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The mechanisms underlying the involvement of microglia and macrophages in both neuroprotection and
neurogenesis after stroke are widely acknowledged as having a role in ischemic stroke pathology Since microglia
and macrophages are regarded as major players in the pathological progression of ischemic stroke, modulating

inflammation and neurological recovery is a hopeful strategy for treating the long-term outcomes after ischemic

injury.
stroke macrophage microglia neurogenesis neuroprotection inflammation
transplantation therapies

| 1. Dichotomous Role of Microglia and Macrophages
1.1. Microglial Activation during Stroke

After the onset of brain ischemia, microglia undergo morphological and functional changes in the penumbra, while
macrophages also infiltrate the brain parenchyma and migrate toward the infarct area. Studies have shown that
activated microglia can have both a beneficial and detrimental effect during all stages of ischemic stroke; however,
the timing and kinetics at which specific anti- and proinflammatory events occur may influence the nature of the
outcome (Figure 1). Activated microglia release cytotoxic factors that can exacerbate ischemia and enable
poststroke inflammation, displaying elevated levels of reactive oxygen species and TNF W. Several reports
maintain this detrimental role of microglia in stroke; however, these reports are not consistent with their markers,
often looking broadly at Ibal+ or CD11b+ cells, and sometimes using glial fibrillary acidic protein (GFAP), a marker
often used to label reactive astrocytes to identify microglia.
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Figure 1. Ischemic inflammatory response of microglia and macrophages. Immediately after an ischemic event,
DAMPs activate resting (MO) microglia and neuroantigens are released. Microglia produce cytokines and
chemokines. Transendothelial migration of monocytes and macrophages occurs through the compromised BBB.
Neuroantigens are processed and presented by APCs and activate CD4+ T-cells, which undergo clonal expansion,
promoting inflammation and neuronal damage. Classically activated (M1) microglia and macrophages release pro-
inflammatory factors and contribute to neuronal damage. Conversely, alternatively activated (M2) microglia and
macrophages release anti-inflammatory factors and contribute to neuronal repair and neurogenesis. Created with

BioRender.com.

1.2. Macrophage Activation Profiles

There has been evidence of infiltration of peripheral monocytes to the brain in response to DAMPs produced after
ischemic stroke, with the presence of neutrophils and macrophages in the site of CNS injury EEI4E (Figure 1).
Activated macrophages can be categorized on a spectrum of functional activity, starting at resting (MO0), classical
activation (M1), which promotes inflammatory responses, to alternate activation (M2), which promotes tissue

remodeling, wound healing, and immune regulation B,

This switch in macrophage phenotype has been explored in ischemic models. For example, monocyte
chemoattractant protein-1 (MCP-1) possesses cytokine-like properties and plays a significant role in macrophage

and Ly-6C"" (CCR2+) proinflammatory monocyte migration to injury sites. The increase in CCL2 (MCP-1)
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expression in the ischemic hemisphere leads to an increased infarct volume Bl while the inhibition of CCR2 or
MCP-1 resulted in a reduced infarct size 1921 |n contrast, Ly-6C'° monocytes that do not express CCR2, but
express the CX3CRL1 receptor for CXC3CL1 fractalkine, develop into M2 macrophages after recruitment to normal
tissues (2. This understanding has led to many studies to focus on skewing microglia and macrophage toward the
M2 phenotype rather than M1.

It is important to note that the MO/M1/M2 trichotomy is an oversimplification of activation states as the status of
macrophages may include overlapping functional phenotype as well as different ones. For example, the M2
phenotype includes subpopulations such as M2a, M2b, M2c, and Mox, each with distinct physiological functions
(13 Not all current studies in CNS injuries have characterized these subpopulations, so while the M0O/M1/M2
classification is broad, it is still a meaningful concept to facilitate our understanding of the functional status of

macrophages.

| 2. Neuroprotection after Stroke
2.1. Angiogenesis

Microglia are known to influence angiogenesis, whereas the elimination of microglia or deficiency in macrophage
colony-stimulating factory causes a reduction in retinal vasculature 2418, During ischemic stroke, Ibal+ microglia
and macrophages cluster around the vasculature and release vascular endothelial growth factor to promote the
reconstruction of blood vessels following stroke HEIL7ILE]  pro-angiogenic microglia and macrophages may
enhance neural proliferation and differentiation following stroke, possibly contributing to neurogenesis and CNS

repair.
2.2. Synaptic Remodeling

It is often reported that ischemic stroke can lead to synaptic dysfunction; however, it is known that microglia and
macrophages participate in synaptic remodeling and refining neural circuitry 2. Microglia promote spine formation
and synaptic maturation through CX3CR1 and complement proteins as well as synaptic pruning in the brain during
development [20121122] Modulation of synaptic function and the neural circuitry is also dependent on the activation
state of microglia and macrophages. For example, one of the inflammatory mediators of neurotoxicity in stroke is
NADPH oxidase, which is triggered by CR3 activation on macrophages and microglia, resulting in long-term
synaptic depression 231241 Modulation of activation states of both microglia and macrophages may thus change

the inflammatory environment following ischemic injury, encouraging neuroprotection and angiogenesis.

| 3. Neurogenesis after Stroke

Macrophage and microglial activation have been linked to changes in neurogenesis following ischemic stroke in
mammals [23126] |t has been suggested that newly generated neuroblasts from the subgranular zone (SGZ) of the

hippocampus and the subventricular zone (SVZ) of the lateral ventricles can migrate and terminally differentiate
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into specific cell types in order to generate new granule cell neurons in the hippocampal dentate gyrus as
anatomical substrates for learning and memory 24, or replenish the loss of neurons in other regions of the adult
brain (2829 respectively. Some studies suggest that the brain is capable of self-repair after insults of extensive
neuronal death through a number of compensatory neurogenesis mechanisms after stroke [BAB1IE2 Additionally,
enhanced SVZ neurogenesis has been observed after stroke [331(34] and newborn neurons have been found in the

ischemic penumbra [22[38],

Microglia and macrophages may participate in regulating neurogenesis by supporting axonal regrowth and
regeneration to allow for functional recovery after stroke. Their production of local trophic gradients helps to
stimulate axonal sprouting toward the infarct area 7. Microglia also are necessary for regulating synaptic
maturation, while in the setting of microglial injury, there can be synaptic dysfunction (8. This active regulation of
functional synapses in the CNS through axon guidance, synaptic patterning, and cell migration is evidence of their
role in modulating neurogenesis [321401141],

The increase in neurogenesis after stroke may only be transient, and similar to what is seen in traumatic brain
injury models, appears to be disrupted by a secondary inflammatory response 2. While the production of trophic
factors is essential for the migration of newborn neurons 2l activation of microglia and macrophages can also
mediate inflammation that is detrimental to neurogenesis 2443 CD4+ T cells are essential to maintain homeostatic
neurogenesis 48 and they also contribute to learning and memory 44 however, activated cells responding to the
injury may inhibit neurogenesis 8. New treatment modalities can arise from shedding light on the mechanisms

that modulate neurogenesis after stroke, as currently there are none.

| 4. Therapeutic Perspectives
4.1. Polarization via Small Molecules

Modulating microglial and macrophage activation and polarization through use of various pharmacological and
small molecules has been a popular area of study (Figure 2). Minocycline, a tetracycline antibiotic commonly used
as an inhibitor of microglial activation, administered five times a week in amyotrophic lateral sclerosis (ALS) mice
from 8-24 weeks of age, diminished the expression of M1 microglia and macrophages but not M2 microglia and
macrophages 9. Additionally, treatment with minocycline for one week, beginning at four days after reperfusion
injury in rats, preserved adult new neurons, reduced reactive astrocytes, and improved dentate gyrus neurogenesis
and neurological function B, Typically, ischemic stroke is characterized by the downregulation of the Wnt/beta-
catenin signaling pathway; however, activation of Wnt/beta-catenin signaling through TWS119 attenuated

neuroinflammation after stroke, by driving microglial anti-inflammatory activation, promotes angiogenesis [21152],
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Figure 2. Modulating microglia and macrophage for therapy. Many novel therapeutic approaches have emerged to
promote remodeling of the injured brain in stroke models by altering the activation phenotype of microglia and
macrophages. Methods for alternative activation of microglia and macrophages include but are not limited to the
use of various small molecules, partial MHC class Il constructs, stem cell therapies as well as transplantation of

microglia as a treatment for both the acute and chronic effects of stroke. Created with BioRender.com.

The nature of the ischemic environment is a key determinant in driving microglia and macrophage function and
their activation phenotype. For example, microglia and macrophages are highly susceptible to energy deficits,
leading to activation and recruitment; thus, metabolic status of the lesion environment is a major factor in
determining the nature of microglial response B354 A number of studies have examined the effects of small

molecules on the shift in microglial polarization toward an M2 phenotype after an ischemic event.

Microglia and macrophage activation could also be modulated toward the M2 phenotype through post-stroke
treatment with docosahexaenoic acid (DHA) administered immediately after reperfusion and daily for three days
thereafter. Treatment with DHA also significantly inhibits infiltration of neutrophils, T, and B lymphocytes 551, A
polarization shift of microglia and macrophages toward the M2 phenotype with a reduction in neurological deficit
and infarct volume was also seen when a redox transcription factor NFE2 related factor 2 activator, CDDO-EA, was
administered 30 min after the end of the ischemic period in mice B8, Modulation of microglial M2 polarization via
the toll-like receptor 4 pathway, a regulator of macrophage activation and polarization after injury, through the use
of B-caryophyllene, a natural bicyclic sesquiterpene, also reduced infarct volume and neurologic deficits in mice
after a transient MCAO B4, Additionally, human stroke patients have increased plasma levels of sST2, an inhibitory
IL-33 receptor; while in mice, treatment with IL-33, a cytokine known to induce a shift toward M2 polarization,

increased peripheral levels of IL-4 in the spleen and peri-infarct area 28],
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Angiogenesis can also be stimulated by modulating microglial polarization toward M2 through AMPK signaling after
stroke. The treatment of human umbilical vein endothelial cells (HUVECS) in vitro with conditioned media collected
from BV-2 microglial cells in culture incubated in berberine, an isoquinoline alkaloid extract from traditional Chinese
medicine, facilitated angiogenesis of HUVEC cells B2, Moreover, oral administration of berberine in mice subjected

to transient MCAO resulted in angiogenesis as revealed by PET/CT imaging.

4.2. Stem Cell Therapies

Stem cell therapies for stroke have the potential to provide neurorestorative benefits. The type of stem cell and
route of administration determines the efficacy of stem cell-based therapies in mediating a therapeutic effect
(Figure 2). The therapeutic of effect of neural stem cells have been attributed to the promotion of neurogenesis

and regeneration.

Neural stem cell (NSC) transplants have been shown to improve behavioral outcomes and angiogenesis in rat
models of ischemic stroke, leading to studies interrogating human NSCs (hNSC) B3l Grafted hNSCs can
differentiate into neurons, astrocytes, and oligodendrocytes in the ischemic brain, even making direct contact with
stroke-damaged vasculature and participating in remyelination, respectively 82, More recently, administration of
clinical-grade hNSC line CTX0EO3 by intracerebral implantation has been shown to improve upper limb function in
stroke patients 3. Success in previous clinical trials will allow researchers to utilize this cell line for other

neurological diseases and disorders.

Bone marrow stem cells (BMSC) have been shown to migrate to the site of ischemia and differentiate into neural
cells 4 More recently, bone marrow-derived mesenchymal stem cells (MSC) SB632 were associated with
improvement in clinical outcome in stroke patients with chronic motor deficits 2. These cells were intracerebrally
transplanted and well tolerated after 12 months. The advantages of MSC transplantation for functional recovery,
angiogenesis, and endogenous neurogenesis have also been shown in animal stroke models [EEI671[68]69]
However, one major limitation of the current stem cell therapies is the sparse migration of MCSs to the ischemic

brain regions after transplantation.

Umbilical cord blood stem cells (UCBSC) offer many advantages over other types of stem cells. The immune
properties of UCBSCs allow for increased tolerance for human leukocyte antigen mismatches and decreased
incidence of graft-versus-host disease as well as ease of procurement and availability Z97 Non-hematopoietic
umbilical cord blood stem cell (nh-UCBSC) has also been shown to ameliorate ischemic brain injury by reducing
the number of macrophages and microglia and normalizing the number of B cells and T cells in the brain following

stroke when administered 48 h after the ischemic injury 221731,

| 5. Chronic Stroke

Antigen Presentation and Cognitive Decline
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After an ischemic event, antigen-presenting cells (APCs) accumulate in the brain parenchyma and express MHC
class | and Il cell surface molecules [AIZSIZEI7Y APCs engulf and process the peptides of damaged and dying
cells and then present these peptides to CD8+ T cells, in association with MHC class |, and to CD4 T+ cells, in
association with MHC class Il (Figure 1). The activation of the T cell population to target self-antigens in the CNS
can potentially contribute to the progressive, cognitive decline seen in many patients after stroke. Macrophage
populations of dendritic cells that express both Ibal and CD11lb markers migrate in the choroid plexus in mice and
behave as APCs [8I73 A population of Ibal+CD11b+CD45™ are a subset of microglial cells that can also
upregulate antigen presentation and activation markers BY8182] \while CD4+ T-cell mediated neuroprotection is
initiated by APCs, MHC class II+ microglia APCs are required for a secondary restimulation and can drive antigen-
specific neuroprotection [£2l, demonstrating a close relationship between these two cell types.

The volume of infarction and severity of stroke is correlated with the concentration of neural antigens found in the
serum of patients after stroke B4l Autoantibodies against brain antigens have been found in the CSF of patients

with stroke, possibly contributing to the development of post-stroke cognitive impairment [B6I87]88]

6. Microglial Transplantation as a Treatment for Chronic
Stroke

6.1. Transplantation of Fetal Microglia

Transplantation of fetal microglia has been demonstrated to improve ischemia-induced functional changes and
apoptotic events after stroke. Ischemia was induced in rats by MCAO and human microglial cells (HMO®6) from fetal
telencephalon tissue were transplanted into a treated group B2, Animals that received HMO6 transplantation
showed significantly reduced infarct volume and apoptotic cells in the infarct core and penumbra when compared
to the control group that did not receive the transplant. Gene expression analysis showed that HMOG6 cells
migrated to the ischemic area and produced neurotrophic factors such as GDNF and BDNF and anti-inflammatory
cytokines IL-4 and IL-5, which reduced the endogenous glial response. The accumulation of transplanted microglia
in the lesion core suggests that microglia can potentially be used in gene therapy as a vehicle for the transfer of

therapeutic genes.

Fetal microglial transplantation may improve stroke outcomes by modulating inflammation and facilitating
angiogenesis. Expression of IL-1p is high in HMOG6 and has been shown to increase VEGF mRNA expression in
HMOSG cell lines when co-cultured with a mesenchymal stem cell line B10 2. White matter lesions (WMLs) as a
result of chronic cerebral ischemia are thought to contribute to vascular dementia. HMOG6 cells were injected
intravenously and WML development was assessed in a chronic cerebral hypoperfusion rat model induced by
bilateral common carotid artery occlusion (BCAO) 21, The authors found that the transplantation of HMOG6 inhibited

BCAO-induced WMLs and displayed an early and prolonged improvement in WMLs.

6.2. Transplantation of iPSC Derived Microglia
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Microglia derived from iPSCs are an important consideration for translational neuroimmunology research and hold
great potential for therapy. iPSC-microglia are able to recapitulate the inflammatory-modulating properties of brain-
resident microglia by resembling the in vivo phenotypical profiles of microglia within stroke lesions and responding
to IL-13 stimulation 22, While primary microglia grown in culture tend to have major differences in morphology and
gene expression when compared to resident-microglia in the brain, single-cell RNA-sequencing of transplanted
iPSC-derived microglia showed similarities to healthy primary microglia in both gene expression profiles and
phenotypic morphology and are able to functionally integrate in the chimeric mouse brain 23194 Beyond iPSC-
derived microglia serving as a suitable representation of human microglial cells, the cells have also demonstrated
the ability to mitigate neuronal loss after stroke in rats aged 24 months.

6.3. Prospects for Transplanting Exogenic Microglia

Exogenous microglia also have the potential to protect against neuronal damage after stroke by exhibiting an
affinity for ischemic brain lesions. Injection of exogenous microglia was show to promote CAl cell survival by
migrating to the CAL1 cell layer and increasing the expression of BDNF and GDNF in the ischemic hippocampus
1931 Cell therapies involving hypoxic preconditioning is becoming a popular strategy for treating ischemic stroke.
Microglia subjected to oxygen-glucose deprivation before transplantation can induce anti-inflammatory microglia
and result in the overexpression of remodeling factors such as MMP-9, VEGF, and TGF-B in the injured brain
parenchyma 28, Such therapeutic potential has led to hypoxic preconditioning of stem cells to facilitate the

switching of microglia toward an anti-inflammatory polarization for use in alleviating ischemic injury £,
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