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�Introduction

Stroke and traumatic brain injury (TBI) are classified as neurological disorders but 
more precisely belong to the heterogeneous subclass of neurovascular disease. This 
broad field of diseases is characterized by pathological dysfunction of the cerebral 
vasculature which invariably results in some degree of ischemia and metabolic 
restriction [1]. Generally, these diseases are associated with poor clinical outcomes 
and an under-availability of effective therapeutic options. While stroke abides more 
intuitively to the definition of neurovascular disease, our improved understanding of 
the pathology which accompanies TBI makes it an appropriate member of this dis-
ease group as well.

In the United States, stroke affects nearly 800,000 people annually, posing a 
significant medical and economic burden [2]. Stroke disproportionately occurs in 
the aging population and is a leading cause of disability among this population [2, 
3]. Stroke is defined as a temporary or permanent reduction in blood flow to a brain 
region which can occur in one of two ways, either ischemic or hemorrhagic, depend-
ing on the origin of the circulatory reduction [4]. Ischemic strokes are more com-
mon, resulting from embolic vessel blockage, while hemorrhagic stroke occurs less 
frequently and results from the leaking or rupturing of blood vessels, reducing the 
appropriate circulation to downstream brain regions [4]. In both cases, the lack of 
blood causes a depletion of metabolic resources and triggers a cascade of events 
which are detrimental to neural cell health. This primary cell death can then lead to 
a host of progressive secondary complications.
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TBI presents many pathological commonalities to stroke and is also highly prev-
alent in the United States. TBI is a leading cause of death and disability in both 
civilian and military populations [5, 6]. More recently, the implications of mild 
TBI—also known as concussion—have received much attention due to mild TBI’s 
ubiquity in sports as well as an appreciation for the long-term complications which 
can result from repeated impacts [7–9]. TBI affects 1.7 million people in the United 
States each year, with undiagnosed mild TBIs likely making that number a gross 
underestimate [10]. With the support of accumulating clinical and laboratory evi-
dence, TBI is no longer considered only an acute injury but is now defined as a 
disease state which ensues a physical insult to the brain—be it blunt, penetrating, or 
explosive impact—and can manifest symptoms which progress for decades [11, 12]. 
The causative insult may result in a focal impact core (often the case with penetrat-
ing wounds) or a more diffuse area of initial damage. Regardless, this primary injury 
often triggers a set of secondary pathways similar to stroke, which proceed to 
worsen patient outcomes [13].

Developing effective clinical therapies for these neurovascular disorders has 
posed a steep challenge. One aspect of these diseases’ pathology in particular, 
neuroinflammation, has become the target of choice for most potential therapies. 
Particularly, attenuating the chronic neuroinflammation following stroke and TBI 
shows the greatest promise in providing significant functional improvements. 
Increasing evidence has directed researchers to approach the development of ther-
apies in neurovascular diseases from the perspective of the entire neurovascular 
unit, instead of targeting a single entity. The concept of the neurovascular unit 
highlights the phenomenon in which a single disruption within the neurovascular 
unit can promote a cascade which affects all other parts of the system [14]. In a 
simplified view, the neurovascular unit is broken into three main parts—neurons, 
glial cells, and endothelial vasculature [14]. These components are connected via 
cell-to-cell “cross talk,” and the disturbance of one cell type can impact the whole 
system. New data also suggests that the neurovascular unit is further supported by 
non-CNS components, including important interactions observed within the spleen 
and the gut. In this light, a systems biology approach may be advantageous in 
making clinical progression for stroke and TBI research. This chapter will discuss 
stroke and TBI pathology, with a focus on how stem cells can be used to attack 
this inflammatory response on multiple fronts, with emphasis on the recent 
advancements in our understanding of how stem cells carry out their therapeutic 
mechanisms.

�Acute Pathology of Stroke and TBI

Despite differing etiologies, ischemic stroke and TBI display remarkably simi-
lar pathologies, particularly in chronic stages. Because of these commonalities, 
much of the research on the disease progression or treatment of one disease is 
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relevant to the other. Directly following stroke or TBI onset, a number of cells 
are subjected to immediate cell death, and thus the necrotic core forms. This 
necrotic brain tissue is quickly fixed and unable to be saved [15]. Much of the 
acute phase is marked by irreversible damage, primarily mitochondrial dysfunc-
tion and cell membrane disturbance [16]. Damage to both cellular systems may 
result from mechanical trauma or ischemic conditions. Mitochondrial dysfunc-
tion, in particular, leads to an accumulation of harmful reactive oxygen species 
(ROS) and a release of many cytotoxic elements [16]. Upon the necrosis caused 
by these factors, toxic compounds are subsequently released into the surround-
ing tissue. Cells within the perimeter of the necrotic core, termed the peri-infarct 
or penumbral region, are faced with the challenges posed by this harsh microen-
vironment [17]. Changes in plasma membrane permeability often occur during 
energy-depleted states and, without restoration, cause a solute imbalance and 
loss of ionic homeostasis [18]. Specifically, sodium and calcium ion infiltration 
follows this increased permeability and may contribute to cell death [18]. 
Finally, the necrotic neurons flood the extracellular space with the previously 
intracellular glutamate. Glutamate excitotoxicity rapidly occurs after the initial 
cerebral insult, and this can further accelerate the elevation of cytoplasmic cal-
cium concentration by glutamate-mediated release of calcium stored within the 
endoplasmic reticulum [19]. The damage directly corresponding to glutamate 
toxicity is short-lived, however, as glutamate concentrations peak at only about 
10–30 min after insult [20].

�Chronic Pathology of Stroke and TBI

Both the stroke and TBI brains are accompanied by the phenomenon of secondary 
cell death and its gradual progression. This notion of secondary cell death embodies 
the chronic phases of these diseases. Two major facets of the chronic disease pro-
gression observed in stroke and TBI are alterations in growth factor / apoptotic fac-
tor levels as well as an extensive neuroinflammatory response. Neuroinflammation 
has been shown to persist for years in both diseases—up to 17 years after TBI—and 
is a complex process involving microglia, peripheral immune cells, inflammatory 
cytokines, and chemokines [21–23]. The gradual neurodegeneration caused by the 
inflammatory response means the potential for worsening symptoms long after the 
original insult [24]. As a result of this extended time-point, a large therapeutic win-
dow exists when targeting the inflammatory states of stroke and TBI brains. 
Especially in TBI, the infiltration of systemic immune cells into the brain paren-
chyma is permitted by a loss of blood-brain barrier fidelity and can hyperactivate the 
brain’s immune response [25–27]. Therefore, the chronic inflammatory response 
observed in both stroke and TBI brains has been revealed as the most advantageous 
secondary cell death factor to attack when proposing new treatment options for the 
diseases. Neuroinflammation poses both a promising and challenging target though. 
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The inflammation seen post-insult is a double-edged sword; inflammation seen in 
the acute phase has been shown to serve a protective role, while the chronic inflam-
mation can become self-perpetuating and lead to significant neurodegeneration 
[28–31]. Precisely defining this transition from neuroprotective to neurodegenera-
tive inflammation is nearly impossible and can pose practical challenges in develop-
ing ideal treatment plans.

Secondary cell death is caused by a host of metabolic changes, reactive spe-
cies, and persistent inflammation within the regions surrounding the primary 
insult [32, 33]. These changes are detrimental to neural cells and have a propen-
sity to spread to adjacent tissue, creating the outwardly expanding region of 
unhealthy brain tissue called the penumbra [33–35]. This tissue is at risk of suc-
cumbing to irreparable damage, and the expansion of the penumbra correlates to 
an increase in functional deficits experienced by patients. Thus, the region of 
dying, yet not dead, tissue in the penumbra represents a more practical therapeutic 
target for stroke and TBI.

Importantly, the chronic inflammatory response which accompanies neurovascu-
lar insults is now understood to be a global event. In particular, recent research has 
implicated the spleen as a key player in the global inflammatory response, with 
alterations in the brain-spleen inflammatory coupling system having been shown to 
affect experimental outcomes [36]. As a result, both neuroinflammation and the 
spleen have become highly valuable targets in developing effective stroke and TBI 
therapies. Current research is attempting to find traditional pharmaceuticals, as well 
as cellular therapy options, which can aid in abrogating the persistent and complex 
inflammatory response which occurs after stroke and TBI.

�Stem Cell Therapy for Neurovascular Disorders

Currently, there exists an unmet clinical need for effective treatments in neurologi-
cal disorders, including stroke and TBI. Only one FDA-approved drug is available 
for stroke patients, and it is only beneficial to a small percentage of patients [37]. 
This drug—tissue plasminogen activator (tPA)—is severely limited due to its 
required delivery within a 4.5 h window [37]. There are several other restrictions to 
tPA use which primarily affect patients with an increased risk for hemorrhaging, 
such as those taking oral anticoagulant medication [38]. In addition, patients who 
have undergone recent surgeries or CNS trauma may also be excluded [38]. There 
is a desperate need for treatment options which are available to a larger scope of 
patients, as well as treatments without such high risk for serious complications. 
Similarly for TBI victims, there is not a singular effective drug at this time; there-
fore, treatment for such injuries is limited to rehabilitation and symptom manage-
ment. Ideal treatment options are those which possess a large therapeutic window 
and work to impede the progression of secondary cell death. Due to the complexi-
ties of this cell death cascade, the development of a multipronged therapeutic option 
will be required to observe robust clinical recovery after stroke or TBI. Accumulating 
research suggests that transplantation of stem cells may check off all the boxes of an 
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optimal therapy: by rescuing the reduction of growth factors, limiting apoptotic fac-
tor levels and neuroinflammation, being chronically applicable, and potentially ben-
efiting a larger percentage of patients.

�Stem Cell Transplantation in Stroke

Researchers have established a number of mechanisms by which transplanted 
stem cells may be utilized to offer neuroprotection in the stroke brain (which will 
be discussed in the following sections). Stem cell transplantation is approaching 
feasibility as a stroke treatment, with numerous clinical trials completed and more 
in progress. With practically all stroke therapeutics having failed in the clinic, 
stem cell therapy offers a unique and more holistic approach by targeting multiple 
facets of the complex physiopathology of stroke. In both clinical cases and labora-
tory models of stroke, stem cell therapy has been shown to reduce infarct size, 
increase neuron survival, decrease chronic inflammation, and aid in blood-brain 
barrier repair [39–43]. The means by which these neuroprotective phenomena are 
achieved remains poorly understood; over the last 25 years of stem cell research 
in stroke patients, therapeutic benefits by way of cell replacement and growth fac-
tor release have been established as part of the regenerative process after trans-
plantation yet cannot account for the entirety of the neuroregeneration displayed. 
Thus, less intuitive and poorly understood mechanisms must be contributing to 
the effects displayed. Regardless, the use of stem cells within the stroke brain has 
been proven to offer the potential for significant improvement of functional 
outcomes.

�Stem Cell Transplantation in TBI

Originally, TBI was categorized as an acute injury, but is now recognized to possess 
chronic pathological symptoms—particular secondary cell death driven by aberrant 
neuroinflammation—and is closely associated with lifetime behavioral deficits [44, 
45]. Currently, the treatment options for TBI are limited [46] and typically consist 
solely of rehabilitation therapy [47–51]. Bearing in mind the extensive secondary 
cell death facilitating the progression of symptoms with TBI, new potential treat-
ments have gravitated toward targeting the wide therapeutic window of TBI pathol-
ogy, aiming to promote “neuroregeneration” instead of the relatively narrow window 
for “neuroprotection” associated with the acute TBI phase [52, 53]. Stem cell-based 
therapeutics have become a central theme in regenerative medicine, displaying 
promising results in animal models of TBI [54–57] but have reached scarce success 
in reaching the clinic [58]. Additional translational research is needed to gain a bet-
ter understanding regarding the mechanisms of stem cell action and their capacity 
to confer neuroregeneration in the brain, as well as establish optimal treatment regi-
mens—all in an effort to drive successful trials into the clinic. In addition, identify-
ing a well-defined stem cell source is necessary for assuring quality of graft origins, 

3  Stem Cell Therapy for Neurovascular and Traumatic Brain Diseases



58

as well as being a measure for insuring validity and reproducibility of experimental 
results. The establishment of optimal cell populations that are both safe and effec-
tive is also an area that requires further investigative efforts. There is, however, 
accumulating evidence to suggest that stem cells produce neuroprotective effects 
via multipronged neuroregenerative pathways including anti-inflammation and 
enhanced neurogenesis [59–61], in addition to improving angiogenesis and vasculo-
genesis [62–64]. Also, poor graft survival has been reported in the TBI brain, likely 
attributed to the harsh conditions manifested from the secondary neuroinflamma-
tory response [15, 65, 66]. These data suggest significant survival may not be a 
prerequisite for behavioral recovery; however, abrogating the hostile microenviron-
ment in which stem cells are transplanted may achieve higher graft survival and 
boost the degree to which bystander effects occur. In view of that, it is thought that 
by taming the incompatible microenvironment (i.e., reducing neuroinflammation), 
stem cell therapy can be optimized, therefore appealing to the advancement of 
regenerative medicine for treating the injured brain.

�Mechanisms of Stem Cell Therapy

Stem cell therapy has received an increasing amount of attention within the realm of 
regenerative medicine. Multiple neurological diseases, including stroke and TBI, 
have been a special area of focus for stem cell therapy research. It was initially pro-
posed that stem cell transplantation into the CNS would result in the replacement of 
dead or dying neuronal cells, as this is the most intuitive mechanism. However, it 
was observed in many studies that stem cell transplantation into damaged tissue 
resulted in poor engraftment rates. Interestingly, a robust functional recovery and 
reduction of infarct core were observed in animals that received stem cell transplan-
tation despite this poor retention [37]. Thus, the therapeutic effects of stem cells 
appear to not be dependent on their long-term survival and differentiation as ini-
tially anticipated.

A far more prominent mechanism of stem cell action has since been brought to 
light. This mechanism involves the secretion of neurotrophic factors from the trans-
planted cells. Growth factors play a role in pro-survival pathways; therefore, 
increasing their concentration has the capacity to thwart impending apoptosis in 
vulnerable tissues such as the regions of the penumbra in stroke or TBI [67, 68]. 
Stand-alone administration of BDNF [69], VEGF [70], GDNF [71], SDF-1α [72], 
and SCF [73] has been shown to have a positive effect on neurological disease out-
comes. However, it has been suggested that individual treatment with any one of 
these growth factors would not result in significantly improved clinical outcomes. 
Stem cells provide an impressive cocktail of growth factors which contribute to an 
overall anti-inflammatory and anti-apoptotic effect. In addition, stem cell therapy 
avoids the complication of establishing the correct dosage of growth factors by hav-
ing self-regulating secretion. Importantly, it has been observed that drug-induced 
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overproduction of growth factors may lead to detrimental neurological effects, such 
as the development of epilepsy as a consequence of BDNF overexpression [74, 75].

A third mechanism of action for stem cell transplantation was first observed in a 
rat model of TBI. This newly discovered mechanism functions to enhance the host’s 
natural neuroprotective processes which are initiated upon injury through the acti-
vation of endogenous stem cells. Until recently, a long-standing belief was held that 
mammalian adults lacked the ability to generate new neurons. This paradigm was 
quickly reversed after the discovery of endogenous stem cells, found predominantly 
within the SVZ of the lateral ventricles and the subgranular zone (SGZ) of the den-
tate gyrus [76, 77]; these regions also may be referred to as the neurogenic niches. 
The capacity for neurogenesis therefore extends into adulthood and is amplified 
following neurological insults such as stroke [78]. The host’s attempt to reverse or 
stop the gradual progression of damaged tissue by stem cell mobilization is highly 
inefficient. Endogenous stem cells are limited in their ability to differentiate, com-
mit to neuronal lineage, and migrate from these neurogenic niches [79]. Proper 
migration of endogenous stem cells is imperative if they are to elicit therapeutic 
benefit to regions distant from their origin in the SVC or SGZ. Recent research 
revealed assisted transportation of host stem cells via transplantation of exogenous 
stem cells. The first study to observe this phenomenon used a TBI model in which 
a controlled cortical impact (CCI) was delivered to the frontal cortex—a region too 
distal for significant endogenous stem cell migration—followed by intracerebral 
injection of mesenchymal stem cells (MSCs) [80]. Interestingly, observations utiliz-
ing immunohistochemistry and laser capture microdissection exposed the presence 
of transplanted MSC creating a cellular pathway connecting the neurogenic niche to 
the impacted cortex [80]. This discovery led to the biobridge theory as a third and 
novel mechanism in which transplanted stem cells provide a neuroprotective and/or 
neuroregenerative effect. The biobridge is thought to facilitate the migration of 
endogenous stem cells from their residential origin to the injured region, therefore 
rendering the host’s natural regenerative mechanism more effective [80]. This novel 
mechanism is entirely unique to stem cells and is yet to be achieved by any other 
therapy.

Finally, recent data have revealed a fourth mechanism of action executed by stem 
cells. The vast secretome produced by stem cells has displayed the ability to confer 
therapeutic effects on neurovascular diseases. Microvesicles and exosomes secreted 
from stem cells contain growth factors, cytokines, chemokines, microRNAs, and 
long noncoding (lncRNA), all of which may contribute to the therapeutic effect 
observed following transplantation [81]. Treatment with isolated exosomes and 
microvesicles derived from multipotent MSCs has been explored in liver, kidney, 
cardiovascular, and lung disease with promising results [81]. In the transition to 
neurovascular diseases, studies focusing on exosome transplantation following 
CNS insult include an in-depth analysis of neuroinflammation, as the magnitude 
and persistence of inflammation in neurological disorders are rather unique. As 
emphasized previously, neuroinflammation is an important target for the establish-
ment of an effective therapy in neurovascular diseases.
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�The Promise of Combination Therapies with Stem Cells

While stem cells alone have been shown to be therapeutic in many applications, an 
increasing body of research is exposing the additive effects that certain combination 
therapies can afford. Combination therapies may take multiple forms, such as pair-
ing multiple stem cell types, delivering stem cells in conjunction with a more tradi-
tional therapeutic agent, or delivering stem cells with biostructural material. In 
some cases, these adjunct agents serve as independent therapeutics which comple-
ment the stem cells, while other adjuncts play a supporting role by helping to bolster 
the effectiveness of stem cells. Both approaches possess merit and may serve to 
improve patient outcomes in the future.

Depending on their tissue of origin, stem cells can exhibit significant variation in 
morphology, protein markers, differentiation capabilities, and treatment efficacy. 
This has been established by the use and comparison of a number of different stem 
cell types in the stroke brain, including mesenchymal stem cells (MSCs), bone 
marrow-derived stem cells (BMSC), adipose-derived stem cells (ADSC), and neural 
stem cells (NSC). A trail of investigation which is now being explored aims to char-
acterize the effectiveness of heterogeneous stem cell populations. In one study, the 
effects of MSC-NSC combination therapy was explored in a middle cerebral artery 
occlusion (MCAO) rat stroke model [82]. Twenty-four hours after occlusion, MSCs 
were injected into the right lateral ventricle, and 6 days later, NSCs were injected in 
the same manner [82]. Histological and behavioral analysis revealed that the 
MSC + NSC group showed reduced functional deficits and smaller lesion volume 
when compared to sham animals, MSC-only animals, and NSC-only animals [82].

In a study utilizing a percussion model of TBI, the use of olfactory ensheathing 
cells (OEC)—supporting glial cells derived from the olfactory system—was deliv-
ered in conjunction with neural stem cells (NSC) [83]. The olfactory system is 
unique in its ability to perform significant neurogenesis throughout the mammalian 
life cycle [84, 85]. This experiment explored the idea that these supporting cells 
may be instrumental in encouraging the neural proliferation unique to this region. 
Using a vehicle control group, OEC alone, NSC alone, and OEC + NSC group, a 
notable trend was observed whereby neuron survival in the OEC + NSC was signifi-
cantly greater than in either individual cell treatment, nearing sham levels [83]. 
Similarly, apoptosis was reduced in the OEC + NSC group to a significant degree 
when compared to individual cell treatments [83]. While the mechanism of this 
additive improvement was not studied, the ability of different cell types to synergis-
tically ameliorate the effects of TBI supports further investigating this type of 
therapy.

Stem cells have also been delivered with a number of therapeutic compounds 
such as mannitol, granulocyte colony-stimulating factor, minocycline, and proges-
terone [68, 86–88]—often with compounding benefits. It is plausible that a major 
leap in stem cell effectiveness could be found in their simultaneous delivery with 
neurotrophic factors, anti-inflammatories, or cytoprotective agents. Stem cell treat-
ment in neurovascular diseases has also been paired with alternative therapies such 
as hypothermia and hyperbaric oxygen treatment [89–91]. The benefit of a 
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co-treatment with stem cells and one of these alternative therapies would be elimi-
nating some of the complications that come along with pairing complex pharmaceu-
ticals. Similarly, delivering stem cells in a formulated biomaterial may aid in 
improving the therapeutic effects of stem cells [92, 93]. Certain materials have been 
shown to reformat the extracellular matrix and make the brain microenvironment 
more conducive to stem cell survival, migration, and proliferation. In general, the 
search for compatible biomaterials and effective co-treatments represents a worthy 
endeavor and may help to expedite the transition of stem cells from the laboratory 
to the clinic.

�The Spleen as a Novel Target for Stem Cells

Once thought to be isolated, CNS disorders, stroke, and TBI are now recognized to 
be affected by distal regions of the body. One organ that has been implicated in 
these diseases to a surprising degree is the spleen. A reciprocal relationship exists 
between the spleen and the brain following neurovascular insult, with the injury 
altering the physical size and function of the spleen and the spleen in turn, affecting 
brain health [94]. In fact, the spleen has been shown to release splenocytes in 
response to ischemic events, exacerbating neurodegeneration [94]. Additionally, 
studies have shown the spleen to be especially critical in the physiological process-
ing and therapeutic mechanisms of stem cells [95]. The cornerstone of this relation-
ship lies in the post-insult inflammatory response. We now understand the brain 
inflammatory response to include both central and peripheral components following 
stroke and TBI—local inflammation and edema persist in the brain parenchyma, 
while systemic inflammation helps to propagate the cerebral inflammation [96–98]. 
The peripheral aspect of neuroinflammation allows for invading immune cells—
such as T cell, lymphocytes, monocytes, and macrophages— to extravasate through 
the compromised BBB which results from neurovascular damage [95, 98]. As men-
tioned previously, the chronic inflammation seen following stroke represents a 
prime target for therapeutics; thus, understanding both the local and the global 
nature of the inflammatory response is critical in attacking neuroinflammation from 
all possible angles.

Interestingly, studies in which the spleen was removed prior to MCAO demon-
strated smaller infarct volumes, reduced infiltration of peripheral inflammatory 
cells, and reduced pro-inflammatory cytokines [99, 100]. This demonstrates that the 
spleen’s innate processes contribute to worsening outcomes following an ischemic 
event [94, 100]. As routine splenectomies are not a viable clinical option, the use of 
other approaches to attenuate the spleen’s pro-inflammatory role may serve as a 
practical approach.

Stem cells have been shown to preferentially migrate to the spleen when deliv-
ered intravenously, both in the acute and chronic stroke brain [95, 101]. These stem 
cells demonstrated an ability to downregulate pro-inflammatory molecules and 
immune cells which are released by the spleen, effectively altering the blood com-
position in a way that promotes stroke recovery [95]. This exhibits that stem cells 
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may potentially function therapeutically, in part, by modulating this brain-spleen 
axis inflammatory response. Our understanding of the spleen’s implications in the 
stroke and TBI brain remains incomplete, but its role in the chronically inflamed 
state which exists after stroke gives insight into how stem cells may be an effective 
option in later stages of the disease. Additionally, this spleen-mediated mechanism 
furthers the notion that entering the brain tissue may not be a prerequisite for an 
effective stem cell therapy [95]. If the presence of stem cells in the blood stream can 
indirectly alter the brain parenchyma environment, the inability for stem cells to 
efficiently cross the BBB may not be a restriction to effective therapy. Importantly, 
this helps to circumvent the quandary whereby blood-brain barrier repair makes 
peripherally delivered stem cells less potent. To date, only one preclinical study has 
investigated the use of stem cell administration in the chronic phase of stroke [102]; 
understanding how stem cells confer neuroregeneration by interacting with the 
spleen to sequester the inflammatory response at these later time-points may pave 
the way for a continuous, long-term stem cell treatment plan.

�Challenges in Stem Cell Therapy

A number of major hurdles stand in the way of progressing stem cell therapy to 
patient availability. These include difficulties concurring on the most effective dos-
ages, establishing consistent time-points, and determining practical routes of deliv-
ery. Three collaborative meetings have produced a set of guidelines for stem cell 
research called STEPS—stem cells as an emerging paradigm for stroke—guided by 
field experts in both the laboratory and clinical setting [103]. Many of their sugges-
tions have addressed the issues mentioned above, stressing the importance of basic 
science-inspired clinical trial design [103]. A common disconnect in clinical trial 
design exists in deciding the appropriate dosage; the number of cells administered 
in human patients is rarely proportional to the most effective cells-per-kilogram 
dosage established in animal models. This cripples clinical trials from the start and 
contributes to most clinical trials agreeing on the safety of stem cell therapy in 
stroke, but not definitively concluding on the efficacy [102, 104–108].

In addition to dosage concerns, defining an ideal time-point or set of time-points 
which produce the greatest possible patient recovery remains an elusive target. 
A limitless number of possible delivery time-point combinations exist, with differ-
ent studies finding varied effectiveness depending on the chronology of treatment(s) 
[109]. Importantly, the route of administration also affects stroke and TBI outcomes. 
It is not surprising that injection of stem cells directly adjacent to the infarct or 
impact core consistently delivers the greatest functional improvements, but the 
practicality of intracerebral delivery for patients en masse is questionable.

The difficulty in developing treatment plans exists not only as a result of the 
chasm between laboratory and clinical research, but also arises from the heteroge-
neity of stroke and TBI. Stroke patients experience extensive variation in infarct 
region, stroke severity, and capacity for natural recovery [110]. TBI is equally var-
ied, with location, severity, and affected area differing greatly depending on the 
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circumstances of the injury. Thus, a key to pushing stem cell treatment forward is to 
conduct more clinical trials, produce more substantial data, and use this to tailor 
future experimental designs in order to define the best treatment plans for general 
insults or develop patient-specific plans. Of course, this must be in addition to 
tighter collaboration between basic scientists and clinicians.

�Potential Adverse Effects of Stem Cell Therapy

While stem cells undoubtedly offer hope as a stroke treatment, the administration of 
stem cells is not without its risks. The two predominate concerns with cell transplan-
tation are the danger of teratoma formation and graft rejection—a host immune 
response to the exogenous cells. The danger of teratoma formation is especially 
prevalent in embryonic-derived stem cells (ESCs) and induced pluripotent stem cells 
(iPSCs) [42]. When analyzing the safety of potential stem cell therapies, regulatory 
institutions prefer to see a loss of stemness over time, as this indicates a loss of 
unwanted replicative potential. All stem cells hold a certain degree of overprolifera-
tion risk, but this is largely dependent on the cell type’s differentiation capabilities. 
On the other hand, the risk of immune response is primarily dependent on the host; 
thus, immunosuppression may be necessary in certain clinical applications [111].

A novel therapeutic concept may be able to deliver the benefits associated with 
stem cell transplantation while curtailing these associated risks; this approach uses 
cellular materials which offer functional effects comparable to those seen with tra-
ditional stem cell transplantation [42]. These cell-derived therapies take advantage 
of an emerging notion; significant evidence now points to the secretome, the sum 
total of a cell’s secreted factors, as a leading contributor to stem cells’ therapeutic 
actions and anti-inflammatory effects observed in stroke and other neurological dis-
orders [42, 112–115].

�Cell-Free Materials and Exosomes in Neurovascular Therapy

Different means of preparing cell-derived materials exist, but the harvesting of con-
ditioned media is perhaps the simplest. Conditioned media refers to the chemically 
altered, secretome-infused media which results from the culturing of a specific stem 
cell type [116]. This is typically achieved by growing the cells within a 3D scaffold-
ing to maximize the desired secretions [117]. A number of studies have exposed the 
potential which lies in the use of conditioned media [116–119]—highlighting a 
reduction in apoptosis, decrease in inflammation, improved neuron survival, and 
cell proliferation—yet, the practicality of employing conditioned media as an effec-
tive stroke treatment in humans remains to be verified.

The cultivation of stem cell-produced exosomes is another cell-free therapeutic 
option for stroke which has received significant attention in recent years. As men-
tioned previously, exosomes are small secreted vesicles which contain a variety of 
cellular products—including mRNA, lncRNA, lipids, and proteins—and maintain 
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the ability to act as both paracrine signals as well as extracellular environmental 
modulators. Experiments have demonstrated that these isolated exosomes retain the 
ability to confer neuroprotection and neuroregeneration comparable to that of stem 
cell transplantation [120, 121].

�TBI and Stroke: Implications of Cell-Free Treatment

Currently, the use of isolated stem cell-derived exosomes to treat stroke and TBI is 
a relatively new area of research. This has both aided in furthering our understand-
ing of exosomes’ role in stem cell treatments and offered a new therapeutic option 
all together. This subsection will detail three studies and their unique findings on 
this subject.

A recent study explored the utilization of human adipose-derived stem cells 
(hADSCs) in TBI rats using the CCI injury model [122]. In addition to treatment 
with transplanted stem cells, another experimental group received cultured media 
(CM) derived from these cells [122]. This CM contained the entire secretome 
extracted from the cultured cells and included the exosomes carrying growth fac-
tors, protein, microRNA, and lncRNA [122]. Previous studies of experimental TBI 
have evaluated hADSCs for their ability to secrete large amounts of the anti-
inflammatory cytokines IL-10 and IL-4 [119, 123, 124] and reduce the production 
of pro-inflammatory cytokines, such as TNF-α and IFN-γ [125]. For this reason, the 
anti-inflammatory effect observed with CM treatment was expected. In order to 
characterize the importance of exosomes and their lncRNA, knockdown groups 
were utilized which shed light onto the vital role these specific lncRNA exosomes 
play in the neuroprotective properties contributed by the CM.  Many types of 
lncRNAs are secreted by proliferating stem cells that are not in a differentiating 
state.

Two specific lncRNAs were selected for knockdown, nuclear-enriched abundant 
transcript 1 (NEAT1) and metastasis-associated lung adenocarcinoma transcript 1 
(MALAT1). They were chosen because of their essential role in cell survival, 
inflammation, and gene expression. Specifically, these lncRNAs are modulators of 
cellular differentiation due to their ability to take part in the alternative splicing of 
numerous pre-mRNA [126–128]. Upon knockdown of the two lncRNAs, the func-
tional recovery seen in the CM experimental group was significantly reduced. The 
following proteins—VEGF, stem cell factor (SCF), and tissue inhibitor of metallo-
proteinases-3 (TIMP3)—were analyzed for their concentrations in CM versus 
CM-knockdown groups. The CM-mediated improvement in VEGF and SCF levels 
was significantly reduced in the knockdown group, as well as an increase in TIMP3, 
a VEGF inhibitor [129, 130]. Based on these results, it was concluded that the stem 
cell-derived secretome yields a neuroprotective and anti-inflammatory effect that is 
largely dependent on the action of lncRNAs.

The next two studies explored the potential in direct exosome transplantation 
following isolation from cultured MSCs. One study used a TBI model [81], the 
other stroke [131], and both resulted in improved cognitive and motor function in 
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exosome-treated rats. The stroke study included a particular focus on exosomal 
transfer of microRNA, specifically microRNA-133b (miR-133b) [131]. The selec-
tion of miR-133b was based on prior in vitro studies that revealed an elevation in 
miR-133b within MSC-derived exosomes after exposure to ischemic cerebral 
extracts [112]. This increment in miR-133b attributed to heightened neurite growth 
due to transportation to astrocytes and neurons via exosomes [112]. For the follow-
ing in vivo study, knock-in and knockdown experimental groups were utilized. The 
data showed that increased miR-133b concentration in exosomes provides a more 
robust neurological recovery, and a significant decrease of therapeutic capacity 
results when miR-133b is in reduced concentrations [131]. Exosomes with miR-
133b + MSC lead to improved axonal plasticity and neurite remodeling that contrib-
uted to functional recovery [131].

The TBI study of MSC-derived exosome transplantation illustrated similar 
results in that the treatment was neuroprotective [114]. This study revealed the role 
of angiogenesis in the functional recovery seen with administration of cell-free exo-
somes generated by MSCs [114]. In addition, exosome treatment reduced neuroin-
flammation and raised the number of newly formed neuroblasts and mature neurons 
in the dentate gyrus [114]. Interestingly, treatment groups did not display any down-
sizing in cortical lesion volume but still showed improved cognitive and sensorimo-
tor functional recovery [114]. This further exemplifies the importance of 
angiogenesis and sequestration of neuroinflammation and their contribution toward 
functional improvements following stroke or TBI.

�Feasibility of Exosome Transplantation Therapies

It remains unclear whether exosomes present a practical clinical approach. For one, 
the difficulty of accumulating sufficient quantities of this cell-free product is both 
challenging and expensive. Individual stem cells secrete an unsubstantial amount 
of exosomal product; therapeutic dosages for humans could only be obtained with 
vast quantities of stem cells using presently available methods. It is also yet to be 
determined if the reduced risk offered by cell-free options—both conditioned 
media and exosomes—is marginalized by a reduction in therapeutic effectiveness. 
While the potential for therapeutic has already been unequivocally demonstrated, if 
its effects are significantly less than that offered by traditional stem cell therapies, 
it may be worth the associated risks to proceed with stem cell therapy as usual. 
Further studies comparing the neuroprotection conferred by stem cells to that 
offered by exosomes alone would allow for an appropriate risk-versus-reward anal-
ysis. Regardless, the study of exosomes and their constituent compounds may be 
instrumental in furthering our knowledge of how stem cells deliver their therapeu-
tic benefits.
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�Conclusion: Connecting the Dots of Stem Cell Therapy

With such a large population of patients being affected by either stroke or TBI, the 
need for neurovascular therapeutics cannot be overstated. Current best medical 
practice for stroke involves the use of tPa if possible, yet utilizing this drug can be 
difficult as a result of its narrow therapeutic window and adverse effects. TBI 
patients are yet to have a viable option. The use of cell transplantation offers a 
promising solution to these clinically difficult disorders.

The therapeutic effects of stem cells have been described as paradoxically robust. 
As mentioned, the engraftment rate of transplanted stem cells is surprisingly low 
considering the significant benefits they exhibit. In reality, this paradox is just a 
reflection of our rudimentary understanding of how stem cells function within the 
body. Fortunately, great strides are being made in unveiling the complex mecha-
nisms by which stem cells confer neuroprotection. These strides help to push stem 
cell therapy closer to efficient clinical applications. Specifically, the topics covered 
in this chapter—inflammation, the spleen’s role in neurovascular disease, and stem 
cells’ tendency to hone in on this organ—reveal much about how stem cell therapy 
for stroke and TBI operates. By targeting the pathology of neurovascular diseases in 
a holistic manner and by respecting the cellular interplay which is presented in the 
neurovascular unit concept, stem cell therapies may be able to be maximally 
utilized.

The role of the inflammatory response in stroke and TBI has been discussed 
extensively, but it is important to understand how this novel idea of splenic media-
tion of peripheral inflammation impacts stem cell therapy. Again, inflammation 
offers the most accessible target in stroke and TBI pathology. With intravenous stem 
cells honing in on the spleen—the newfound mediator of systemic inflammation—
this provides a convenient link whereby stem cells attack the most accessible point 
of neurovascular pathology, the inflammatory response, at a convenient location.

Similarly, the rising notion that stem cells confer their benefits in part through the 
release of therapeutic exosomes is an important revelation in how stem cells func-
tion. In addition to the secretion of anti-inflammatory cytokines, growth factors, and 
anti-apoptotic molecules, we have recently revealed the role of exosomal secretions. 
Within these exosomes, important mediators of cell growth, division, and survival 
help to confer neuroprotection. This revelation that stem cell products—not neces-
sarily the cells themselves—contribute to their therapeutic profile opens up new 
possibilities of cell-free treatments. These treatment options may take advantage of 
similar mechanisms as traditional stem cell therapy while circumventing the dan-
gers that accompany it.

Stem cells are a non-conical therapy option. Because of this, transitioning stem 
cells from the laboratory to the clinic has proven challenging, but the difficulties 
associated with their use are matched by equal promise. Further research is needed 
to understand how stem cells operate in the human body and by which means they 
extend their neuroprotection. Improving our understanding of stem cell therapeutic 
function is a critical step in making their use widely available to patients suffering 
with stroke and TBI.
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