator in order to monitor the
upregulation of VEGF [48]. Evidence demonstrates that using VEGF zinc finger protein
(VEGF-ZFP) increased neovascularization, enhanced cell survival, and increased functional
recovery in both acute and delayed treatment of TBI [48].

In contrast, anti-VEGF therapy can prove as an effective treatment strategy of inflammatory
CNS diseases, such as multiple sclerosis (MS). Lesions formed by inflammatory CNS
diseases such as MS often compromise the BBB and cause increased permeability which can
lead to entry of inflammatory processes into the brain [49]. There is evidence that suggests
that VEGF-A is expressed by astrocytes and increases the permeability of the BBB in mice
models [49]. To date, data show that limiting astrocytic expression of VEGF-A aids in
maintaining the integrity of the BBB, thereby reducing lymphocyte infiltration,
inflammatory factors, and reducing paralysis in MS mouse models [49]. This set of data
supports the concept of anti-VEGF therapy against inflammatory CNS diseases by limiting
BBB breakdown [49].

As mentioned above, there are limited options in the clinical treatment of ischemic stroke.
Treatment with tPA activates matrix metalloproteinases (MMPs), which increase the
permeability of the BBB in the earlier stages of stroke via degradation and breakdown of the
extracellular matrix (ECM) [50]. Hence, the combination of tPA and VEGF in the early
stage of stroke might further exacerbate the permeability of BBB and unfavorable outcomes.
However, these activated MMPs are also thought to aid in neurovascular repair in the later
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stages of stroke through activation of the VEGF signaling cascade [50]. Although the use of
VEGF therapy has shown potentially beneficial effects following cerebrovascular disease, it
is important to note the possible complications with VEGF treatment in brain ischemia. A
study has found an inverse relationship between angiogenesis and neuroprotection following
VEGF monotherapy [51]. The complexity of VEGF mechanisms warrants further studies to
elucidate the timing and dose of VEGF to treat cerebrovascular disease without inducing
adverse effects.

5. SDF-1a

Stromal derived factor 1 (SDF-1), also known as CXCL12 (Cystine-X-Cystine motif ligand
12), is a chemokine involved in many cellular processes, specifically cell motility during
embryo development and cell signaling, locomotion, inflammation, chemotaxis, and
adhesion after birth [52-57]. SDF-1 has two isoforms, alpha and beta [58]. SDF-1a binds to
the specific CXC receptor 4 (CXCR4), causes a dimerization of the receptor, which then
associates with the Ga.i protein and subsequently becomes phosphorylated by the JAK2 and
JAKS3 kinase [55,57,59-63]. The CXCR-SDF-1a-Ga, associated complex also binds with
Src homology region 2 domain-containing phosphatase-1 (Shpl) and is associated with
regulating JAK2 and JAKS3 activation [52,64]. This leads to the tyrosine phosphorylation of
STAT proteins which lead to transcription regulations [52]. The activation of the By subunits
of the Ga; protein leads to the activation of protein kinase C (PKC) and modulates the NF-
kB, the MEK/MAPK pathway and local adhesion molecules which promote cell survival
through the functions mentioned above [65,66].

SDF-1a is constituently active in the brain mainly in astrocytes and other glial cells and is
found in almost every brain region in embryonic, fetal, and adult brain tissue [67]. SDF-1a
is responsible for neuronal migration during development and cell proliferation, specifically
in astrocytes and other glial cells, maintenance of plasticity and synaptic transmission in
development. SDF-1a and CXCR4 knock-out mice have shown to not be viable and are
marked with brains that are incredibly underdeveloped [53]. SDF-1a was first isolated in
stromal cell lines from mice and was described as a growth factor for B cells [68]. It has also
been found to be released from bone marrow stem cells (BMSC) and from astrocytes
[69,70].

SDF-1a also contributes to inflammation by attracting leukocytes and aggregating platelets.
Platelets function by creating hemostasis and by attracting leukocytes and modulating
inflammation. SDF-1a aids in the aggregation of platelets and its subsequent effects.
Because SDF-1a is expressed in the endothelial cells lining the neurovasculature, during an
insult to blood vessels they release SDF-1a and through co-activators such as ADP and
thrombin cause platelets to aggregate, thereafter initiating hemostasis and inflammatory
processes [71]. SDF-1a acts in a classic chemokine role by attracting T cells and monocytes
that are CXCR4+ to the sites of inflammation and aiding in adhesion [70]. It is also critical
for the migration of neuroblasts to damaged areas in the brain, and of hematopoetic stem
cells to a desired location in the body [72].
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There have been a few studies that examined the levels of SDF-1a in stroke patients.
However these results have not been consistent. One group reports that high SDF-1a were
associated with acute strokes and that low levels of SDF-1a are associated with large diffuse
strokes, the latter being the worst case [73]. Another study determined that elevated SDF-1a
at the time of admission of a stroke were strongly associated with a recurrence in another
ischemic stroke after a one year in Chinese patients; the study had adjusted for other
variables [74]. More research needs to be conducted in order to understand the relationship
between SDF-1a and stroke. In experiments where mice were subjected to stroke via
MCAO, both endothelial and neuronal SDF-1a. showed downregulation, while CXCR4
exhibited upregulation in non-lesioned cortex [23]. SDF-1a elevation in response to stroke
leads to an increase in the infiltration and migration of T cells that express the CXCR4
receptor, which in turn increases inflammation and further tissue damage [75]. This
particular research group used an antagonist, AMD3100, to ameliorate some of the harmful
effects of prolonged exposure to SDF-1a. They found that AMD3100 increased
sensorimotor function after stroke and reduced the amount of activated T cells in the brain
without negating the beneficial effects that SDF-1a has regarding migration of progenitor
cells to the site of insult [75,76].

Targeting SDF-1a’s major actions such as motility of cells that express CXCR4, adhesion,
chemotaxis, secretion of matrix metalloproteases, and angiopoietic factors [77] may
similarly render therapeutic benefits in stroke. In particular, SDF-1a participation with brain
remodeling in post-ischemic insult has been associated with migration of progenitor cells to
sites of injury [78]. One activator of SDF-1a is the hypoxia-inducible factor 1 (HIF-1) that
is released during hypoxic conditions by cells. Activation of SDF-1a and CXCR4 through
HIF-1 leads to adhesion and migration of progenitor cells in the wake of cerebral ischemia
[78]. Immunohistochemical analyses of brains from MCAO-stroke mice was able to
determine locations of SDF-1a and CXCR4 concentration, and progenitor migration over a
course of 30 days [23]. SDF-1a. expression was increased in MCAO-stroke 24 hours after
MCAO and maintained at an elevated level for 7 days. SDF-1a was also found in the
perifocal area of the insult but not in the contralaterally. SDF-1a also initiated migration of
endothelial progenitor cells which are important for vascular regeneration following a
cerebral insult [79].

Following a TBI event, CXCR4 is upregulated in the cortex surrounding the site of injury for
3 to 7 days [23]. Regarding angiogenesis, SDF-a plays a key role in the migration of neural
stem cells (NSCs) and CD34+ cells to the site of injury. The mechanism of action remains
unclear [80]. In addition to attracting CD34+ cells, SDF-1a attracts mesenchymal stem
cells, monocytes, stem and endothelial progenitors, and neuroblasts through the CXCR4
receptor [73,79,81-84]. The apoptotic events that occur post TBI can be ameliorated by
administering SDF-1a. SDF-1a inhibits the activation of caspase 3 a key protein in the
apoptotic pathway and increases the ratio of Bcl-2/Bax an anti-apoptotic protein and pro-
apoptotic pathway respectively [23]. SDF-1a also plays a role in anti-inflammation. After a
TBI event SDF-1a is shown to reduce cerebral edema, protect against neuronal
degeneration, reduces the production of NO, and ameliorates the TBI induced lesion through
the ERK and NF-xB pathway [23]. Currently, there are no clinical trials assessing the
efficacy of SDF-1a in the treatment of TBI or stroke. Thus, while SDF-1a may serve
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multiple therapeutic applications in stroke and TBI, ranging from acting as a biomarker to
facilitating migration of progenitor cells from the bone marrow to the injured brain area,
advancing SDF-1a therapy for neurological disorders will require extensive preclinical
research in order to unlock its true potential.

Stem cell factor (SCF), also known as steel factor or KIT-ligand, has been found to have the
primary role of facilitating the migration and differentiation of hematopoietic stem cells
(HSCs) as well as an emerging role in neurogenesis [85,86]. SCF is expressed by
perivascular stromal cells in bone marrow and hepatic cells in the liver [87,88]. In the brain,
SCF has been found to be produced primarily by neurons [89] and exists mainly in its
soluble form [90]. Found as a glycosylated membrane-bound cytokine and as a soluble
protein, SCF has two different human isoforms which differ by the presence of a cleavage
site [91]. The mechanism of action for the SCF cytokine is its binding of c-Kit (also known
as CD117 or SCF receptor), which is a receptor tyrosine kinase expressed on the surface of
stem cells including hematopoietic stem cells [92]. The binding of SCF induces non-
covalent dimerization of c-Kit and the autophosphorylation of tyrosine residues [92]. The
ligand binding of SCF triggers multiple secondary signal cascades which include the Ras/
Erk, P13k, Src, and JAK/STAT pathways [93,94],95]. Treatment with SCF promotes growth
of neurites and dendritic spines, while SCF mutations are correlated with a decrease in long-
term potentiation and memory [96,97,86] Administration of SCF and G-CSF was linked
with increased NeuN™ (a neuronal cell marker) cells derived from bone marrow in non-
ischemic murine brains, further supporting its role in facilitating neurogenesis [98,99].

After stroke, SCF has also been observed to upregulate anti-inflammatory cytokines such as
IL-10 [100]. In the inflammatory process, SCF induces the chemotaxis and activation of
mast cells, as well as the migration of HSCs toward areas of higher SCF concentration
[101]. Injection of anti-SCF antibodies inhibits the infiltration of bone marrow mast cells
into tumor tissues with high expression of SCF near the tumor [102]. As a hematopoietic
cytokine, SCF must act in concert with other stimulating factors such as granulocyte colony-
stimulating factor (G-CSF) to facilitate the proliferation and differentiation of stem cells.The
discovery of cytokine receptors such as c-Kit and GCSFR on NSCs in the subventricular
zones of adult rat brains has spurred interest in the effects of SCF and other growth factors
as possible therapies for cerebrovascular disease [25]. The /in vivo administration of
recombinant SCF has been found to increase proliferation of immature neurons in areas of
hypoxia induced by occlusion of the middle cerebral artery as measured by the incorporation
of bromodeoxyuridine (BrdU), a synthetic nucleoside analog of thymidine [99]. In parallel,
subtractive cDNA suppression hybridization has demonstrated the upregulation of SCF as a
highly expressed cytokine in sites of brain injury [103]. Western blot in the same study has
shown increased SCF protein levels compared to the brain tissue of uninjured mice. SCF
immunohistochemical staining revealed that the majority of SCF was being expressed not in
microglia or monocytes but in neurons. A Boyden chamber-based migration assay also
demonstrated the /n vitro chemotactic effect of SCF with the increased migration of NSCs to
sites of injury. Administration of SCF in conjunction with G-CSF reduced the infarct area
and increased the numbers of bone marrow-derived neurons and NSC-derived neurons
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which correlated with improved functionality [25]. Significant transition of bone marrow-
derived stem cells to a reduced peri-infarct area was detected after induced ischemia [104].
SCF and G-CSF were also found to increase endothelial cells derived from bone marrow in
murine brains following cerebral ischemia [105]. The combination of SCF and G-CSF has
also exhibited an angiogenesis effect by reducing the apoptosis of vascular smooth muscle
and increasing cerebral vascular density in a mouse model of leukoencephalopathy [106].
NF-xB has been shown to be necessary for the vascular remodeling effect of SCF and G-
CSF therapy as blockage of NF-xB activation was found to reduce post-stroke functional
restoration [107]. These results suggest a repair mechanism involving angiogenesis and
enhanced differentiation of bone marrow stem cells into neurons and endothelial cells. Such
neuroprotective and regenerative effects were notably achieved only with the combined
administration of SCF and G-CSF [104]. SCF has also afforded neuroprotective effects in
TBI. A stab wound model of TBI in the cerebral cortex found upregulation of c-Kit
expression by activated microglia as revealed by the monoclonal anti-c-Kit antibody ACK2
[108]. Microglia activated by TBI produce several neurotoxic cytokines and chemokines that
contribute to the injury although their phagocytic function may actually reduce the spread of
apoptotic signals to neighboring cells [109]. SCF has been observed in cultures to inhibit the
proliferation of microglia stimulated by CSF-1, which may suggest that SCF normally keeps
microglia in a quiescent state [110]. Intravenous transplantation of adipose-derived stem
cells was observed to reduce loss of hippocampal neurons after TBI with SCF as one of the
secreted factors [111]. Such transplants of stem cells represent a combination approach of
cell regeneration and the delivery of growth factors [112]. Ongoing research on SCF in
combination with stem cell therapy may enhance the functional outcome of stand-alone
growth factor therapy for cerebrovascular diseases, including stroke and TBI.

BDNF is a secreted neurotrophin which regulates neuronal survival, development and
synaptic function. BDNF has been studied extensively in many neuropsychiatry disorders
such as depression, substance-related disorders, schizophrenia, anxiety, and mood disorders
[113-115]. In addition, recent studies have demonstrated the neuroprotective effects of
BDNF after neurovascular diseases [116-119]. BDNF is synthesized as a precursor, pro-
BDNF, about 32-kDa protein with glycosylated and glycosulphated N-terminal [120,121].
Pro-BDNF is secreted and cleaved into mature BDNF by extracellular proteases [120,122].
BDNF hinds to tropomyosin receptor kinase B (TrkB) and p75 receptor collectively to
modulate synaptic strength and promotes survival of neurons [121,123]. Pro-BDNF has high
affinity to p75 receptor whereas mature BDNF has high affinity to TrkB and low affinity to
p75 receptor [121-123]. Binding of pro-BDNF to p75, member of the tumor necrosis factor
receptor superfamily, activates neuronal apoptosis [121,123]. In contrast, BDNF binds with
high affinity to TrkB and triggers autophosphorylation of tyrosine residues which in turn
promotes dimerization and activation of downstream intracellular pathways [121].

BDNF has anti-inflammation, anti-apoptosis, and other neuroprotective effects against
neurovascular diseases. Recent studies have shown that BDNF exerts anti-inflammation
properties in ischemic stroke models. Anti-inflammatory effects of BDNF were
characterized by decreased expression of Bcl-2 through TrkB/ERK1/2 pathway [124].
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BDNF (Val66Met) polymorphism decreases angiogenesis and increases deficits in stroke
rats [125]. Coincident with the anti-inflammatory effects, BDNF also carries anti-apoptotic
properties [124,126]. /n vivo, intravenous injection of BDNF has been shown to protect
neurons against apoptosis through downregulating Bax, a pro-apoptotic protein, and
upregulating Bcl-2, an anti-apoptotic protein [126].

The recognition of neuroprotective effects of BDNF has prompted studies investigating the
relationship between BDNF and TBI. BDNF has been shown to upregulate after various
potential treatment regimens and to improve functional outcomes [127-129]. Transplantation
of human mesenchymal stem cells (hMSCs) increased expression of BDNF which resulted
in functional recovery in a rat model of TBI [127]. Similar to the observed enhanced
therapeutic effects when using combination therapy with other growth factors, treatment of
simvastatin upregulates BDNF and VEGF and increases neurogenesis which are associated
with better outcomes in TBI [130].

As we mentioned above, recent studies have demonstrated that one of the underlying
pathology in both stroke and TBI is the downregulation of growth factors, specifically
BDNF. To date, BDNF has been studied extensively in the context of many neuropsychiatric
disorders in both basic and clinical research [113-115]. Because of mixed results in the
clinical phases of BDNF, there is no current clinical trial for cerebrovascular diseases. In
order to further assess the safety and efficacy of this growth factor as a therapeutic, the
preclinical research on BDNF treatment for stroke and TBI may benefit from increased
sample size and testing in multiple coordinated laboratories.

8. Challenges with Growth Factor Therapy

Although we have discussed research studies demonstrating the beneficial effects of growth
factor therapy attributed to the dampening of inflammation through ligand-receptor
mechanisms, it is essential to consider the adverse side effects of this type of therapy. For
example, BDNF overexpression in the hippocampus may influence neurogenesis but it is
also associated with subsequent development of epilepsy [131,132]. Like any treatment, the
effective regimen of growth factor therapy will require cautious consideration in order to
avoid the deleterious enhancement of brain damage after any insult. For this reason, future
studies should focus on optimizing the treatment regimen of growth factor therapy in
cerebrovascular diseases, as the relationship between its therapeutic properties and
pathological effects remains poorly understood. The timing, dose, and route of delivery of
growth factors will likely play important gating items in optimizing this regimen.

Of particular interest, the restrictive permeability of the BBB poses a challenge to new
therapies that need to reach the brain. For this reason, many studies have focused on
addressing this issue to facilitate the delivery of growth factors to the brain. Approaches
such as encapsulated cell therapy, viral vectors, and genetically engineered molecular Trojan
horses have been widely used to investigate the efficacy of growth factor therapy in
experimental models [133-135]. Engineered proteins, such as the TAT-linked proteins, have
been altered with polyethylene glycol (PEG) and functional peptides to increase the delivery
efficiency [136]. The HIV TAT peptide, for example, has been linked to therapeutic proteins
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to allow efficient translocation across the BBB for ischemic stroke therapy [137].
Intravenously infused PEGylated-hemoglobin (PEG-hemoglobin), for example, has been
evaluated in stroke and TBI animal models in which several advantages have been observed
including increased stability and circulation time of drugs and increased diffusion to target
sites [136,138]. Trojan horses, such as the human insulin receptor monoclonal antibody
(HIRMab), which bind to receptors may facilitate transport of therapeutic proteins across the
BBB [136]. Nanoparticles (NPs) assembled with poly-DL-lactide-coglycolide (PLGA),
microparticles, and hydrogels have also been studied as drug delivery carriers [136,139,140].
Lastly, viral vectors, such as AAV, adenoviral vector, HSV, lentiviral vector, and non-viral
vectors, such as liposomes and polymers, have also been extensively used as BBB
transporters [133,141]. Non-viral vectors have some advantages over other vectors in that
they have low immunogenicity and toxicity, and can be chemically modified easily to target
brain cells [136]. However, since therapeutic genes are anti-apoptotic or growth factors, their
long-term expressions may induce deleterious effects such as tumor growth [136]. Similarly,
although hydrogels seem advantageous, local injection may cause brain damage [136]. Of
note, a leaky BBB allows for an easier drug delivery to the brain in some cases. In the event
of a stroke, for example, the BBB is severely compromised and incapable of re-establishing
regular function for as long as 7 days post-trauma [142]. This time frame where the BBB
remains open can be used to transport NPs to the brain, and should be taken into account
when designing future therapies for CNS disorders [142]. By circumventing these potential
adverse effects, such combination therapy of growth factor delivery and bioengineering hold
promise for targeting neuroinflammation in cerebrovascular diseases.

There is also increasing evidence demonstrating the therapeutic effects of secreted RNASs or
exosomes of growth factor after injury such as stroke or TBI. The concept of exosomes and
their ability to abrogate inflammation is relatively new. Secreted RNAs not only modulate
peripheral inflammation but can also cross the BBB, which is an important aspect in
designing treatments for stroke and TBI. This novel line of investigation originated from the
discovery of secretion of long noncoding RNA or microRNA in tumor cells in CNS [111].
The exosomes containing several microRNAS such as metastasis-associated lung
adenocarcinoma transcriptl (MALAT1) and nuclear enriched abundant transcriptl (NEAT1)
have also been found to be secreted by transplanted stem cells [111]. A recent /n vivo study
has demonstrated that the expressions of MALAT1 and NEAT1 are increased after
intravenous transplantation of human adipose stem cells which result in beneficial outcomes
after TBI [111]. Interestingly, these exosomes primarily abrogate the inflammation in the
peripheral organs, notably in the spleen. This suggests that some of these growth factors and
theirs exosomes may not need to enter the brain; but they can sequester the inflammation
peripherally and still provide the neuroprotection effects against cerebrovascular diseases.
This innovative concept opens new venues in targeting neuroinflammation in the
traditionally considered “brain-based” cerebrovascular diseases. In the end, treatment with
growth factors may need to consider both central and peripheral inflammation in combating
this rampant secondary cell death associated with stroke, TBI, and other related brain
disorders.
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9. Conclusion

Over the last two decades, many growth factors have been discovered providing an exciting
scientific basis for their use in treating many debilitating disorders including cerebrovascular
diseases. This review paper focuses on the five major growth factors: VEGF, GDNF, BDNF,
SDF-1a, and SCF and their ability to provide neuroprotection through various mechanisms
especially in abrogating inflammation as a major strategy to retard and even halt secondary
cell death. Various biomedical engineering tools may help to effectively deliver the growth
factors to infiltrate the BBB to enter the brain or to circumvent the BBB by modulating the
peripheral organs with the end goal of reducing the inflammation and protecting the injured
brain after cerebrovascular insults. The involvement of the spleen in exacerbation of
neuroinflammation also offers a new treatment approach for growth factors to peripherally
sequester this secondary cell death. Optimization of growth factor therapy, its associated
exosomes, and bioengineered devices will likely improve its beneficial outcome in patients
with cerebrovascular diseases.

10. Expert Commentary

A unique pathologic feature of cerebrovascular diseases is neuroinflammation associated
with altered CNS levels of growth factors, as seen in stroke and TBI. The current treatment
for stroke and TBI are very limited, creating an enormous burden to the economy. Hence it
is morally and economically important to develop a better treatment regimen for the
diseases.

Over the past decades, our understanding of the neuroinflammatory response closely
accompanying the progression of cerebrovascular diseases has prompted investigations into
the potential benefit of growth factor therapy. Multiple studies have demonstrated the
therapeutic benefits of growth factors in experimental models of stroke and TBI. Due to the
complexity of the pathology, it is unlikely that one growth factor can be used as the “magic
bullet” to treat cerebrovascular diseases. Combination of growth factors and anti-
inflammatory modulators is more likely to provide improved outcomes in cerebrovascular
diseases. On this note, transplantation of stem cells may serve as multi-pronged therapeutic
agent satisfying both growth factor and anti-inflammatory agent properties, in addition to the
cells’ ability to differentiate into different neural types. In other to advance the findings of
growth factors from laboratories to the clinical trials, larger preclinical studies and multiple
laboratory collaborations are needed to demonstrate safety and efficacy of stand-alone
treatments or combination therapies in clinically relevant animal models of stroke and TBI.

11. Five-year View

As the population grows older, the incidence of cerebrovascular diseases is expected to rise
for the next 5 to 10 years. Cerebrovascular diseases are significant unmet need in the clinic,
thereby posing as a major health and economic burden to the society. While education and
prevention are important, it is unlikely that it will be sufficient to decrease the incidence,
mortality, and morbidity of these diseases.
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Rigorous laboratory studies designed to model cerebrovascular diseases will be able to
improve our understanding of the pathology and treatment of these diseases. In the next 5
years, large and multiple laboratory testing of growth factor therapy, either as a stand-alone
or combination therapy (with stem cells or exosomes) in clinically relevant animal models
should provide guidance on the efficacy and safety of this therapy for cerebrovascular
diseases. New bioengineering technologies may improve bioavailability of growth factors
not only in the CNS, but also in peripheral sources of inflammation such as the spleen.
Coalescing research efforts towards the effective and safe sequestration of inflammation,
both centrally and peripherally, will advance the translational application of growth factors
from the laboratory to the clinic for stroke and TBI patients.
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Key Issues

Stroke and traumatic brain injury (TBI) are major cause of deaths,
disability, and economic burden in the United States.

Inflammation plays an important pathological role in the progression of
cerebrovascular diseases.

Accumulating laboratory evidence demonstrates the therapeutic effects
of GDNF, VEGF, SDF-1, SCF, and BDNF in sequestering
inflammation in animal models of stroke and TBI. Treatments with
stem cell and exosomes may resemble the therapeutic benefits of
growth factors in stroke and TBI, indicating their use as adjunctive
therapies.

Optimization of dosage, timing, and delivery route remains a key lab-
to-clinic issue in stand-alone or combination treatment of growth
factors for cerebrovascular disorders.

Although traditionally considered as “brain diseases”, abrogating the
inflammation at the peripheral level of the spleen have been shown to
afford neuroprotection.

Bioengineering technologies directed at improving growth factor
delivery to the brain and spleen may enhance sequestration of
inflammation and therapeutic outcomes.
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Figure 1.
Relationship between inflammation and cerebrovascular disease. Inflammation closely

accompanies the secondary cell death process which initiates within hours and may persist
over days, weeks, months, and even years after the initial insult. Sequestration of
inflammation can help to reduce the expansion of ischemic core and to rescue the penumbra/
peri-impact. *We recognize that there are multiple secondary cell death pathways, but we
focus on the inflammation pathway because of its wide therapeutic window, which is the
main of this paper.
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Table 1

Summary of growth factors and their neuroprotective functions.

Growth Factor

Function

GDNF Neuroprotection, regulate inflammation, Differentiation, proliferation, migration, neurite outgrowth and synaptic plasticity
VEGF Angiogenesis and neuroprotection

SDF-1 Cell signaling, anti-inflammation, anti-apoptosis, migration, and chemotaxis

SCF Differentiation, neurogenesis, neuroprotection, chemotaxis, and Migration

BDNF Neuronal survival, synaptic function, anti-inflammation, and anti-apoptosis
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