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Ischemic stroke is a debilitating disease and one of the leading causes of long-term disability. During the early phase after
ischemic stroke, the blood-brain barrier (BBB) exhibits increased permeability and disruption, leading to an influx of
immune cells and inflammatory molecules that exacerbate the damage to the brain tissue. Mesenchymal stem cells have
been investigated as a promising therapy to improve the recovery after ischemic stroke. The therapeutic effects imparted
by MSCs are mostly paracrine.
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| 1. Background

Stroke is one of the leading causes of mortality and long-term disability in the United States, accounting for approximately
1 out of every 19 deaths and 2.4% of adult disability 22, Worldwide in 2019, approximately 6.6 million deaths could be
attributed to stroke 3], A stroke occurs when blood flow to the brain is impaired. Ischemic stroke comprises 87% of all
stroke cases and is caused by an artery obstruction interrupting blood delivery ! The reduction in blood flow, which
supplies nutrients to the brain, initiates a series of interconnected cascades that cause widespread tissue damage and
death E. The blood-brain barrier (BBB) impairment is one of the main pathologies associated with ischemic stroke. BBB
insult begins early, before the onset of neuronal damage and influences the extent of brain injury [EI,

Mesenchymal stem cells (MSCs, also known as mesenchymal stromal cells) have been frequently explored as a
promising potential therapy for recovery after ischemic stroke. However, since very few MSCs reach the brain, it is
believed that most of the therapeutic effects of MSCs are the result of paracrine signaling &l. One of the likely mediators
for such signaling are the extracellular vesicles (EVs) released by MSCs 10, EVs could mediate the transmission of
molecules such as lipids, proteins, nucleic acids, cytokines, chemokines, and growth factors that may alter the behavior
and phenotype of the receiving cell [11112],

| 2. Changes in Blood-Brain Barrier after Stroke

The BBB is an interface that separates the central nervous system from the blood circulating in the periphery. It is a highly
selective barrier and is responsible for a number of roles essential for normal brain function, including the maintenance of
homeostasis, protection against pathogens and other potentially harmful substances, nutrient transport, and maintaining
the optimal physiological/extracellular environment of the brain for neuronal and glial functions. The principle component
of the BBB is the endothelial cells (ECs) linked together by tight junctions (TJs) that form the walls of the brain vasculature
and microvasculature, however these are only one part of the broader structure that regulates the movement of molecules
between the blood and brain. The whole “neurovascular unit” (NVU; or “extended BBB”) is a highly intricate and dynamic
network of cellular and non-cellular interplay that regulates BBB permeability and cerebral blood flow I3l Other
components of the NVU include pericytes, neural cells, astrocytes, and microglia 23114151 peficiencies in any of the
components of the NVU may result in a leaky or damaged BBB, which has severe implications on brain health. Such
interconnectedness of the NVU means that in vitro models of the BBB require co-culture of multiple cell types in order to
replicate even basic barrier properties L8,

Within minutes of stroke onset, neurons in the infarct area release massive amounts of glutamate and create an
excitotoxic environment. Lack of blood flow does not allow for replenishment of oxygen and removal of cellular
byproducts. This leads to the accumulation of toxic substances, such as reactive oxygen species (ROS) and NO, as well
as depletion of ATP. Local immune cells such as astrocytes and microglia are activated and produce substances such as
matrix metalloproteinase-9 (MMP9) that contribute to the disruption of the TJs holding the BBB together L8IL8] Energy
depletion causes dysfunction of transmembrane pumps, rendering neurons unable to maintain ionic balance.
Accumulation of intracellular Ca2* and Na* causes cellular swelling and membrane degeneration, allowing dissemination
of danger signals 2%, Consequently, hematogenous immune cells and inflammatory factors that are normally blocked by



the BBB are able to permeate into the ischemic brain tissue and inflict further injury. Over the subsequent hours and days,
the large scale inflammatory response in the brain, abetted by an injured BBB and vascular breakdown, leads to
irreversible neuronal death in the infarct region (21122 |ndeed, neuro-inflammation is a hallmark of stroke and several
other neurological disorders, and is a key factor in BBB disruption 21121,

Whether the increased BBB permeability after stroke is caused by loss of intracellular junctions or by increased
transcellular transport through ECs via caveolae and vacuoles is debated, although the variations in these findings may
be due to time point differences. Nahirney et al. used electron microscopy to view the peri-infarct endothelium at 3 and 72
h after stroke 23], They found a significant increase in the number of vacuoles at both time points and very few disrupted
TJs, although the number of disruptions did increase with time 23], Krueger et al. found that TJs appeared intact 25 h after
stroke, despite the evidence of BBB leakage [24. On the other hand, there is ample evidence for the breakdown of
junction proteins caused by cerebral ischemia. The phosphorylation of occludin, claudin-5, and ZO-1 is mediated by
increased activation of nPKC-8 and aPKC-Z caused by hypoxia-reoxygenation stress 23, Pro-inflammatory cytokines and
activation of NAPDH oxidase are known to further disrupt the association between ZO-1 and occludin 8. There is
reduction in transcription or increased degradation of TJ proteins after stroke 2. Additionally, hemorrhagic transformation
may be due to TJ disruption. Taken together, the evidence points to the notion that TJ protein degradation contributes to
BBB disruption.

Studies point towards a biphasic pattern of BBB permeability and disruption caused by different mechanisms. The first
phase occurs approximately 6 h after reperfusion and involves increased permeability through the caveolae-mediated
transcytosis of non-selective molecules across ECs [28. This increase in caveolae activity may be caused by pericyte
migration away from the BBB [28!29 |n the second phase, about 48—60 h after reperfusion, the protein junctions between
ECs are broken down and remodeled 28, Studies do not always consider that there may be different phases of BBB
permeability, but it is an important aspect of stroke pathology that should be taken into account when determining
appropriate therapies.

| 3. Current Stroke Management and Its Limitations

Currently there are only two FDA-approved therapies for stroke, and both require immediate medical care. Intravenously
administered tissue plasminogen activator (tPA), a thrombolytic agent, acts to dissolve any blood clots to resume normal
blood flow. However, tPA increases the risk of hemorrhagic transformation by enhancing the activity of MMPs that dissolve
basal lamina supporting the integrity of the vasculature BB, The short window for which tPA's therapeutic benefits
outweigh the potential negative effects is only about 4 h after symptom onset, a window which is reliant on the integrity of
the BBB [BUIE2E3]  Endovascular mechanical thrombectomy is a therapy that extends the time window for therapeutic
intervention after symptom onset and increases rates of successful reperfusion. It is used for severe strokes caused by a
large vessel occlusion, but it is not always successful in preventing further damage 24!,

Restoring blood flow to the injured area is vital, however the reperfusion of blood after ischemic damage causes
inflammatory cascades that may add insult to the area. Reperfusion stimulates leucocyte adhesion, oxidative stress,
mitochondrial dysfunction, and inflammation that further aggravates brain tissue and vasculature LBSIS8IE7 pegpite this,
restoration of blood flow is vital, as late perfusions may exacerbate the damage BBl Fyrthermore, blood vessels—
especially microvessels—are at risk of collapse when they lack sufficient blood flow, a phenomenon known as “no-reflow”,
where reperfusion fails to occur in individual vessels despite blood supply being restored to the area 4241, A key factor in
the no-reflow phenomenon is astrocytic damage during the initial phases of ischemia 4243l Due to the unbalanced
cerebral environment, astrocytes swell, causing their end-feet processes to compress the microvasculature even after
cerebral flood flow is restored “2[43] |t has been suggested that the administration of osmotherapeutics targeted at
reducing the swelling right before or after thrombolysis may help alleviate secondary focal infarction 2], Restoring blood
flow too early, before the vasculature is sufficiently stabilized, increases the risk of hemorrhagic transformation, which may

lead to death 44]. Despite the risks, early reperfusion is associated with reduced mortality and greater functional recovery
[45]

Stroke presents a notoriously complex pathology, and different therapies may produce different outcomes, depending on
when they are administered throughout the progression of the disease. The goals of an ideal stroke therapy would be to
restore blood flow to the hypoperfused penumbral region, reduce the size of the infarct, boost regeneration in the afflicted
area, and promote functional recovery through reorganization of vascular and neural networks. Thrombolysis and
thrombectomy achieve the first goal. Much research has been focused on therapies targeted towards protection and
regeneration of parenchymal neurons and glia, with less attention on the recovery of the vital supportive cells and tissues



upon which the functional parenchymal cells rely. Indeed, proper neurological function is intimately coupled with NVU
health and repair 2. Hence, we discuss the repair and restoration of the NVU evoked by MSC therapy and their
extracellular vesicles (MSC-EVSs).

| 4. Extracellular Vesicles from Mesenchymal Stromal Cells

MSCs have been frequently explored as a promising potential therapy for ischemic stroke. Large and readily harvested
guantities of MSCs can be derived from bone marrow and adipose tissue, though they can be derived from other tissues
as well B8l471 very few MSCs administered after stroke actually reach the infarct area. Instead, it is believed that most of
the therapeutic effects of MSCs are the result of paracrine signaling . Paracrine signaling can be mediated by releasing
trophic factors via extracellular vesicles (EVs) B Cargo carried by EVs such as lipids, proteins, nucleic acids,
cytokines, chemokines, and growth factors can alter the behavior and phenotype of the receiving cell L112],

EVs are classified into four types, based on their size and genesis, though all arise from the cell's plasma membrane:
Exosomes, Microvesicles (MVs), Apoptotic bodies, and Oncosomes. The smallest of the EVs are called exosomes. They
are 50nm-150nm in diameter and are formed when multivesicular endosomes (MVES) in the interior of a cell fuse with the
outer plasma membrane and dump their cargo into the extracellular space LHM8I49IS0 Microvesicles (MVs) typically
range from 50nm-500nm but can be as large as 1000 nm in diameter. These EVs are shed by the outward budding and
subsequent cleavage of the cell membrane LU4811491150] Apoptotic bodies are formed by the membrane blebbing of an
injured cell as it undergoes apoptosis. They range from 100nm—5um BB, Oncosomes are formed from the irregular
membrane protrusions on malignant tumors, and may range from 1um—10um in size LHUBY. Only exosomes and MVs are
relevant to the therapeutic effects imparted by MSC-EVs. A summary of different characteristics for subtypes of EVs are

described in Table 1 below [111148][50][51][52][53][54][55][56]
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Table 1. Subtypes and Properties of Extracellular Vesicles.

Microvesicles

Small EVs

Multivesicular Endosome

50-150 nm

100,000x% g for 90 min

Extracellular matrix;
Heparin-binding; receptors;
Immune response; Cell
adhesion

Glycolipids, Free fatty
acids, Phosphatidylserines

Phosphatidylserine
enrichment;
Phosphatidylcholine,
Phosphatidylglycerol,
Phosphatidylinositol, and
Phosphatidylethanolamine
depletions

Proteins, Lipids, RNAs

Apoptotic Bodies

Ectosomes, Shedding
vesicles, Microparticles,
Exovesicles

Plasma Membrane

150-1000 nm

10,000% g for 30 min

Endoplasmic reticulum;
Proteasome; Mitochondria

Ceramides and
Sphingomyelins

Dependent upon cellular
origin; Most have
phosphatidylglycerol,
phosphatidylinositol, and
phosphatidylethanolamine
depletions

Organelles, Proteins,
Lipids, RNAs

Oncosomes

Membrane
blebbing during
cell death

100 hm-5 um

800x% g for 10 min;
then 16,000% g for
20 min

Heterogeneous

Phosphatidylserine
enrichment

Organelles,
Histones, DNAs,
RNAs, Nuclear
fractions

Large Oncosomes

Non-apoptotic
tumor-cell
membrane

blebbing

1 um-10 um

Alternate
8000x g for 30 sec
and 0.2 ym
filtration;
Oncosomes are
caught by filter

Extracellular matrix
degradation;
Angiogenesis;
Cancer metabolism

Phospholipid and
phosphatidylserine
enrichment

Proteins, RNAs



Angiogenesis is part of the brain’s endogenous repair process after ischemic injury. Recovery of the cerebral vasculature
and neuronal recovery are tightly coupled B8] |schemic stroke patients with greater angiogenesis and vasculogenesis
have longer survival times, while older patients with reduced new vessel formation fare worse BB |n addition, post-
stroke dementia may be related to lower cerebral perfusion and impairments of the NVU [B162 Research suggests that
administration of MSCs and MSC-EVs is able to boost the brain’s regenerative potential [E3IB4I63IE6I67] The therapeutic
effects of MSC-EV administration yield functionally equivalent benefits to MSC administration, including angiogenesis,
neuroprotection, neurogenesis, and functional recovery [B3IB4I65] Critically, MSC-EVs are able to go one step farther than
MSCs; they can cross the BBB. (€8],

MSC-EV administration attenuates post-ischemia immunosuppression, resulting in an environment favorable to neuronal
recovery [83]. |n a rat traumatic brain injury (TBI) model, MSC-derived exosomes did not affect lesion volume; however; it
did improve functional recovery, increase vascular density, increase the number of new neuroblasts, reduce inflammation,
and increase angiogenesis 2. Administration of MSC-EVs during the subacute phase of neonatal hypoxic-ischemic (HI)
brain injury resulted in increased proliferation of endothelial cells, as well as a reduction in pro-inflammatory astroglia and
microglia activations €8, These studies show that MSC-EVs exert positive regenerative effects on the ruptured BBB.
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