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Communication between microglia and other cells has recently been at the forefront of
research in central nervous system (CNS) disease. In this review, we provide an overview
of the neuroinflammation mediated by microglia, highlight recent studies of crosstalk
between microglia and CNS resident and infiltrating cells in the context of ischemic
stroke (IS), and discuss how these interactions affect the course of IS. The in-depth
exploration of microglia-intercellular communication will be beneficial for therapeutic tools
development and clinical translation for stroke control.
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INTRODUCTION

Microglia are initially termed ‘‘the third element of center nerve’’ and discovered as resident
macrophages in the central nervous system (CNS). Microglia are primarily responsible for innate
immunity in the brain and play a pivotal role in maintaining the homeostasis of the CNS through
immune surveillance. As such, microglia can rapidly respond to the local milieu and drive acute
inflammation as the defense and repair mechanism to maintain brain homeostasis. Although they
are involved in immune responses within the CNS, they possess many additional capabilities
beyond simple immune surveillance. Microglia, by themselves or interacting with other glial cells
(astrocytes and oligodendrocytes), can instruct neurogenesis, regulate neural function, facilitate
synapse formation and preserve the integrity of the blood-brain barrier (BBB; Nimmerjahn et al.,
2005; Wake et al., 2009). Similarly, microglia react passively to brain pathology and play a more
active role in the initiation and progression of many neurologic disorders, from neurodegeneration
diseases to ischemic stroke (Wright-Jin and Gutmann, 2019).

Ischemic stroke (IS) is one of the leading causes of mortality and disability worldwide, and
it is primarily caused by thromboembolic occlusion of a major artery that supplies the brain
(Benjamin et al., 2018). Microglia are sensitive to ischemia and respond in minutes after IS
onset. Microglia-mediated inflammation is a pathological hallmark of IS (Rodriguez-Gomez et al.,
2020). Meanwhile, microglia can shape the fate of cell populations in CNS through cell-cell
interactions. Hence, targeting microglia is of more interest in IS therapy. This review will briefly
discuss the pathophysiology of microglia in IS, focusing on neuroinflammation, and then explore
the communication mechanisms between reactive microglia and the CNS-resident cells and
CNS-infiltrating cells.
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THE PATHOPHYSIOLOGY OF MICROGLIA
IN ISCHEMIC STROKE

In response to hypoxia and ischemia-reperfusion injury in IS, the
microglia undergo typical morphological and functional changes
(Taylor and Sansing, 2013; Rodriguez-Gomez et al., 2020). In
brief, the microglial reactivity was simplistic fitted into a bimodal
scheme: the pro-inflammatory M1 and anti-inflammatory M2
phenotype. M2 is divided into M2a, M2b, and M2c. M2a is
mainly involved in cell regeneration, and the other two types
are primarily involved in phagocytosis and the removal of
necrotic tissue (Chhor et al., 2013). M1 phenotype markers
include CD16, CD32, CD86, major histocompatibility class
II (MHC II), and inducible forms of nitric oxide synthase
(iNOS). M1-microglia (M1-MG) secrete pro-inflammatory
cytokines, such as TNF-α, IL-1β, and nitrogen monoxide
(NO), and exacerbate inflammation and tissue injury. In
contrast, M2-microglia (M2-MG) secrete anti-inflammatory
cytokines, such as TGF-β, IL-4, IL-10, and growth factors such
as vascular endothelial growth factor (VEGF), brain-derived
neurotrophic factor (BDNF), platelet-derived growth factor
(PDGF), suppress inflammation, and promote tissue recovery
(Kanazawa et al., 2017).

Microglia could be activated within minutes following
the onset of brain ischemia (Nakajima and Kohsaka, 2004)
and play a significant role in phagocytosis within 3 days
(Schroeter et al., 1997). Microglia exit morphologic diversity
during brain ischemia, such as ‘‘stellate’’ microglia at 1 to
3 days and ‘‘amoeboid’’ microglia at 6 days after middle
cerebral artery obstruction (MCAO; Schroeter et al., 1997).
Consistent with these findings, another study showed that
ramified microglia and ‘‘amoeboid’’ microglia surrounded intact
and dying neurons after IS, respectively (Zhang et al., 1997;
Perego et al., 2011).

The active microglia play biphasic roles in IS, depending on
the opposite M1- and M2- phenotype. Existing studies show
that M1-MG can be first detected in the ischemic penumbra
at 6 h after cerebral ischemia and gradually extend to both
ischemic penumbra and core after 24 h. An acute inflammatory
process driven by M1-MG cleans the neural death debris and
limits the expansion of infarct foci. Critical for regulating the
inflammatory response, a secondary M2-like activation, followed
by an M1-MG response, is essential for wound healing and
suppression of inflammation. Studies detected Ym1 and CD206,
characteristic markers of M2-MG, are exclusively expressed in
the ischemic core in the acute phase of stroke (Lian et al., 2021).
M2-MG, marked with CD206 or YM1, are observed as early
as 6 h or 12 h and reach the peak approximately 24 h post-
infarction. However, the dominant M2-MG in the core will
gradually switch to M1-MG in the following 2 weeks (Perego
et al., 2011; Taylor and Sansing, 2013). In principle, the M1-
MG-induced pro-inflammatory response is not deleterious but
necessary to maintain CNS homeostasis. However, for reasons
not yet fully understood, M1-MG developed into a highly
pro-oxidant phenotype, which contributes to the shift from acute
to chronic inflammation aggravating neuronal death instead of
repairing it.

In addition to regulating neuroinflammation, microglia are
involved in other pathological events of stroke, such as activation
of astrocytes, alteration of the blood-brain barrier, remyelination,
and peripheral immune cell responses. And the communication
between microglia and numerous cells is tightly focused on the
microglial pro- and anti-inflammatory phenotypes.

THE COMMUNICATION BETWEEN
MICROGLIA AND RESIDENT CELLS IN
THE BRAIN

The modern concept of acute ischemic stroke highlights the role
of the neurovascular unit (NVU) and emphasizes the importance
of the dynamic interactions of endothelial cells, astrocytes,
microglia, and neurons. Microglia, the pivotal immune sentinels,
interact with other components in the NUV to form a complex
network involved in the progression of IS (Figure 1).

Neuron
In addition to their pivotal role as immune sentinels of the brain,
emerging data suggest that microglia are critical to neuronal
homeostasis. Meanwhile, neuronal activity is confirmed to be
a driver of microglial action through ‘‘on’’ and ‘‘off ’’ signals.
As such, most studies focus on the mechanisms of bidirectional
microglia-neuron communication and demonstrate that there
are a lot of cell-cell signals involved in indirect interaction
(Marinelli et al., 2019; De Schepper et al., 2021) and direct
interaction at somatic microglia-neuron junctions (Cserép et al.,
2020, 2021).

Microglia Shape the Fate of Neurons in
Ischemic Stroke
As mentioned above, under the hypoxic environment following
hypoperfusion, microglia are the first responders and then
polarize toward M1- and M2-MG. Regardless of the functional
phenotype, activated microglia generally perform phagocytosis
to limit secondary neuronal damage caused by apoptotic or
stressed neurons. These degenerated cells release ‘‘eat-me’’
signals to trigger microglia phagocytosis. Consistent with this
motivation, during the acute phase of IS, lots of activated
microglia accumulate mainly in the peri-infarct zone, where
ischemia is less severe than in the infarct zone and neuronal cells
are more inclined toward apoptosis. Moreover, these activated
microglia can engulf infiltrating neutrophils for neuroprotective
purposes (Neumann et al., 2008). The phagocytosis of microglia
may serve either for killing cells (toxicity, M1) or scavenging
debris (protection, M2c; David and Kroner, 2011). For
instance, M1-MG may exhibit excessive phagocytosis, also
called phagoptosis (Wang K. et al., 2021), eliminating viable
neurons (Nehera et al., 2013; Brown and Neher, 2014) and
live synapses (Shi X. et al., 2021) through multiple epidermal
growth factor-like domains protein 10 (MEGF10) and tyrosine-
protein kinase Mer (MERTK) in the post-stroke repair and
remodeling stage. And thus exacerbating secondary damage
after stroke.

The growing evidence indicated that extracellular
vesicles (EVs) mediate microglia-neuron communication
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FIGURE 1 | The communication between microglia and CNS-resident cells in the context of neuroinflammation (Figure created with BioRender.com). (A)
Bidirectional microglia-neurons communication. Activated microglia generally perform phagocytosis to limit secondary neuronal damage caused by apoptotic or
stressed neurons. Neurons release “eat me” or “don’t eat me” signals to modulate microglia’s phagocytosis. In addition, activated microglia increase the shedding of
EVs containing pro- or anti-inflammatory cytokines and miRNAs, promoting or suppressing neural destruction. On the contrary, damaged neurons regulate microglial
action and polarization through different signals. (B) Bidirectional microglia-astrocytes communication. Microglia with different phenotypes can modulate phenotypic
transformation, proliferation, and glial scar formation of astrocytes through pro-inflammatory or anti-inflammatory signals. Similarly, astrocytes regulate microglial
phenotypes and functions through their secreted molecules. (C) Bidirectional microglia-microvascular endothelial cells communication. Interactions between
activated microglia and the endothelial cells of the BBB increase the permeability of the blood-brain barrier and promote leukocyte infiltration. In contrast,
bidirectional communication between microglia and peripheral immune cells enhances central nervous system inflammation and promotes disease progression.

(Frühbeis et al., 2013). In response to pro-inflammatory
stimuli, microglia increase the shedding of EVs containing
pro-inflammatory cytokines and miRNAs, promoting
neural destruction. Lipopolysaccharide (LPS) can stimulate
microglia to release EVs enriched in IL-1β and miR-155
(Kumar et al., 2017), or TNF-α and IL-6 (Yang et al.,
2018), contributing to pro-inflammatory signaling. Exosomes
from BV2 microglia treated with α-syn contain TNF-α and
MHC II proteins and increase neuronal apoptosis (Chang
et al., 2013). Moreover, EVs from M1-MG enriched with
miR-146a-5p lead to a significant decrease in dendritic
spine density in hippocampal neurons in vivo and in vitro
(Prada et al., 2018).

Conversely, the exosomes derived from M2-MG may present
beneficial effects. M2-MG-derived exosomes can attenuate
neuronal apoptosis after oxygen-glucose deprivation (OGD)
in vitro and reduce infarct volume at 3 days of the onset of
IS in vivo via miR-124 and its downstream target ubiquitin-
specific protease 14 (Song et al., 2019). BV2 microglial cells
polarized by IL-4 can ameliorate ischemic injury by promoting
angiogenesis through the secretion of exosomes containing
miRNA-26a (Tian et al., 2019). In addition, M2-EVs, enriched

in miR-124, can reduce glial scar formation by inhibiting the
proliferation of astrocytes and promoting astrocytes’ transition
to neural progenitors, and finally improve recovery after stroke
(Li Z. et al., 2021).

Neurons Influence the Function of
Microglia
Damaged neurons are not merely passive targets of microglia
but rather regulate microglial activity through different signals.
CX3CL1/CX3CR1 are the most studied ligands and receptors
pairs involved in controlling microglial activation. CX3CL1,
which mainly derives from neurons, interacts with CX3CL1R
expressed inmicroglia and directly inducedmicroglial migration,
proliferation, and even the ability to eliminate the degenerated
neuron debris. CX3CL1 released from injured neurons may
signal microglia as a ‘‘help me’’ signal (Suzumura, 2013).
Interestingly, dying neurons in the lesioned region release the
chemokine CX3CL1, leading to exposure of the ‘‘eat-me’’ signal,
which is subsequently recognized by C3aR-expressing microglia,
resulting in phagocytosis of living neurons (Surugiu et al.,
2019). In contrast to ‘‘eat-me’’ signals, ‘‘do not eat me’’ signals,
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such as CD47-SIRPα and CD200-CD200R, inhibit microglial
phagocytosis (Marinelli et al., 2019; Wang K. et al., 2021).

Damaged neurons also regulate the polarization of microglia.
A study (Xing et al., 2014) showed injured neurons could activate
microglia into potentially pro-recovery phenotypes via lipocalin-
2. Lipocalin-2 treatment increase IL-10 release in microglia;
meanwhile, conditioned medium from lipocalin-2 treated
microglia prevented neuronal death from OGD stress. In line
with this, damaged neurons under ischemia stress could release
IL-4, which could enhance the expression of the IL-4 receptor
on microglia and promote microglia polarization to the M2-
phenotype. IL-4 also enhances peroxisome proliferator-activated
receptor γ (PPARγ)-dependent phagocytosis of apoptotic
neurons (Zhao et al., 2015). In vitro, primary neurons in OGD
cultures upregulate VEGF release and adding VEGF tomicroglial
cultures partly shifts M2-MG markers (Esposito et al., 2018). In
contrast to these studies, Meng and colleagues (Meng et al., 2016)
discovered that ischemic neurons could contribute to M1-MG
polarization at 24 and 72 h after MCAO by releasing soluble FasL
and activating JAK2/STAT3 and NF-κB signaling pathways may
be involved.

Neurons critically regulate microglia activity and control
inflammation via EV-mediated neuron-glia communication.
In primary cell culture systems, neurol derived-EVs could
improve microglia viability via inhibition of apoptosis and
reduce the LPS-induced pro-inflammatory response in microglia
but increase expression of the anti-inflammatory cytokine, IL-10
(Peng et al., 2021). However, injured neurons show a different
effect on microglia activity. Yin et al. (2020) team found scratch-
injured neurons PC12-derived exosomes containing miR-21–5p
induced M1 microglia polarization. Endangered neurons treated
with glutamate could release vesicles containing CCL21 and
activate remote microglia via the chemokine receptor CXCR3
(de Jong et al., 2005).

Astrocyte
Astrocytes, as well as microglia, actively control CNS physiology
in health and disease (Linnerbauer et al., 2020). Astrocytes
undergo a pronounced transformation called ‘‘reactive
astrogliosis’’ after brain injury and disease (Liddelow et al., 2017).
Reactive astrocytes may be detrimental or beneficial, depending
on the heterogeneous types. In one of the first examples of
the heterogeneity of reactive astrocytes, A1 and A2 states
are identified in LPS injection or ischemic injury via MCAO,
respectively (Zamanian et al., 2012), which are themselves loosely
based on the M1/M2 paradigm. Growing evidence highlights
that microglia-astrocyte crosstalk is fundamental to neuronal
dysfunctions in CNS disease (Jha et al., 2019; Vainchtein and
Molofsky, 2020).

Microglia Regulate the Activity of
Astrocytes
Microglia, which usually react faster than astrocytes to
pathological stimuli, induce astrocytes activation and determine
the fate of astrocytes, ranging from neuroprotective to neurotoxic
(Jha et al., 2019). Either by acute CNS injury or systemic LPS
administration, microglial activation can induce A1 astrocytes by

secreting IL-1α, TNF-α, and C1q. A1 astrocytes induce neuronal
and oligodendrocyte death rather than support neuronal survival
and outgrowth (Liddelow and Barres, 2017; Liddelow et al.,
2017). SDF1α-CXCR4 signaling has been reported to be involved
in the microglia-astrocyte conversation in neuroinflammation.
Bezzi et al. (2001) found that autocrine/paracrine TNFα-
dependent signaling leads to glutamate release by astrocytes
through SDF1α-CXCR4 signaling. Moreover, activated
microglia cooperate to enhance the release of TNF-α and
further dramatically amplify the TNF-α reaction. Microglia
also induce the neuroprotective phenotype of astrocytes and
reduce post-stroke inflammation. ZEB1 is a zinc finger-
homeodomain transcription factor family member that
modulates cell differentiation and specific cellular functions
in multiple tissues. After the experimentally induced stroke,
ZEB1 is highly expressed in the ischemic cerebral hemisphere,
predominantly in microglia. Overexpression of ZEB1 mediated
microglial cell responses, followed by inhibition of astrocytic
CXCL1 production, resulting in fewer neutrophils entering
the brain (Li et al., 2018). In the late phase of IS, astrocytes
migrating around BBB will form glial scars to limit the diffusion
of inflammatory areas. However, glial scar formation may hinder
blood circulation and tissue regeneration in the recovery phases
of IS. EVs enriched in miR-124 derived from M2-MG inhibit
astrocyte proliferation, thus reducing glial scar formation and
promoting recovery after stroke (Li Z. et al., 2021).

Astrocytes Influence the Behavior of
Microglia
Similarly, astrocytes regulate microglial phenotypes and
functions through their secreted molecules. Astrocyte-derived
chemokines mediate microglial activation. In vitro study showed
that CCL2, released from TNF-α primed astrocyte, stimulates
microglia toward M1 polarization and enhances microglia’s
migration ability (He et al., 2016). In addition, the critical role
of astrocyte-derived CCL7 in promoting microglia-mediated
inflammation was recently demonstrated both in vivo and
in vitro (Xue et al., 2021). In response to stressors, astrocytes
can also produce amounts of IL-17A, which contribute to
microglia polarization to the M1 phenotype through a signaling
pathway with the IL-17A receptor (Das Sarma et al., 2009;
Dai et al., 2019; Liu et al., 2019). Notably, astrocytes also
participate in a positive feedback loop with microglia that can
further exacerbate BBB disruption and neuroinflammation.
For instance, pro-inflammatory cytokines such as IL-1β that
are released from activated microglia can suppress astrocytic
production of sonic hedgehogs and increase secretion of CCL2,
CCL20, and CXCL2 (Wang et al., 2014).

Furthermore, astrocytes can attenuate microglial
inflammation. For instance, astrocyte derived-exosomes
containing miR-873a-5p could significantly inhibit LPS-induced
microglial M1-phenotype transformation and the subsequent
inflammation through decreased phosphorylation of
extracellular regulated protein kinases (ERK) and NF-κB/p65
(Long et al., 2020). Min et al. (2006) treated microglia with the
astrocyte culture-conditioned media (ACM) and found ACM
suppressed IFN-γ-induced microglial inflammatory responses
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through the expression of hemeoxygenase-1. Astrocytes in
the mixed glial culture stimulated the proliferation of the
microglia and M2 polarization, possibly through acquiring
the A2 phenotype; both could be converted to M1 microglia
and A1 astrocytes under the inflammatory stroke-mimicking
environment (Kim and Son, 2021). In addition, astrocytes
and neurons combine to provide immunomodulatory cues,
repressing primed microglial responses to weak inflammatory
stimuli (without affecting maximal responses) and consequently
limiting the feedback effects of inflammation on the neurons
and astrocytes themselves (Baxter et al., 2021). In addition,
IL-10 production by activated microglia stimulates astrocytes to
secrete TGF-β, which attenuates microglia activation (Norden
et al., 2014), thus forming a negative feedback loop.

Oligodendrocyte
Oligodendrocytes (OLs), the unique cell type implied in CNS
myelination, are sensible to ischemic damage. Swelling of OLs
occurred 30 min after arterial occlusion, and a large number
of OLs died 3 h after ischemia, which appeared earlier than
neuronal death in the ischemic area (Pantoni et al., 1996). Loss of
myelin sheaths can impair axon survival, so new oligodendrocyte
progenitor cells (OPCs) are required for remyelination. Stroke
and experimental ischemia can induce the proliferation and
differentiation of OPCs (Zhang et al., 2013). However, most
of these OPCs fail to develop into mature OLs, resulting in
insufficient remyelination (Goldman and Osorio, 2014; Wang
et al., 2020).

Activated microglia regulate the events leading to myelin
regeneration (Miron, 2017). The pro-inflammatory factors
produced by M1-MG cause OLs’ death. For instance, TNF-α and
IFN-γ induce OLs apoptosis and inhibit OPC proliferation and
differentiation (Chew et al., 2005; Shi et al., 2015). However,
activation of microglia with IL-13 or IL-10 enhances the
survival and differentiation effect of OPCs (Miron et al., 2013).
Recent studies have shown that TGF-α produced by microglia
has a protective effect on OLs against ischemic injury via
STAT3 signaling (Dai et al., 2020). The work of Xie et al. (2021)
revealed that IL-33 treatment reduced the death of OLs andOPCs
after MCAO in a microglia/macrophage dependent manner.
Combined with their in vitro experiment, they concluded
IL-33could lead to an anti-inflammatory microglia response, and
IL-33-treated microglia could protect OLs and OPCs against
stroke (Xie et al., 2021). Moreover, protective microglia-derived
EVs enhance the maturation of OPCs, resulting in ameliorated
neurological functionality (Lombardi et al., 2019; Raffaele et al.,
2021). Minocycline, a member of the tetracycline antibiotic
family, is an inhibitor of microglial activation. Inhibiting
microglial activation with minocycline attenuated OLs/OPCs
damage under hyperoxia and ischemia-hypoxia conditions in
neonatal rats (Schmitz et al., 2014). Thus, the effect of microglia
on remyelination in stroke is closely related to their functional
phenotypes.

Microvascular Endothelial Cell
Blood-brain barrier (BBB) disruption is a major pathological
hallmark in the course of IS (Liu et al., 2018; Shi et al., 2018;

Arba et al., 2021). The opening of the BBB progresses from
initially reversible (0–24 h) to irreversible (24–72 h) following
acute ischemic stroke (Sifat et al., 2017). The primary barrier
of BBB is formed by microvascular endothelial cells (EC) with
tight junction protein complexes. Upon vascular inflammation,
EC can produce lots of factors to trigger microglia prime.
For instance, CXCL5 is increased in the cerebrospinal fluid of
patients with IS in the first 24 h (Zaremba et al., 2006), and LPS
primed EC is the cell source of CXCL5. The pharmacological
inhibition of CXCL5 significantly reduces microglial activation.
Matrix metalloprotease-3 (MMP-3) is another EC-derived factor
that induces microglia activation after spinal cord injury
(Lee et al., 2015). Besides, VEGF expressed by EC plays a
neuroprotective effect in IS by inhibiting the pro-inflammatory
response in microglia via downregulated scavenger receptor A
(Xu et al., 2017). However, unchallenged endothelial cells showed
the opposite performance in microglia activation (Thurgur and
Pinteaux, 2019). Resting EC may dampen microglia activation
and exert immunosuppressive effects.

Likewise, activated microglia affect BBB integrity targeting
on EC. In vivo study demonstrated that perivascular microglia
may directly supply tight junction protein (TJP) claudin-5 to
the endothelium and contact EC to maintain BBB integrity.
While sustained inflammation triggers activated microglia to
impair BBB function by engulfing astrocytic end-feet (Haruwaka
et al., 2019). Cytokines and chemokines derived from activated
microglia are the primary mediators involved in inflammation
and BBB injury. In a co-culture system of microglia and
microvascular endothelial cells, studies show LPS-stimulated
microglia (LPS-MG) induced BBB collapse via TNF-α, IL-1β,
IL-1α, and MIP-1α (Nishioku et al., 2010; Shigemoto-Mogami
et al., 2018). It is noteworthy LPS-MG triggered astrocytes could
produce a higher concentration of these cytokine/chemokines
(Shigemoto-Mogami et al., 2018). Besides, TNF-α secreted by
microglia may also induce EC necroptosis, which contributes
to BBB breakdown in IS (Chen et al., 2019). Likewise, IL-1β
expressed by microglia could induce downregulation of TJP ZO-
1/occluding and increase BBB permeability in vitro (Kangwantas
et al., 2016). In addition, immune cells are trafficked into
brain parenchyma by chemokines (i.e., CCL2, CXCL10) secreted
by M1-MG, which generate reactive oxygen species and
thus exacerbate BBB damage (Thurgur and Pinteaux, 2019;
Ronaldson and Davis, 2020). Recently, Xie et al. (2020) reported
that the exosomes shuttled miR-424-5p from OGD activated
microglia significantly cause cell injury and permeability of
EC, and the inhibition of miR-424-5p markedly reduced
neurological dysfunctions and endothelial cell injury induced
by MCAO.

THE COMMUNICATION BETWEEN
MICROGLIA AND CNS-INFILTRATING
CELLS

Numerous peripheral immune cells sequentially infiltrate
into the ischemic hemisphere after acute ischemic stroke
(Qiu et al., 2021). Microglia can regulate the recruitment,
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extravasation, and function of peripheral immune cells.
For instance, microglia release a variety of chemokines to
stimulate neutrophils, monocytes, and lymphocytes in the
injured area after ischemic injury. Microglia also regulate the
pro-inflammatory or anti-inflammatory state of infiltrating
peripheral immune cells after IS. Conversely, invasive peripheral
immune cells also affect the function of microglia in IS (Qiu
et al., 2021). The timescale and the communication between
microglia and the infiltrating cells in the brain are shown in
Figure 2.

Neutrophil
Neutrophils are the first peripheral immune cells attracted to
the brain, where they are detected in the microvascular within
the 1st h and peak at 1 to 3 days after experimental stroke
(Gelderblom et al., 2009; Gronberg et al., 2013). The infiltration
of neutrophils in the ischemic hemisphere increased significantly
after 3 h, reaching a peak after 24 h, followed by a steady
dissipation over 7 days (Gelderblom et al., 2009). Neutrophils can
exert detrimental effects already from the vessel wall, inducing
a no-reflow phenomenon, damaging BBB, and promoting clot
formation (Planas, 2018). Also, studies found neutrophils in
the ischemic brain parenchyma using models of MCAO. The
invading neutrophils can accelerate neuronal damage in ischemic
conditions and enlarge infarct lesions (Neumann et al., 2008;
Perez-de-Puig et al., 2015; Otxoa-de-Amezaga et al., 2019).
Both neutrophils and microglia can respond rapidly after
cerebral ischemia. Evidence demonstrated that microglia could

counteract the neurotoxicity of neutrophils by phagocytosis of
apoptotic and viable, motile neutrophils in cell culture and
within brain slices (Neumann et al., 2008). More neutrophils
are gathered in the ischemic core where local microglia cell loss
and dystrophy. In contrast, fewer neutrophils at the periphery of
infarction are associated with more reactive microglia at 1 day to
4 days after MCAO (Otxoa-de-Amezaga et al., 2019).

Interestingly, neutrophils may protect neuron damage
against ischemic injury via the anti-inflammatory phenotype
N2 expressing Ym1 and CD206 (Hou et al., 2019). Neutrophils
can reprogram to N2 phenotype in brain inflammation which
is modulated by PPAR-γ activation or by TLR activation. The
N2 polarization of neutrophils promoted the engulfment of
neutrophils by microglia/macrophages, which led to reductions
in brain edema and infarct volume (Cuartero et al., 2013; Garcia-
Culebras et al., 2019). Thus, neutrophils may also have a dual
function in IS by amplifying inflammatory response or the
resolution of inflammation.

NK Cell
NK cells are subsets of cytotoxic lymphocytes that respond
quickly after activation and kill cells by releasing cytokines
and chemokines without pre-stimulation from other cells (Abel
et al., 2018). After BBB destruction, NK cells infiltrate into
brain parenchyma like other peripheral immune cells, exhibiting
dynamic and spatiotemporal characteristics. Zhang et al. (2014)
observed NK cells in ischemic patients’ brain tissues in 2 to 5 days
and found the number of NK cells in the ischemic hemispheres

FIGURE 2 | The communication between microglia and CNS-infiltrating cells (Figure created with BioRender.com). Following BBB destruction, peripheral immune
cells infiltrate into brain parenchyma and work with microglia to damage or protect the brain tissue. The migration of leukocytes to ischemic lesions presents a time
scale and they act in different stages of stroke (Blue represents baseline conditions, whereas pink indicates peak modifications of the immune cells. Acute phase: up
to 8 h after stroke. Subacute phase: 8–48 h after stroke. Chronic phase: over 48 h after stroke). Microglia release chemokines to promote the infiltration of peripheral
immune cells. Moreover, different signals crosstalk between different subtypes of peripheral immune cells and different microglia phenotypes affect pro- or
anti-inflammatory function.
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was higher than those in the non-ischemic hemispheres. In
addition, the infiltration of NK cells into the ischemic infarct
region reached its highest levels 12 h after ischemia (Zhang
et al., 2014). Moreover, kinetic experiments showed that NK cells
accumulate in the brain as early as 3 h after tMCAO and peak on
day 3 (Gan et al., 2014).

Chemotaxis and infiltrates of NK cells into the brain
may be associated with microglia. During the IS, microglia
are activated and release a large amount of IP-10. IP-10
belongs to the chemokine-like factor superfamily, which has
chemotactic activity against natural killer cells. NK cells were
recruited to the ischemic region through the IP-10/CXCR3 and
CX3CL1/CX3CR1 axis (Zhang et al., 2014). Additionally, NK
cells are also recruited to the CNS by chemokines such as
CCL2 and CXCL10 produced by microglia (Earls and Lee, 2020).

NK cells control CNS inflammation by killing microglia.
A study showed that NK cells only kill resting microglia via
NKG2D- and NKp46-mediated recognition (Lünemann et al.,
2008). In addition, NK cells depletion induces a protective
microglia phenotype in the context of glioma and Alzheimer’s
disease (Garofalo et al., 2020; Zhang Y. et al., 2020). On the
contrary, microglia also affect the function of NK cells. IL-15
derived from microglia promote the levels and activation of
NK cells, thereby enhancing the destruction of BBB in IS
(Lee et al., 2018).

Monocyte/Macrophage
Monocytes are the precursors of macrophages. The ischemic
environment promotes the differentiation of monocytes into
macrophages. The immature monocytes infiltrate into ischemic
tissue and gradually differentiate into monocytes-derived
macrophages (MDMs) after IS (Murray and Wynn, 2011).
Peripheral monocytes infiltrate the lesion within 24 h after
IS, but only a small number of monocytes infiltrated into
the lesions within 2 days after cerebral ischemia (Wattananit
et al., 2016). Next, the number of monocytes entering lesions
increased significantly and peaked at 3–7 days after ischemia,
then gradually decreased. On the 28th day after cerebral
infarction, MDMs were still found in the ischemic core (Garcia-
Bonilla et al., 2016). After tMCAO, monocytes infiltration was
found in the peri-infarction and the core of the infarction.
However, after pMCAO, monocytes’ initial infiltration
occurs primarily in the infarct core (Zarruk et al., 2018;
Han et al., 2020).

MDMs are most abundantly recruited to the injured brain
during the subacute and chronic phases of IS. In the chronic
phase of ischemic stroke, recovery mechanisms such as neuronal
remodeling are activated in the brain (ElAli and LeBlanc,
2016). The above conclusions suggest that MDMs may play a
neuroprotective role. The findings of Wattananit et al. (2016)
revealed that infiltrating MDMs contribute to the long-term
functional recovery of IS, and this protective function could be
attributed to their anti-inflammatory activity. There is evidence
that MDMs are more likely than microglia to polarize to
the M2 phenotype and exert their anti-inflammatory function
(Kronenberg et al., 2018), and have a more phagocytic function
than microglia (Ritzel et al., 2015).

Infiltrated MDMs affected the behavior of resident microglia.
After a photothrombotic stroke (PT), monocyte infiltration
decreased in Cxcr4 cKO mice, associated with reduced
microglial proliferation, suggesting that MDMs might promote
repopulation of the infarct by microglia. In support of
this, RNA-seq indicated that microglia-activating mediators
such as IL-1β are mainly provided by MDMs after PT.
Moreover, Gene Ontology (GO) term enrichment analysis
for microglia differentially expressed genes (DEGs) suggested
that the genes associated with microglial activation were
overexpressed, while the genes involved in homeostatic cellular
metabolism were downregulated. In addition, macrophage
depletion reduced the microglia activation in both the ipsilateral
cortex and striatum, thereby facilitating neurological recovery
after MCAO (Ma et al., 2016). Moreover, exosomes produced
by LPS-stimulatedmacrophages displayed the anti-inflammatory
and neuroprotective effects regulating the transformation of
microglia from M1 to M2 (Zheng et al., 2019). Perego et al.
(2016) reported that the depletion ofMDMs increasesmicroglia’s
M1/M2 polarization ratio and exacerbates ischemic stroke
injury. Additionally, the inflammatory cascades in microglia are
suppressed in the presence of macrophages. Pro-inflammatory
cytokines, such as IL-1β, TNF-α, and IL-6, were significantly
suppressed in the presence of macrophages (Greenhalgh et al.,
2018). The phagocytic functions of microglia and MDMs can
interact with each other. Furthermore, using co-cultures of
microglia and macrophages, the data showed that the presence of
macrophages suppressedmyelin uptake bymicroglia. In contrast,
the presence of microglia enhanced myelin uptake by blood-
derived monocytes. And the result indicated that there was
direct communication between the two cell types, which affected
phagocytosis differently (Greenhalgh et al., 2018).

T Cell
Asmentioned above, microglia rapidly activate after IS onset and
promote the invasion of peripheral immune cells into the brain
by cytokines and chemokines (Xu et al., 2020). In animal models,
T cells, the prominent effector lymphocytes in the peripheral
immune system, appear in brain parenchyma as early as the
first 24 h after MCAO and peak at 3 to 5 days or 7 days
after tMCAO or pMCAO respective (Gelderblom et al., 2009;
Gronberg et al., 2013). T-cell activity persists for at least 1 month
following the experiment stroke (Xie et al., 2019), and in patients
with IS, the increase in T-cell numbers lasts up to 3 months
(Heindl et al., 2021).

T cells play different roles in the ischemic brain related
to functional subtypes. T cells divide into αβ subset and γδ

subset. αβ subset further divides into three subtypes, including
CD8+ cytotoxic T lymphocytes (CTL), CD4+ T helper cells (Th),
and regulatory T cells (Tregs; Hedrick, 2002). CTL may be
recruited as early as 3 h after stroke onset (Chu et al., 2014)
and then exacerbate brain damage by killing target cells directly
or indirectly (Mracsko et al., 2014). γδT cells are found in
infarct boundary zones, and their counts increase from day 1 to
day 6 after IS and peak on day 3 (Shichita et al., 2009). γδT
cells, but not Th17 cells, are the major source of IL-17 in the
acute phase of IS, contributing to mononuclear cells infiltration
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(Shichita et al., 2009). In addition, a small number of double-
negative T cells (CD3+CD4-CD8-T) were also found within
the ischemic penumbra. The infiltrating double-negative T cells
could promote M1-MG transition through FasL/PTPN2/TNF-
α signaling pathway and thus aggravate ischemic brain injury
(Meng et al., 2019). Th cells, functionally, are classified as Th1,
Th2, and Th17 cells based on their cytokine secretion profiles
(Stockinger et al., 2006). The complex role of Th cells themselves
and their dialogue with microglia in the context of stroke will be
clarified in detail below.

Th1/Th17
The initial infiltration of Th1 cells occurs in the meninges
within 24 h after IS (Gronberg et al., 2013) and follows a
massive appearance in the peri-infarct and infarct area at 7 days
(Ortolano et al., 2010). The cells do not kill cells directly but help
activate other immune cells, including CTL (Theodorou et al.,
2008). Th1 cells together with M1-MG produce high levels of
pro-inflammatory cytokines, iNOS, and neurotoxic substances
that induce an inflammatory response and accelerate brain
injury after IS (Korhonen et al., 2015). Studies have shown that
Th1 cells can produce soluble cytokines, such as IFN-γ, which
transform the microglia to M1-phenotype and thereby increase
secondary ischemic damage (Chabot et al., 2001). M1-MG also
expresses chemokines such as CXCL9 and CXCL10, which
recruit Th1 cells for inflammatory response (Mantovani et al.,
2004). Like Th1 cells, Th17 cells interact with M1-MG to play
a pro-inflammatory role (Klebe et al., 2015). Th17 cells may
promote microglia polarization to theM1-phenotype by selective
IL17, thereby amplifying inflammatory effects (Denning et al.,
2007). While, M1-MG induces Th17 cell differentiation through
secretion of IL-6 and IL-23, and thus promotes the immune
response together (Wang et al., 2015).

Thus, Th1/Th17 cells can promote neuroinflammation by
secreting pro-inflammatory cytokines and can also enhance M1-
MG-mediated neurotoxic responses.

Th2
Th2 cells appear near the leptomeninges at 24 h after IS
(Gronberg et al., 2013). Torres et al. (2004) suggested that
expression of Th2-associated cytokines occurs only upon
stimulation of cytokines IL-12 or IL-4 and endogenous produced
IFN-γ and IL-4. Studies show that M2 macrophages-secreted
cytokines stimulate Th2 cells, which produce high levels of IL-4
and IL-10, and further facilitate M2-MG polarization (Korhonen
et al., 2015; Xiong et al., 2015; Zhao et al., 2017). Moreover, it has
been shown that both M2-MG and Th2 cells reduced the infarct
area and promoted the neuronal regeneration process (Korhonen
et al., 2015). Meanwhile, M2-MG drives Th2 cell recruitment and
polarization by secreting cytokines and chemokines, such as IL-4,
CCL17, CCL22, and CCL24, thus amplifying the type 2 response
and having a protective effect against post-stroke inflammation
(Biswas and Mantovani, 2010).

Treg
Regulatory T cells (Tregs), a subset of T cells characterized
by the transcription factor Foxp3, account for 5%–10% of the
peripheral CD4+ T cell population (Chen et al., 2003). Several

studies observed that Tregs in and around the infarct area
increase from the first week after IS and remain at high levels
for 2 months (Gelderblom et al., 2009; Stubbe et al., 2013; Ito
et al., 2019). Contrary, Kleinschnitz et al. (2013) found a marked
increase of Foxp3+ Tregs in the brain within 24 h after tMCAO,
but predominantly in the cerebral vasculature. Tregs play a
double-edged role in IS, but primarily with a neuroprotective
effect (Wang H. et al., 2021). Brain Tregs can modulate the
microglia/macrophages polarization toward M2-type in cerebral
ischemia by secreting IL-10 and TGF-β, therefore protecting
against secondary brain damage (Liesz et al., 2009; Liu et al.,
2011). In addition, Tregs promote microglia-mediated tissue
repair through secreting osteopontin (Shi L. et al., 2021). In turn,
M2-MG can also promote the differentiation of Tregs to alleviate
neuroinflammation (Brea et al., 2014; Shu et al., 2019).

In conclusion, these findings show that Th2/ Treg cells exert
a neuroprotective role related to reducing the inflammatory
response and promoting the M2-MG response.

B Cell
Minimal amounts of B cells can normally be detected in the
brain but are transported in large quantities to CNS during
injury or disease (Anthony et al., 2003; Funaro et al., 2016).
Li S. et al. (2021) showed a significant increase in the proportion
of B cells among lymphocytes in patients with acute ischemic
stroke that persisted for up to 3 months. In addition, the
percentage of B cells within lymphocytes at 1 month inversely
correlated with the admission National Institute of Health Stroke
Scale (NIHSS) score (Li S. et al., 2021). On the contrary,
regulatory B cells (Bregs) that secret IL-10 are thought to
be protective cells after stroke (Berchtold et al., 2020). The
percentage of Bregs within lymphocytes dramatically increased
in stroke patients (Li S. et al., 2021). Infiltration data from
animal models showed that B cells increase by three- to four-fold
over sham levels at 3 and 24 h after pMCAO. However, B
cells increased two-fold at 24 h after tMCAO (Chu et al.,
2014). The infiltration of B cells into the ischemic brain takes
several weeks. B cells appear in the lesion 7 weeks following
IS in C57BL/6 mice (Doyle and Buckwalter, 2017), and only
a small part of Bregs accumulate within 1–2 days after stroke
(Prinz and Priller, 2017).

The delayed infiltration implied that B cells might play an
important role during the chronic phase of stroke. Activated
B cells from both humans and mice have been shown to
produce neurotrophic growth factors, such as BDNF, to promote
the survival and differentiation of neuronal populations during
CNS injury (Kerschensteiner et al., 1999; Edling et al., 2004;
Fauchais et al., 2008). Moreover, the addition of BDNF stimulates
microglia proliferation (Harley et al., 2021). However, as there are
various cellular sources of BDNF in the brain, the significance of
its expression by microglia in vivo remained obscure.

B cells may affect the function of microglia. The lack of B
cells in µMT−/− mice further permitted significant increases in
the absolute number of microglia in the ipsilateral hemisphere
of MCAO mice (Ren et al., 2011). Several studies have observed
B cells activated by CNS-specific antigens in the spleen 4 days
after stroke. Meanwhile, splenic B cells showed a broad range
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of microtubule-associated protein 2 (MAP2) peptide responses
(Ortega et al., 2015). Given that MAP2 is associated with
infarction volume reduction and functional recovery (Hsu
and Jones, 2006; Zhang et al., 2012), B cells may play a
role in neuroprotection and post-stroke repair. In addition,
some researches showed that microglia could differentiate
into MAP2-positive cells, and these cells possess properties of
functional neurons (Matsuda et al., 2008). Microglia can also
affect B cells. Research on other inflammatory conditions of the
CNS shows that microglia could potentially contribute to B cell
infiltration through CXCL13 production (Berchtold et al., 2020),
and CXCL13 is a specific chemokine for B cell homing.

Dendritic Cell
Dendritic cells (DCs) are critical components of the innate
immune and adaptive immune response. DCs detect and
accumulate foreign antigens and present antigens to naive T cells
(Zhang H. et al., 2020). No increase in DCs was observed at
the early stages of tMCAO (6 h) and pMCAO (3 h). At 24 h
after MCAO, DCs accumulate in ischemic hemispheres and form
clusters in the region surrounding cerebral infarction (Chu et al.,
2014). In addition, DCs located primarily in the marginal region
of the infarction where T lymphocytes congregate and contain
high levels of major histocompatibility class II (MHC II) and
the co-stimulatory molecule CD80. The location of DCs may
be related to their role in presenting antigens for T cells. At
72 h after MCAO reperfusion, the DC appears in the core and
boundary of the infarction, although the cells in the core take an
ovate form compared to the branch cells at the infarct boundary
(Felger et al., 2010).

Studies have shown that microglia can be converted to
DC-like phenotypes that express the DC surface marker CD11c
after cerebral ischemia/reperfusion (Butovsky et al., 2006).
Studies have also shown that microglia can be converted
to DC-like phenotypes in vitro (Rodriguez-Gomez et al.,
2020). IFN-γ/c-myc/ERK signaling pathway regulated the
transformation of microglia into DC-like cells (Zhang H. et al.,
2020). In addition, Santambrogio et al. found that the microglia
might be uncommitted myeloid progenitors of immature
DCs (Santambrogio et al., 2001). Moreover, microglial SIRPα

inhibited the induction of CD11c+ microglia, which may
accelerate the repair of damaged white matter (Sato-Hashimoto
et al., 2019). Of note, other researchers hold different views.
Dando et al. (2016) challenged the notion that CD11c-eYFP+

cells are DCs or their immature precursors. They thought
these DC-like phenotypes were most likely subpopulations of
microglia. Based on the current findings, researchers still need
to pay attention to the relationship between peripheral DCs and
microglia.

CONCLUSION

In recent years, there has been a fast-growing interest in
microglia, as they are increasingly implicated in various
CNS disorders and diseases. Microglia exhibit diversity and
molecular heterogeneity in the context of different stimuli.
In addition to the most simplistic M1/M2 classification,

additional microglia populations have been reported, such as
disease-associated microglia (DAM), lipid-droplet-accumulating
microglia (LDAM), proliferative zone associated microglia
(PAM), and glioma-associated microglia (GAM) states (Wright-
Jin and Gutmann, 2019; Marschallinger et al., 2020), and
these findings are attributed to multi-omics technologies and
single-cell RNA sequencing. However, whether these differences
in molecular heterogeneity affect the role of microglia in the
development of IS needs to be further investigated.

Microglia, the immune sentinels of the CNS, are the first
to be activated to phagocytose damaged neurons or cellular
debris in response to ischemic injury. Besides, activatedmicroglia
crosstalk to other resident cells in the brain, including neurons,
astrocytes, and microvascular endothelial cells, either directly
or indirectly. These cells interact with each other and even
form feedback loops to participate in subsequent pathological
events of stroke. Many cellular signals are involved in microglial
cell conversations, and it is worth mentioning that the role
of extracellular vesicles in their communication has received
increasing attention. The cascade of post-stroke inflammatory
signals leads to a disruption of the BBB, followed by a
massive infiltration of peripheral immune cells participating in
the secondary progression of ischemic brain injury. Microglia
monitor these infiltrating immune cells on the one hand, and
on the other hand, the activity and function of microglia are
reshaped by these cells.

In conclusion, intercellular communication centered on
microglia plays a neuroprotective or neurotoxic role in the
process of IS. This dual role is related to the functional subtypes
of the cells and the stage of the stroke course. Sincemicroglia may
be the integrators of many cellular signals, treatment strategies
that interrupt microglia function could evolve into future
adjuvant stroke therapies. However, the translation of global
microglia inhibition strategies (i.e., minocycline, PLX3397) from
animal models to humans is yet to yield a positive result
to date (Wright-Jin and Gutmann, 2019). Therefore, these
future approaches may involve targeting specific microglia
subpopulations or functions or indirectly regulating microglia
function through other cells (Herisson et al., 2018). Based on
the results of clinical translational trials, the study of multi-target
neuroprotective agents should be a hot spot for future research in
stroke therapy (Paul and Candelario-Jalil, 2021).

AUTHOR CONTRIBUTIONS

Conceptualization, writing—review and editing: YZ and SX.
Writing—original draft preparation: YZ, LL, RF, XS, JL, and
YJ. Supervision: SX. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (No. 81774059), the Tianjin Natural
Science Foundation (No. 19JCZDJC37100), and the School
of Integrative Medicine Foundation in Tianjin University of
Traditional Chinese Medicine (No. ZXYKYQDLX202001).

Frontiers in Cellular Neuroscience | www.frontiersin.org 9 April 2022 | Volume 16 | Article 889442

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Zhang et al. Microglia: The Integrators in Stroke

REFERENCES

Abel, A. M., Yang, C., Thakar, M. S., and Malarkannan, S. (2018). Natural killer
cells: development, maturation and clinical utilization. Front. Immunol. 9:1869.
doi: 10.3389/fimmu.2018.01869

Anthony, I. C., Crawford, D. H., and Bell, J. E. (2003). B lymphocytes in the normal
brain: contrasts with HIV-associated lymphoid infiltrates and lymphomas.
Brain 126, 1058–1067. doi: 10.1093/brain/awg118

Arba, F., Rinaldi, C., Caimano, D., Vit, F., Busto, G., and Fainardi, E. (2021).
Blood-brain barrier disruption and hemorrhagic transformation in acute
ischemic stroke: systematic review andmeta-analysis. Front. Neurol. 11:594613.
doi: 10.3389/fneur.2020.594613

Baxter, P. S., Dando, O., Emelianova, K., He, X., McKay, S., Hardingham, G. E.,
et al. (2021). Microglial identity and inflammatory responses are controlled
by the combined effects of neurons and astrocytes. Cell Rep. 34:108882.
doi: 10.1016/j.celrep.2021.108882

Benjamin, E. J., Virani, S. S., Callaway, C. W., Chamberlain, A. M., Chang, A. R.,
Cheng, S., et al. (2018). Heart disease and stroke statistics-2018 update:
a report from the American heart association. Circulation 137, e67–e492.
doi: 10.1161/CIR.0000000000000558

Berchtold, D., Priller, J., Meisel, C., and Meisel, A. (2020). Interaction of microglia
with infiltrating immune cells in the different phases of stroke. Brain Pathol.
30, 1208–1218. doi: 10.1111/bpa.12911

Bezzi, P., Domercq, M., Brambilla, L., Galli, R., Schols, D., De Clercq, E.,
et al. (2001). CXCR4-activated astrocyte glutamate release via TNFα:
amplification by microglia triggers neurotoxicity. Nat. Neurosci. 4, 702–710.
doi: 10.1038/89490

Biswas, S. K., and Mantovani, A. (2010). Macrophage plasticity and interaction
with lymphocyte subsets: cancer as a paradigm. Nat. Immunol. 11, 889–896.
doi: 10.1038/ni.1937

Brea, D., Agulla, J., Rodriguez-Yanez, M., Barral, D., Ramos-Cabrer, P.,
Campos, F., et al. (2014). Regulatory T cells modulate inflammation and
reduce infarct volume in experimental brain ischaemia. J. Cell Mol. Med. 18,
1571–1579. doi: 10.1111/jcmm.12304

Brown, G. C., and Neher, J. J. (2014). Microglial phagocytosis of live neurons. Nat.
Rev. Neurosci. 15, 209–216. doi: 10.1038/nrn3710

Butovsky, O., Koronyo-Hamaoui, M., Kunis, G., Ophir, E., Landa, G., Cohen, H.,
et al. (2006). Glatiramer acetate fights against Alzheimer’s disease by
inducing dendritic-like microglia expressing insulin-like growth factor 1.
Proc. Natl. Acad. Sci. U S A 103, 11784–11789. doi: 10.1073/pnas.060
4681103

Chabot, S., Charlet, D., Wilson, T. L., and Yong, V. W. (2001). Cytokine
production consequent to T cell–microglia interaction: the PMA/IFN γ-treated
U937 cells display similarities to human microglia. J. Neurosci. Methods 105,
111–120. doi: 10.1016/s0165-0270(00)00346-0

Chang, C., Lang, H., Geng, N., Wang, J., Li, N., and Wang, X. (2013).
Exosomes of BV-2 cells induced by alpha-synuclein: important mediator of
neurodegeneration in PD. Neurosci. Lett. 548, 190–195. doi: 10.1016/j.neulet.
2013.06.009

Chen, A. Q., Fang, Z., Chen, X. L., Yang, S., Zhou, Y. F., Mao, L., et al.
(2019). Microglia-derived TNF-αmediates endothelial necroptosis aggravating
blood brain-barrier disruption after ischemic stroke. Cell Death Dis. 10:487.
doi: 10.1038/s41419-019-1716-9

Chen, W., Jin, W., Hardegen, N., Lei, K. J., Li, L., Marinos, N., et al. (2003).
Conversion of peripheral CD4+CD25- naive T cells to CD4+CD25+ regulatory
T cells by TGF-β induction of transcription factor Foxp3. J. Exp. Med. 198,
1875–1886. doi: 10.1084/jem.20030152

Chew, L. J., King, W. C., Kennedy, A., and Gallo, V. (2005). Interferon-gamma
inhibits cell cycle exit in differentiating oligodendrocyte progenitor cells. Glia
52, 127–143. doi: 10.1002/glia.20232

Chhor, V., Le Charpentier, T., Lebon, S., Ore, M. V., Celador, I. L., Josserand, J.,
et al. (2013). Characterization of phenotype markers and neuronotoxic
potential of polarised primary microglia in vitro. Brain Behav. Immun. 32,
70–85. doi: 10.1016/j.bbi.2013.02.005

Chu, H. X., Kim, H. A., Lee, S., Moore, J. P., Chan, C. T., Vinh, A., et al.
(2014). Immune cell infiltration in malignant middle cerebral artery infarction:
comparison with transient cerebral ischemia. J. Cereb. Blood Flow Metab. 34,
450–459. doi: 10.1038/jcbfm.2013.217

Cserép, C., Pósfai, B., and Dénes, A. (2021). Shaping neuronal fate: functional
heterogeneity of direct microglia-neuron interactions. Neuron 109, 222–240.
doi: 10.1016/j.neuron.2020.11.007

Cserép, C., Pósfai, B., Lénárt, N., Fekete, R., László, Z. I., Lele, Z., et al. (2020).
Microglia monitor and protect neuronal function via specialized somatic
purinergic junctions. Science 367, 528–537. doi: 10.1126/science.aax6752

Cuartero, M. I., Ballesteros, I., Moraga, A., Nombela, F., Vivancos, J.,
Hamilton, J. A., et al. (2013). N2 neutrophils, novel players in brain
inflammation after stroke: modulation by the PPARγ agonist rosiglitazone.
Stroke 44, 3498–3508. doi: 10.1161/STROKEAHA.113.002470

Dai, X., Chen, J., Xu, F., Zhao, J., Cai, W., Sun, Z., et al. (2020).
TGFα preserves oligodendrocyte lineage cells and improves white matter
integrity after cerebral ischemia. J. Cereb. Blood Flow Metab. 40, 639–655.
doi: 10.1177/0271678X19830791

Dai, Q., Li, S., Liu, T., Zheng, J., Han, S., Qu, A., et al. (2019). Interleukin-
17A-mediated alleviation of cortical astrocyte ischemic injuries affected
the neurological outcome of mice with ischemic stroke. J. Cell Biochem.
doi: 10.1002/jcb.28429. [Online ahead of print].

Dando, S. J., Naranjo Golborne, C., Chinnery, H. R., Ruitenberg, M. J., and
McMenamin, P. G. (2016). A case of mistaken identity: CD11c-eYFP+ cells in
the normal mouse brain parenchyma and neural retina display the phenotype
of microglia, not dendritic cells. Glia 64, 1331–1349. doi: 10.1002/glia.
23005

Das Sarma, J., Ciric, B., Marek, R., Sadhukhan, S., Caruso, M. L., Shafagh, J., et al.
(2009). Functional interleukin-17 receptor A is expressed in central nervous
system glia and upregulated in experimental autoimmune encephalomyelitis.
J. Neuroinflammation 6:14. doi: 10.1186/1742-2094-6-14

David, S., and Kroner, A. (2011). Repertoire of microglial and macrophage
responses after spinal cord injury. Nat. Rev. Neurosci. 12, 388–399.
doi: 10.1038/nrn3053

de Jong, E. K., Dijkstra, I. M., Hensens, M., Brouwer, N., van Amerongen, M.,
Liem, R. S., et al. (2005). Vesicle-mediated transport and release of CCL21 in
endangered neurons: a possible explanation for microglia activation remote
from a primary lesion. J. Neurosci. 25, 7548–7557. doi: 10.1523/JNEUROSCI.
1019-05.2005

De Schepper, S., Crowley, G., and Hong, S. (2021). Understanding microglial
diversity and implications for neuronal function in health and disease. Dev.
Neurobiol. 81, 507–523. doi: 10.1002/dneu.22777

Denning, T. L., Wang, Y. C., Patel, S. R., Williams, I. R., and Pulendran, B.
(2007). Lamina propria macrophages and dendritic cells differentially induce
regulatory and interleukin 17-producing T cell responses. Nat. Immunol. 8,
1086–1094. doi: 10.1038/ni1511

Doyle, K. P., and Buckwalter, M. S. (2017). Does B lymphocyte-mediated
autoimmunity contribute to post-stroke dementia? Brain Behav. Immun. 64,
1–8. doi: 10.1016/j.bbi.2016.08.009

Earls, R. H., and Lee, J. K. (2020). The role of natural killer cells in Parkinson’s
disease. Exp. Mol. Med. 52, 1517–1525. doi: 10.1038/s12276-020-00505-7

Edling, A. E., Nanavati, T., Johnson, J. M., and Tuohy, V. K. (2004). Human and
murine lymphocyte neurotrophin expression is confined to B cells. J. Neurosci.
Res. 77, 709–717. doi: 10.1002/jnr.20176

ElAli, A., and LeBlanc, N. J. (2016). The role of monocytes in ischemic
stroke pathobiology: new avenues to explore. Front. Aging Neurosci. 8:29.
doi: 10.3389/fnagi.2016.00029

Esposito, E., Hayakawa, K., Ahn, B. J., Chan, S. J., Xing, C., Liang, A. C.,
et al. (2018). Effects of ischemic post-conditioning on neuronal VEGF
regulation and microglial polarization in a rat model of focal cerebral ischemia.
J. Neurochem. 146, 160–172. doi: 10.1111/jnc.14337

Fauchais, A. L., Lalloue, F., Lise, M. C., Boumediene, A., Preud’homme, J. L.,
Vidal, E., et al. (2008). Role of endogenous brain-derived neurotrophic
factor and sortilin in B cell survival. J. Immunol. 181, 3027–3038.
doi: 10.4049/jimmunol.181.5.3027

Felger, J. C., Abe, T., Kaunzner, U. W., Gottfried-Blackmore, A., Gal-Toth, J.,
McEwen, B. S., et al. (2010). Brain dendritic cells in ischemic stroke:
time course, activation state and origin. Brain Behav. Immun. 24, 724–737.
doi: 10.1016/j.bbi.2009.11.002

Frühbeis, C., Frohlich, D., Kuo, W. P., and Kramer-Albers, E. M. (2013).
Extracellular vesicles as mediators of neuron-glia communication. Front. Cell
Neurosci. 7:182. doi: 10.3389/fncel.2013.00182

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 April 2022 | Volume 16 | Article 889442

https://doi.org/10.3389/fimmu.2018.01869
https://doi.org/10.1093/brain/awg118
https://doi.org/10.3389/fneur.2020.594613
https://doi.org/10.1016/j.celrep.2021.108882
https://doi.org/10.1161/CIR.0000000000000558
https://doi.org/10.1111/bpa.12911
https://doi.org/10.1038/89490
https://doi.org/10.1038/ni.1937
https://doi.org/10.1111/jcmm.12304
https://doi.org/10.1038/nrn3710
https://doi.org/10.1073/pnas.0604681103
https://doi.org/10.1073/pnas.0604681103
https://doi.org/10.1016/s0165-0270(00)00346-0
https://doi.org/10.1016/j.neulet.2013.06.009
https://doi.org/10.1016/j.neulet.2013.06.009
https://doi.org/10.1038/s41419-019-1716-9
https://doi.org/10.1084/jem.20030152
https://doi.org/10.1002/glia.20232
https://doi.org/10.1016/j.bbi.2013.02.005
https://doi.org/10.1038/jcbfm.2013.217
https://doi.org/10.1016/j.neuron.2020.11.007
https://doi.org/10.1126/science.aax6752
https://doi.org/10.1161/STROKEAHA.113.002470
https://doi.org/10.1177/0271678X19830791
https://doi.org/10.1002/jcb.28429
https://doi.org/10.1002/glia.23005
https://doi.org/10.1002/glia.23005
https://doi.org/10.1186/1742-2094-6-14
https://doi.org/10.1038/nrn3053
https://doi.org/10.1523/JNEUROSCI.1019-05.2005
https://doi.org/10.1523/JNEUROSCI.1019-05.2005
https://doi.org/10.1002/dneu.22777
https://doi.org/10.1038/ni1511
https://doi.org/10.1016/j.bbi.2016.08.009
https://doi.org/10.1038/s12276-020-00505-7
https://doi.org/10.1002/jnr.20176
https://doi.org/10.3389/fnagi.2016.00029
https://doi.org/10.1111/jnc.14337
https://doi.org/10.4049/jimmunol.181.5.3027
https://doi.org/10.1016/j.bbi.2009.11.002
https://doi.org/10.3389/fncel.2013.00182
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Zhang et al. Microglia: The Integrators in Stroke

Funaro, M., Messina, M., Shabbir, M., Wright, P., Najjar, S., Tabansky, I., et al.
(2016). The role of B cells in multiple sclerosis: more than antibodies. Discov.
Med. 22, 251–255.

Gan, Y., Liu, Q., Wu, W., Yin, J. X., Bai, X. F., Shen, R., et al. (2014). Ischemic
neurons recruit natural killer cells that accelerate brain infarction. Proc. Natl.
Acad. Sci. U S A 111, 2704–2709. doi: 10.1073/pnas.1315943111

Garcia-Bonilla, L., Faraco, G., Moore, J., Murphy, M., Racchumi, G., Srinivasan, J.,
et al. (2016). Spatio-temporal profile, phenotypic diversity and fate of
recruited monocytes into the post-ischemic brain. J. Neuroinflammation
13:285. doi: 10.1186/s12974-016-0750-0

Garcia-Culebras, A., Duran-Laforet, V., Pena-Martinez, C., Moraga, A.,
Ballesteros, I., Cuartero, M. I., et al. (2019). Role of TLR4 (toll-like receptor
4) in N1/N2 neutrophil programming after stroke. Stroke 50, 2922–2932.
doi: 10.1161/STROKEAHA.119.025085

Garofalo, S., Cocozza, G., Porzia, A., Inghilleri, M., Raspa, M., Scavizzi, F.,
et al. (2020). Natural killer cells modulate motor neuron-immune cell cross
talk in models of Amyotrophic lateral sclerosis. Nat. Commun. 11:1773.
doi: 10.1038/s41467-020-15644-8

Gelderblom, M., Leypoldt, F., Steinbach, K., Behrens, D., Choe, C. U., Siler, D. A.,
et al. (2009). Temporal and spatial dynamics of cerebral immune cell
accumulation in stroke. Stroke 40, 1849–1857. doi: 10.1161/STROKEAHA.108.
534503

Goldman, S. A., and Osorio, J. (2014). So many progenitors, so little myelin. Nat.
Neurosci. 17, 483–485. doi: 10.1038/nn.3685

Greenhalgh, A. D., Zarruk, J. G., Healy, L. M., Baskar Jesudasan, S. J., Jhelum, P.,
Salmon, C. K., et al. (2018). Peripherally derived macrophages modulate
microglial function to reduce inflammation after CNS injury. PLoS Biol.
16:e2005264. doi: 10.1371/journal.pbio.2005264

Gronberg, N. V., Johansen, F. F., Kristiansen, U., and Hasseldam, H. (2013).
Leukocyte infiltration in experimental stroke. J. Neuroinflammation 10:115.
doi: 10.1186/1742-2094-10-115

Han, D., Liu, H., and Gao, Y. (2020). The role of peripheral monocytes
and macrophages in ischemic stroke. Neurol. Sci. 41, 3589–3607.
doi: 10.1007/s10072-020-04777-9

Harley, S. B. R., Willis, E. F., Shaikh, S. N., Blackmore, D. G., Sah, P.,
Ruitenberg, M. J., et al. (2021). Selective ablation of BDNF from microglia
reveals novel roles in self-renewal and hippocampal neurogenesis. J. Neurosci.
41, 4172–4186. doi: 10.1523/JNEUROSCI.2539-20.2021

Haruwaka, K., Ikegami, A., Tachibana, Y., Ohno, N., Konishi, H., Hashimoto, A.,
et al. (2019). Dual microglia effects on blood brain barrier permeability induced
by systemic inflammation. Nat. Commun. 10:5816. doi: 10.1038/s41467-019-
13812-z

He, M., Dong, H., Huang, Y., Lu, S., Zhang, S., Qian, Y., et al. (2016). Astrocyte-
derived CCL2 is associated with M1 activation and recruitment of cultured
microglial cells. Cell Physiol. Biochem. 38, 859–870. doi: 10.1159/000443040

Hedrick, S. M. (2002). T cell development: bottoms-up. Immunity 16, 619–622.
doi: 10.1016/s1074-7613(02)00316-3

Heindl, S., Ricci, A., Carofiglio, O., Zhou, Q., Arzberger, T., Lenart, N., et al.
(2021). Chronic T cell proliferation in brains after stroke could interfere with
the efficacy of immunotherapies. J. Exp. Med. 218:e20202411. doi: 10.1084/jem.
20202411

Herisson, F., Frodermann, V., Courties, G., Rohde, D., Sun, Y., Vandoorne, K.,
et al. (2018). Direct vascular channels connect skull bone marrow and the
brain surface enabling myeloid cell migration. Nat. Neurosci. 21, 1209–1217.
doi: 10.1038/s41593-018-0213-2

Hou, Y., Yang, D., Xiang, R., Wang, H., Wang, X., Zhang, H., et al. (2019).
N2 neutrophils may participate in spontaneous recovery after transient cerebral
ischemia by inhibiting ischemic neuron injury in rats. Int. Immunopharmacol.
77:105970. doi: 10.1016/j.intimp.2019.105970

Hsu, J. E., and Jones, T. A. (2006). Contralesional neural plasticity and functional
changes in the less-affected forelimb after large and small cortical infarcts in
rats. Exp. Neurol. 201, 479–494. doi: 10.1016/j.expneurol.2006.05.003

Ito, M., Komai, K., Mise-Omata, S., Iizuka-Koga, M., Noguchi, Y., Kondo, T.,
et al. (2019). Brain regulatory T cells suppress astrogliosis and potentiate
neurological recovery. Nature 565, 246–250. doi: 10.1038/s41586-018-0824-5

Jha, M. K., Jo, M., Kim, J. H., and Suk, K. (2019). Microglia-astrocyte
crosstalk: an intimate molecular conversation. Neuroscientist 25, 227–240.
doi: 10.1177/1073858418783959

Kanazawa, M., Ninomiya, I., Hatakeyama, M., Takahashi, T., and Shimohata, T.
(2017). Microglia and monocytes/macrophages polarization reveal
novel therapeutic mechanism against stroke. Int. J. Mol. Sci. 18:2135.
doi: 10.3390/ijms18102135

Kangwantas, K., Pinteaux, E., and Penny, J. (2016). The extracellular matrix
protein laminin-10 promotes blood-brain barrier repair after hypoxia and
inflammation in vitro. J. Neuroinflammation 13:25. doi: 10.1186/s12974-016-
0495-9

Kerschensteiner, M., Gallmeier, E., Behrens, L., Leal, V. V., Misgeld, T.,
Klinkert, W. E., et al. (1999). Activated human T cells, B cells and monocytes
produce brain-derived neurotrophic factor in vitro and in inflammatory brain
lesions: a neuroprotective role of inflammation? J. Exp. Med. 189, 865–870.
doi: 10.1084/jem.189.5.865

Kim, S., and Son, Y. (2021). Astrocytes stimulate microglial proliferation and
M2 polarization in vitro through crosstalk between astrocytes and microglia.
Int. J. Mol. Sci. 22:8800. doi: 10.3390/ijms22168800

Klebe, D., McBride, D., Flores, J. J., Zhang, J. H., and Tang, J. (2015).
Modulating the immune response towards a neuroregenerative peri-injury
milieu after cerebral hemorrhage. J. Neuroimmune Pharmacol. 10, 576–586.
doi: 10.1007/s11481-015-9613-1

Kleinschnitz, C., Kraft, P., Dreykluft, A., Hagedorn, I., Gobel, K.,
Schuhmann, M. K., et al. (2013). Regulatory T cells are strong promoters
of acute ischemic stroke in mice by inducing dysfunction of the cerebral
microvasculature. Blood 121, 679–691. doi: 10.1182/blood-2012-04
-426734

Korhonen, P., Kanninen, K. M., Lehtonen, S., Lemarchant, S., Puttonen, K. A.,
Oksanen, M., et al. (2015). Immunomodulation by interleukin-33 is protective
in stroke through modulation of inflammation. Brain Behav. Immun. 49,
322–336. doi: 10.1016/j.bbi.2015.06.013

Kronenberg, G., Uhlemann, R., Richter, N., Klempin, F., Wegner, S., Staerck, L.,
et al. (2018). Distinguishing features of microglia- and monocyte-
derived macrophages after stroke. Acta Neuropathol. 135, 551–568.
doi: 10.1007/s00401-017-1795-6

Kumar, A., Stoica, B. A., Loane, D. J., Yang, M., Abulwerdi, G., Khan, N., et al.
(2017). Microglial-derived microparticles mediate neuroinflammation after
traumatic brain injury. J. Neuroinflammation 14:47. doi: 10.1186/s12974-017-
0819-4

Lee, J. Y., Choi, H. Y., and Yune, T. Y. (2015). MMP-3 secreted from endothelial
cells of blood vessels after spinal cord injury activates microglia, leading to
oligodendrocyte cell death. Neurobiol. Dis. 82, 141–151. doi: 10.1016/j.nbd.
2015.06.002

Li, S., Huang, Y., Liu, Y., Rocha, M., Li, X., Wei, P., et al. (2021). Change and
predictive ability of circulating immunoregulatory lymphocytes in long-term
outcomes of acute ischemic stroke. J. Cereb. Blood Flow Metab. 41, 2280–2294.
doi: 10.1177/0271678X21995694

Lee, G. A., Lin, T. N., Chen, C. Y., Mau, S. Y., Huang,W. Z., Kao, Y. C., et al. (2018).
Interleukin 15 blockade protects the brain from cerebral ischemia-reperfusion
injury. Brain Behav. Immun. 73, 562–570. doi: 10.1016/j.bbi.2018.06.021

Li, D., Lang, W., Zhou, C., Wu, C., Zhang, F., Liu, Q., et al. (2018). Upregulation
of microglial ZEB1 ameliorates brain damage after acute ischemic stroke. Cell
Rep. 22, 3574–3586. doi: 10.1016/j.celrep.2018.03.011

Li, Z., Song, Y., He, T., Wen, R., Li, Y., Chen, T., et al. (2021). M2 microglial
small extracellular vesicles reduce glial scar formation via the miR-
124/STAT3 pathway after ischemic stroke in mice. Theranostics 11, 1232–1248.
doi: 10.7150/thno.48761

Lian, L., Zhang, Y., Liu, L., Yang, L., Cai, Y., Zhang, J., et al. (2021).
Neuroinflammation in ischemic stroke: focus on microRNA-mediated
polarization of microglia. Front. Mol. Neurosci. 13:612439. doi: 10.3389/fnmol.
2020.612439

Liddelow, S. A., and Barres, B. A. (2017). Reactive astrocytes: production, function
and therapeutic potential. Immunity 46, 957–967. doi: 10.1016/j.immuni.2017.
06.006

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen, C. J.,
Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are induced by
activated microglia. Nature 541, 481–487. doi: 10.1038/nature21029

Liesz, A., Suri-Payer, E., Veltkamp, C., Doerr, H., Sommer, C., Rivest, S., et al.
(2009). Regulatory T cells are key cerebroprotective immunomodulators in
acute experimental stroke. Nat. Med. 15, 192–199. doi: 10.1038/nm.1927

Frontiers in Cellular Neuroscience | www.frontiersin.org 11 April 2022 | Volume 16 | Article 889442

https://doi.org/10.1073/pnas.1315943111
https://doi.org/10.1186/s12974-016-0750-0
https://doi.org/10.1161/STROKEAHA.119.025085
https://doi.org/10.1038/s41467-020-15644-8
https://doi.org/10.1161/STROKEAHA.108.534503
https://doi.org/10.1161/STROKEAHA.108.534503
https://doi.org/10.1038/nn.3685
https://doi.org/10.1371/journal.pbio.2005264
https://doi.org/10.1186/1742-2094-10-115
https://doi.org/10.1007/s10072-020-04777-9
https://doi.org/10.1523/JNEUROSCI.2539-20.2021
https://doi.org/10.1038/s41467-019-13812-z
https://doi.org/10.1038/s41467-019-13812-z
https://doi.org/10.1159/000443040
https://doi.org/10.1016/s1074-7613(02)00316-3
https://doi.org/10.1084/jem.20202411
https://doi.org/10.1084/jem.20202411
https://doi.org/10.1038/s41593-018-0213-2
https://doi.org/10.1016/j.intimp.2019.105970
https://doi.org/10.1016/j.expneurol.2006.05.003
https://doi.org/10.1038/s41586-018-0824-5
https://doi.org/10.1177/1073858418783959
https://doi.org/10.3390/ijms18102135
https://doi.org/10.1186/s12974-016-0495-9
https://doi.org/10.1186/s12974-016-0495-9
https://doi.org/10.1084/jem.189.5.865
https://doi.org/10.3390/ijms22168800
https://doi.org/10.1007/s11481-015-9613-1
https://doi.org/10.1182/blood-2012-04-426734
https://doi.org/10.1182/blood-2012-04-426734
https://doi.org/10.1016/j.bbi.2015.06.013
https://doi.org/10.1007/s00401-017-1795-6
https://doi.org/10.1186/s12974-017-0819-4
https://doi.org/10.1186/s12974-017-0819-4
https://doi.org/10.1016/j.nbd.2015.06.002
https://doi.org/10.1016/j.nbd.2015.06.002
https://doi.org/10.1177/0271678X21995694
https://doi.org/10.1016/j.bbi.2018.06.021
https://doi.org/10.1016/j.celrep.2018.03.011
https://doi.org/10.7150/thno.48761
https://doi.org/10.3389/fnmol.2020.612439
https://doi.org/10.3389/fnmol.2020.612439
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1038/nature21029
https://doi.org/10.1038/nm.1927
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Zhang et al. Microglia: The Integrators in Stroke

Linnerbauer, M., Wheeler, M. A., and Quintana, F. J. (2020). Astrocyte crosstalk in
CNS Inflammation. Neuron 108, 608–622. doi: 10.1016/j.neuron.2020.08.012

Liu, G., Ma, H., Qiu, L., Li, L., Cao, Y., Ma, J., et al. (2011). Phenotypic and
functional switch of macrophages induced by regulatory CD4+CD25+ T cells
in mice. Immunol. Cell Biol. 89, 130–142. doi: 10.1038/icb.2010.70

Liu, C., Yan, S., Zhang, R., Chen, Z., Shi, F., Zhou, Y., et al. (2018). Increased blood-
brain barrier permeability in contralateral hemisphere predicts worse outcome
in acute ischemic stroke after reperfusion therapy. J. Neurointerv. Surg. 10,
937–941. doi: 10.1136/neurintsurg-2017-013663

Liu, X., Zhou, F., Yang, Y., Wang, W., Niu, L., Zuo, D., et al. (2019). MiR-409–3p
and MiR-1896 co-operatively participate in IL-17-induced inflammatory
cytokine production in astrocytes and pathogenesis of EAE mice via targeting
SOCS3/STAT3 signaling. Glia 67, 101–112. doi: 10.1002/glia.23530

Lombardi, M., Parolisi, R., Scaroni, F., Bonfanti, E., Gualerzi, A., Gabrielli, M.,
et al. (2019). Detrimental and protective action of microglial extracellular
vesicles on myelin lesions: astrocyte involvement in remyelination failure. Acta
Neuropathol. 138, 987–1012. doi: 10.1007/s00401-019-02049-1

Long, X., Yao, X., Jiang, Q., Yang, Y., He, X., Tian, W., et al. (2020). Astrocyte-
derived exosomes enriched with miR-873a-5p inhibit neuroinflammation
via microglia phenotype modulation after traumatic brain injury.
J. Neuroinflammation 17:89. doi: 10.1186/s12974-020-01761-0

Lünemann, A., Lünemann, J. D., Roberts, S., Messmer, B., da Silva, R. B.,
Raine, C. S., et al. (2008). Human NK cells kill resting but not activated
microglia via NKG2D and NKp46 mediated recognition. J. Immunol. 181,
6170–6177. doi: 10.4049/jimmunol.181.9.6170

Ma, Y., Li, Y., Jiang, L., Wang, L., Jiang, Z., Wang, Y., et al. (2016).
Macrophage depletion reduced brain injury following middle cerebral artery
occlusion in mice. J. Neuroinflammation 13:38. doi: 10.1186/s12974-016
-0504-z

Mantovani, A., Sica, A., Sozzani, S., Allavena, P., Vecchi, A., and Locati, M.
(2004). The chemokine system in diverse forms of macrophage activation and
polarization. Trends Immunol. 25, 677–686. doi: 10.1016/j.it.2004.09.015

Marinelli, S., Basilico, B., Marrone, M. C., and Ragozzino, D. (2019). Microglia-
neuron crosstalk: signaling mechanism and control of synaptic transmission.
Semin. Cell Dev. Biol. 94, 138–151. doi: 10.1016/j.semcdb.2019.05.017

Marschallinger, J., Iram, T., Zardeneta, M., Lee, S. E., Lehallier, B., Haney, M. S.,
et al. (2020). Lipid-droplet-accumulating microglia represent a dysfunctional
and proinflammatory state in the aging brain. Nat. Neurosci. 23, 194–208.
doi: 10.1038/s41593-019-0566-1

Matsuda, S., Niidome, T., Nonaka, H., Goto, Y., Fujimura, K., Kato, M., et al.
(2008). Microtubule-associated protein 2-positive cells derived from microglia
possess properties of functional neurons. Biochem. Biophys. Res. Commun. 368,
971–976. doi: 10.1016/j.bbrc.2008.02.038

Meng, H. L., Li, X. X., Chen, Y. T., Yu, L. J., Zhang, H., Lao, J. M., et al. (2016).
Neuronal soluble fas ligand drives M1-microglia polarization after cerebral
ischemia. CNS Neurosci. Ther. 22, 771–781. doi: 10.1111/cns.12575

Meng, H., Zhao, H., Cao, X., Hao, J., Zhang, H., Liu, Y., et al. (2019). Double-
negative T cells remarkably promote neuroinflammation after ischemic stroke.
Proc. Natl. Acad. Sci. U S A 116, 5558–5563. doi: 10.1073/pnas.1814394116

Min, K. J., Yang, M. S., Kim, S. U., Jou, I., and Joe, E. H. (2006). Astrocytes
induce hemeoxygenase-1 expression in microglia: a feasible mechanism
for preventing excessive brain inflammation. J. Neurosci. 26, 1880–1887.
doi: 10.1523/JNEUROSCI.3696-05.2006

Miron, V. E. (2017). Microglia-driven regulation of oligodendrocyte lineage
cells, myelination and remyelination. J. Leukoc. Biol. 101, 1103–1108.
doi: 10.1189/jlb.3RI1116-494R

Miron, V. E., Boyd, A., Zhao, J. W., Yuen, T. J., Ruckh, J. M., Shadrach, J. L., et al.
(2013). M2 microglia and macrophages drive oligodendrocyte differentiation
during CNS remyelination.Nat. Neurosci. 16, 1211–1218. doi: 10.1038/nn.3469

Mracsko, E., Liesz, A., Stojanovic, A., Lou, W. P., Osswald, M., Zhou, W., et al.
(2014). Antigen dependently activated cluster of differentiation 8-positive T
cells cause perforin-mediated neurotoxicity in experimental stroke. J. Neurosci.
34, 16784–16795. doi: 10.1523/JNEUROSCI.1867-14.2014

Murray, P. J., and Wynn, T. A. (2011). Protective and pathogenic functions of
macrophage subsets. Nat. Rev. Immunol. 11, 723–737. doi: 10.1038/nri3073

Nakajima, K., and Kohsaka, S. (2004). Microglia: neuroprotective and
neurotrophic cells in the central nervous system. Curr. Drug Targets
Cardiovasc. Haematol. Disord. 4, 65–84. doi: 10.2174/1568006043481284

Nehera, J. J., Emmrich, J. V., Fricker, M., Mander, P. K., Théryc, C., and
Brown, G. C. (2013). Phagocytosis executes delayed neuronal death after
focal brain ischemia. Proc. Natl. Acad. Sci. U S A 110:10. doi: 10.1073/pnas.
1308679110

Neumann, J., Sauerzweig, S., Ronicke, R., Gunzer, F., Dinkel, K., Ullrich, O.,
et al. (2008). Microglia cells protect neurons by direct engulfment of
invading neutrophil granulocytes: a newmechanism of CNS immune privilege.
J. Neurosci. 28, 5965–5975. doi: 10.1523/JNEUROSCI.0060-08.2008

Nimmerjahn, A., Kirchhoff, K., and Helmchen, F. (2005). Resting microglial cells
are highly dynamic surveillants of brain parenchyma in vivo. Science 308,
1314–1318. doi: 10.1126/science.1110647

Nishioku, T., Matsumoto, J., Dohgu, S., Sumi, N., Miyao, K., Takata, F.,
et al. (2010). Tumor necrosis factor-alpha mediates the blood-brain barrier
dysfunction induced by activated microglia in mouse brain microvascular
endothelial cells. J. Pharmacol. Sci. 112, 251–254. doi: 10.1254/jphs.
09292sc

Norden, D. M., Fenn, A. M., Dugan, A., and Godbout, J. P. (2014). TGFbeta
produced by IL-10 redirected astrocytes attenuates microglial activation. Glia
62, 881–895. doi: 10.1002/glia.22647

Ortega, S. B., Noorbhai, I., Poinsatte, K., Kong, X., Anderson, A., Monson, N. L.,
et al. (2015). Stroke induces a rapid adaptive autoimmune response to novel
neuronal antigens. Discov. Med. 19, 381–392.

Ortolano, F., Maffia, P., Dever, G., Rodolico, G., Millington, O. R., De
Simoni, M. G., et al. (2010). Advances in imaging of new targets for
pharmacological intervention in stroke: real-time tracking of T-cells in the
ischaemic brain. Br. J. Pharmacol. 159, 808–811. doi: 10.1111/j.1476-5381.2009.
00527.x

Otxoa-de-Amezaga, A., Miro-Mur, F., Pedragosa, J., Gallizioli, M., Justicia, C.,
Gaja-Capdevila, N., et al. (2019). Microglial cell loss after ischemic stroke
favors brain neutrophil accumulation. Acta Neuropathol. 137, 321–341.
doi: 10.1007/s00401-018-1954-4

Pantoni, L., Garcia, J. H., and Gutierrez, J. A. (1996). Cerebral white matter is
highly vulnerable to ischemia. Stroke 27, 1641–1646. doi: 10.1161/01.str.27.9.
1641

Paul, S., and Candelario-Jalil, E. (2021). Emerging neuroprotective strategies for
the treatment of ischemic stroke: an overview of clinical and preclinical studies.
Exp. Neurol. 335:113518. doi: 10.1016/j.expneurol.2020.113518

Peng, H., Harvey, B. T., Richards, C. I., and Nixon, K. (2021). Neuron-derived
extracellular vesicles modulate microglia activation and function. Biology
(Basel) 10:948. doi: 10.3390/biology10100948

Perego, C., Fumagalli, S., and De Simoni, M. G. (2011). Temporal pattern of
expression and colocalization of microglia/macrophage phenotype markers
following brain ischemic injury in mice. J. Neuroinflammation 8:174.
doi: 10.1186/1742-2094-8-174

Perego, C., Fumagalli, S., Zanier, E. R., Carlino, E., Panini, N., Erba, E., et al. (2016).
Macrophages are essential for maintaining a M2 protective response early after
ischemic brain injury. Neurobiol. Dis. 96, 284–293. doi: 10.1016/j.nbd.2016.
09.017

Perez-de-Puig, I., Miro-Mur, F., Ferrer-Ferrer, M., Gelpi, E., Pedragosa, J.,
Justicia, C., et al. (2015). Neutrophil recruitment to the brain in mouse and
human ischemic stroke. Acta Neuropathol. 129, 239–257. doi: 10.1007/s00401-
014-1381-0

Planas, A. M. (2018). Role of immune cells migrating to the ischemic brain. Stroke
49, 2261–2267. doi: 10.1161/STROKEAHA.118.021474

Prada, I., Gabrielli, M., Turola, E., Iorio, A., D’Arrigo, G., Parolisi, R., et al. (2018).
Glia-to-neuron transfer of miRNAs via extracellular vesicles: a newmechanism
underlying inflammation-induced synaptic alterations. Acta Neuropathol. 135,
529–550. doi: 10.1007/s00401-017-1803-x

Prinz, M., and Priller, J. (2017). The role of peripheral immune cells in the CNS in
steady state and disease. Nat. Neurosci. 20, 136–144. doi: 10.1038/nn.4475

Qiu, Y. M., Zhang, C. L., Chen, A. Q., Wang, H. L., Zhou, Y. F., Li, Y. N., et al.
(2021). Immune cells in the BBB disruption after acute ischemic stroke: targets
for immune therapy. Front. Immunol. 12:678744. doi: 10.3389/fimmu.2021.
678744

Raffaele, S., Gelosa, P., Bonfanti, E., Lombardi, M., Castiglioni, L., Cimino, M.,
et al. (2021). Microglial vesicles improve post-stroke recovery by preventing
immune cell senescence and favoring oligodendrogenesis. Mol. Ther. 29,
1439–1458. doi: 10.1016/j.ymthe.2020.12.009

Frontiers in Cellular Neuroscience | www.frontiersin.org 12 April 2022 | Volume 16 | Article 889442

https://doi.org/10.1016/j.neuron.2020.08.012
https://doi.org/10.1038/icb.2010.70
https://doi.org/10.1136/neurintsurg-2017-013663
https://doi.org/10.1002/glia.23530
https://doi.org/10.1007/s00401-019-02049-1
https://doi.org/10.1186/s12974-020-01761-0
https://doi.org/10.4049/jimmunol.181.9.6170
https://doi.org/10.1186/s12974-016-0504-z
https://doi.org/10.1186/s12974-016-0504-z
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.1016/j.semcdb.2019.05.017
https://doi.org/10.1038/s41593-019-0566-1
https://doi.org/10.1016/j.bbrc.2008.02.038
https://doi.org/10.1111/cns.12575
https://doi.org/10.1073/pnas.1814394116
https://doi.org/10.1523/JNEUROSCI.3696-05.2006
https://doi.org/10.1189/jlb.3RI1116-494R
https://doi.org/10.1038/nn.3469
https://doi.org/10.1523/JNEUROSCI.1867-14.2014
https://doi.org/10.1038/nri3073
https://doi.org/10.2174/1568006043481284
https://doi.org/10.1073/pnas.1308679110
https://doi.org/10.1073/pnas.1308679110
https://doi.org/10.1523/JNEUROSCI.0060-08.2008
https://doi.org/10.1126/science.1110647
https://doi.org/10.1254/jphs.09292sc
https://doi.org/10.1254/jphs.09292sc
https://doi.org/10.1002/glia.22647
https://doi.org/10.1111/j.1476-5381.2009.00527.x
https://doi.org/10.1111/j.1476-5381.2009.00527.x
https://doi.org/10.1007/s00401-018-1954-4
https://doi.org/10.1161/01.str.27.9.1641
https://doi.org/10.1161/01.str.27.9.1641
https://doi.org/10.1016/j.expneurol.2020.113518
https://doi.org/10.3390/biology10100948
https://doi.org/10.1186/1742-2094-8-174
https://doi.org/10.1016/j.nbd.2016.09.017
https://doi.org/10.1016/j.nbd.2016.09.017
https://doi.org/10.1007/s00401-014-1381-0
https://doi.org/10.1007/s00401-014-1381-0
https://doi.org/10.1161/STROKEAHA.118.021474
https://doi.org/10.1007/s00401-017-1803-x
https://doi.org/10.1038/nn.4475
https://doi.org/10.3389/fimmu.2021.678744
https://doi.org/10.3389/fimmu.2021.678744
https://doi.org/10.1016/j.ymthe.2020.12.009
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Zhang et al. Microglia: The Integrators in Stroke

Ren, X., Akiyoshi, K., Dziennis, S., Vandenbark, A. A., Herson, P. S.,
Hurn, P. D., et al. (2011). Regulatory B cells limit CNS inflammation and
neurologic deficits in murine experimental stroke. J. Neurosci. 31, 8556–8563.
doi: 10.1523/JNEUROSCI.1623-11.2011

Ritzel, R. M., Patel, A. R., Grenier, J. M., Crapser, J., Verma, R., Jellison, E. R., et al.
(2015). Functional differences betweenmicroglia andmonocytes after ischemic
stroke. J. Neuroinflammation 12:106. doi: 10.1186/s12974-015-0329-1

Rodriguez-Gomez, J. A., Kavanagh, E., Engskog-Vlachos, P., Engskog, M. K. R.,
Herrera, A. J., Espinosa-Oliva, A. M., et al. (2020). Microglia: agents of the CNS
pro-inflammatory response. Cells 9:1717. doi: 10.3390/cells9071717

Ronaldson, P. T., and Davis, T. P. (2020). Regulation of blood-brain barrier
integrity by microglia in health and disease: a therapeutic opportunity. J. Cereb.
Blood Flow Metab. 40, S6–S24. doi: 10.1177/0271678X20951995

Santambrogio, L., Belyanskaya, S. L., Fischer, F. R., Cipriani, B., Brosnan, C. F.,
Ricciardi-Castagnoli, P., et al. (2001). Developmental plasticity of CNS
microglia. Proc. Natl. Acad. Sci. U S A 98, 6295–6300. doi: 10.1073/pnas.
111152498

Sato-Hashimoto, M., Nozu, T., Toriba, R., Horikoshi, A., Akaike, M.,
Kawamoto, K., et al. (2019). Microglial SIRPα regulates the emergence of
CD11c+ microglia and demyelination damage in white matter. eLife 8:e42025.
doi: 10.7554/eLife.42025

Schmitz, T., Krabbe, G., Weikert, G., Scheuer, T., Matheus, F., Wang, Y., et al.
(2014). Minocycline protects the immature white matter against hyperoxia.
Exp. Neurol. 254, 153–165. doi: 10.1016/j.expneurol.2014.01.017

Schroeter, M., Jander, S., Huitinga, I., Witte, O. W., and Stoll, G. (1997).
Phagocytic response in photochemically induced infarction of rat cerebral
cortex. the role of resident microglia. Stroke 28, 382–386. doi: 10.1161/01.str.28.
2.382

Shi, Z. S., Duckwiler, G. R., Jahan, R., Tateshima, S., Szeder, V., Saver, J. L., et al.
(2018). Early blood-brain barrier disruption after mechanical thrombectomy in
acute ischemic stroke. J. Neuroimaging 28, 283–288. doi: 10.1111/jon.12504

Shi, H., Hu, X., Leak, R. K., Shi, Y., An, C., Suenaga, J., et al. (2015). Demyelination
as a rational therapeutic target for ischemic or traumatic brain injury. Exp.
Neurol. 272, 17–25. doi: 10.1016/j.celrep.2022.110557

Shi, X., Luo, L., Wang, J., Shen, H., Li, Y., Mamtilahun, M., et al. (2021).
Stroke subtype-dependent synapse elimination by reactive gliosis in mice. Nat.
Commun. 12:6943. doi: 10.1038/s41467-021-27248-x

Shi, L., Sun, Z., Su, W., Xu, F., Xie, D., Zhang, Q., et al. (2021). Treg cell-derived
osteopontin promotes microglia-mediated white matter repair after ischemic
stroke. Immunity 54, 1527–1542.e8. doi: 10.1016/j.immuni.2021.04.022

Shichita, T., Sugiyama, Y., Ooboshi, H., Sugimori, H., Nakagawa, R., Takada, I.,
et al. (2009). Pivotal role of cerebral interleukin-17-producing γδT cells
in the delayed phase of ischemic brain injury. Nat. Med. 15, 946–950.
doi: 10.1038/nm.1999

Shigemoto-Mogami, Y., Hoshikawa, K., and Sato, K. (2018). Activated microglia
disrupt the blood-brain barrier and induce chemokines and cytokines in a rat
in vitro model. Front. Cell Neurosci. 12:494. doi: 10.3389/fncel.2018.00494

Shu, L., Xu, C. Q., Yan, Z. Y., Yan, Y., Jiang, S. Z., and Wang, Y. R. (2019). Post-
stroke microglia induce sirtuin2 expression to suppress the anti-inflammatory
function of infiltrating regulatory T cells. Inflammation 42, 1968–1979.
doi: 10.1007/s10753-019-01057-3

Sifat, A. E., Vaidya, B., and Abbruscato, T. J. (2017). Blood-brain barrier protection
as a therapeutic strategy for acute ischemic stroke. AAPS J. 19, 957–972.
doi: 10.1208/s12248-017-0091-7

Song, Y., Li, Z., He, T., Qu, M., Jiang, L., Li, W., et al. (2019). M2 microglia-
derived exosomes protect the mouse brain from ischemia-reperfusion injury
via exosomal miR-124. Theranostics 9, 2910–2923. doi: 10.7150/thno.30879

Stockinger, B., Bourgeois, C., and Kassiotis, G. (2006). CD4+ memory T
cells: functional differentiation and homeostasis. Immunol. Rev. 211, 39–48.
doi: 10.1111/j.0105-2896.2006.00381.x

Stubbe, T., Ebner, F., Richter, D., Engel, O., Klehmet, J., Royl, G., et al. (2013).
Regulatory T cells accumulate and proliferate in the ischemic hemisphere
for up to 30 days after MCAO. J. Cereb. Blood Flow. Metab. 33, 37–47.
doi: 10.1038/jcbfm.2012.128

Surugiu, R., Catalin, B., Dumbrava, D., Gresita, A., Olaru, D. G., Hermann, D. M.,
et al. (2019). Intracortical administration of the complement C3 receptor
antagonist trifluoroacetate modulates microglia reaction after brain injury.
Neural. Plast. 2019:1071036. doi: 10.1155/2019/1071036

Suzumura, A. (2013). Neuron-microglia interaction in neuroinflammation. Curr.
Protein Pept. Sci. 14, 16–20. doi: 10.2174/1389203711314010004

Taylor, R. A., and Sansing, L. H. (2013). Microglial responses after ischemic
stroke and intracerebral hemorrhage. Clin. Dev. Immunol. 2013:746068.
doi: 10.1155/2013/746068

Theodorou, G. L., Marousi, S., Ellul, J., Mougiou, A., Theodori, E., Mouzaki, A.,
et al. (2008). T helper 1 (Th1)/Th2 cytokine expression shift of peripheral
blood CD4+ and CD8+ T cells in patients at the post-acute phase of
stroke. Clin. Exp. Immunol. 152, 456–463. doi: 10.1111/j.1365-2249.2008.
03650.x

Thurgur, H., and Pinteaux, E. (2019). Microglia in the neurovascular unit: blood-
brain barrier-microglia interactions after central nervous system disorders.
Neuroscience 405, 55–67. doi: 10.1016/j.neuroscience.2018.06.046

Tian, Y., Zhu, P., Liu, S., Jin, Z., Li, D., Zhao, H., et al. (2019). IL-4-polarized
BV2 microglia cells promote angiogenesis by secreting exosomes. Adv. Clin.
Exp. Med. 28, 421–430. doi: 10.17219/acem/91826

Torres, K. C., Dutra, W. O., and Gollob, K. J. (2004). Endogenous IL-4 and
IFN-gamma are essential for expression of Th2, but not Th1 cytokine message
during the early differentiation of human CD4+ T helper cells.Hum. Immunol.
65, 1328–1335. doi: 10.1016/j.humimm.2004.06.007

Vainchtein, I. D., andMolofsky, A. V. (2020). Astrocytes andmicroglia: in sickness
and in health. Trends Neurosci. 43, 144–154. doi: 10.1016/j.tins.2020.01.003

Wake, H., Moorhouse, A. J., Jinno, S., Kohsaka, S., and Nabekura, J. (2009).
Resting microglia directly monitor the functional state of synapses in vivo
and determine the fate of ischemic terminals. J. Neurosci. 29, 3974–3980.
doi: 10.1523/JNEUROSCI.4363-08.2009

Wang, J., He, X., Meng, H., Li, Y., Dmitriev, P., Tian, F., et al. (2020). Robust
myelination of regenerated axons induced by combined manipulations of
GPR17 and microglia. Neuron 108, 876–886.e4. doi: 10.1016/j.neuron.2020.
09.016

Wang, Y., Jin, S., Sonobe, Y., Cheng, Y., Horiuchi, H., Parajuli, B., et al. (2014).
Interleukin-1beta induces blood-brain barrier disruption by downregulating
Sonic hedgehog in astrocytes. PLoS One 9:e110024. doi: 10.1371/journal.pone.
0110024

Wang, K., Li, J., Zhang, Y., Huang, Y., Chen, D., Shi, Z., et al. (2021). Central
nervous system diseases related to pathological microglial phagocytosis. CNS
Neurosci. Ther. 27, 528–539. doi: 10.1111/cns.13619

Wang, H., Wang, Z., Wu, Q., Yuan, Y., Cao, W., and Zhang, X. (2021). Regulatory
T cells in ischemic stroke. CNS Neurosci. Ther. 27, 643–651. doi: 10.1111/cns.
13611

Wang, M., Zhong, D., Zheng, Y., Li, H., Chen, H., Ma, S., et al. (2015).
Damage effect of interleukin (IL)-23 on oxygen-glucose-deprived cells of
the neurovascular unit via IL-23 receptor. Neuroscience 289, 406–416.
doi: 10.1016/j.neuroscience.2015.01.012

Wattananit, S., Tornero, D., Graubardt, N., Memanishvili, T., Monni, E.,
Tatarishvili, J., et al. (2016). Monocyte-derived macrophages contribute to
spontaneous long-term functional recovery after stroke in mice. J. Neurosci.
36, 4182–4195. doi: 10.1523/JNEUROSCI.4317-15.2016

Wright-Jin, E. C., and Gutmann, D. H. (2019). Microglia as dynamic cellular
mediators of brain function. Trends Mol. Med. 25, 967–979. doi: 10.1016/j.
molmed.2019.08.013

Xie, L., Li, W., Hersh, J., Liu, R., and Yang, S. H. (2019). Experimental ischemic
stroke induces long-term T cell activation in the brain. J. Cereb. Blood Flow.
Metab. 39, 2268–2276. doi: 10.1177/0271678X18792372

Xie, D., Liu, H., Xu, F., Su, W., Ye, Q., Yu, F., et al. (2021). IL33 (interleukin
33)/ST2 (Interleukin 1 Receptor-Like 1) axis drives protective microglial
responses and promotes white matter integrity after stroke. Stroke 52,
2150–2161. doi: 10.1161/STROKEAHA.120.032444

Xie, L., Zhao, H., Wang, Y., and Chen, Z. (2020). Exosomal shuttled miR-424-
5p from ischemic preconditioned microglia mediates cerebral endothelial cell
injury through negatively regulation of FGF2/STAT3 pathway. Exp. Neurol.
333:113411. doi: 10.1016/j.expneurol.2020.113411

Xing, C., Wang, X., Cheng, C., Montaner, J., Mandeville, E., Leung, W., et al.
(2014). Neuronal production of lipocalin-2 as a help-me signal for glial
activation. Stroke 45, 2085–2092. doi: 10.1161/STROKEAHA.114.005733

Xiong, X., Xu, L., Wei, L., White, R. E., Ouyang, Y. B., and Giffard, R. G. (2015).
IL-4 is required for sex differences in vulnerability to focal ischemia in mice.
Stroke 46, 2271–2276. doi: 10.1161/STROKEAHA.115.008897

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 April 2022 | Volume 16 | Article 889442

https://doi.org/10.1523/JNEUROSCI.1623-11.2011
https://doi.org/10.1186/s12974-015-0329-1
https://doi.org/10.3390/cells9071717
https://doi.org/10.1177/0271678X20951995
https://doi.org/10.1073/pnas.111152498
https://doi.org/10.1073/pnas.111152498
https://doi.org/10.7554/eLife.42025
https://doi.org/10.1016/j.expneurol.2014.01.017
https://doi.org/10.1161/01.str.28.2.382
https://doi.org/10.1161/01.str.28.2.382
https://doi.org/10.1111/jon.12504
https://doi.org/10.1016/j.celrep.2022.110557
https://doi.org/10.1038/s41467-021-27248-x
https://doi.org/10.1016/j.immuni.2021.04.022
https://doi.org/10.1038/nm.1999
https://doi.org/10.3389/fncel.2018.00494
https://doi.org/10.1007/s10753-019-01057-3
https://doi.org/10.1208/s12248-017-0091-7
https://doi.org/10.7150/thno.30879
https://doi.org/10.1111/j.0105-2896.2006.00381.x
https://doi.org/10.1038/jcbfm.2012.128
https://doi.org/10.1155/2019/1071036
https://doi.org/10.2174/1389203711314010004
https://doi.org/10.1155/2013/746068
https://doi.org/10.1111/j.1365-2249.2008.03650.x
https://doi.org/10.1111/j.1365-2249.2008.03650.x
https://doi.org/10.1016/j.neuroscience.2018.06.046
https://doi.org/10.17219/acem/91826
https://doi.org/10.1016/j.humimm.2004.06.007
https://doi.org/10.1016/j.tins.2020.01.003
https://doi.org/10.1523/JNEUROSCI.4363-08.2009
https://doi.org/10.1016/j.neuron.2020.09.016
https://doi.org/10.1016/j.neuron.2020.09.016
https://doi.org/10.1371/journal.pone.0110024
https://doi.org/10.1371/journal.pone.0110024
https://doi.org/10.1111/cns.13619
https://doi.org/10.1111/cns.13611
https://doi.org/10.1111/cns.13611
https://doi.org/10.1016/j.neuroscience.2015.01.012
https://doi.org/10.1523/JNEUROSCI.4317-15.2016
https://doi.org/10.1016/j.molmed.2019.08.013
https://doi.org/10.1016/j.molmed.2019.08.013
https://doi.org/10.1177/0271678X18792372
https://doi.org/10.1161/STROKEAHA.120.032444
https://doi.org/10.1016/j.expneurol.2020.113411
https://doi.org/10.1161/STROKEAHA.114.005733
https://doi.org/10.1161/STROKEAHA.115.008897
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Zhang et al. Microglia: The Integrators in Stroke

Xu, Z., Han, K., Chen, J., Wang, C., Dong, Y., Yu, M., et al. (2017). Vascular
endothelial growth factor is neuroprotective against ischemic brain injury by
inhibiting scavenger receptor A expression on microglia. J. Neurochem. 142,
700–709. doi: 10.1111/jnc.14108

Xu, S., Lu, J., Shao, A., Zhang, J. H., and Zhang, J. (2020). Glial cells:
role of the immune response in ischemic Stroke. Front. Immunol. 11:294.
doi: 10.3389/fimmu.2020.00294

Xue, J., Zhang, Y., Zhang, J., Zhu, Z., Lv, Q., and Su, J. (2021). Astrocyte-derived
CCL7 promotes microglia-mediated inflammation following traumatic brain
injury. Int. Immunopharmacol. 99:107975. doi: 10.1016/j.intimp.2021.107975

Yang, Y., Boza-Serrano, A., Dunning, C. J. R., Clausen, B. H., Lambertsen, K. L.,
and Deierborg, T. (2018). Inflammation leads to distinct populations
of extracellular vesicles from microglia. J. Neuroinflammation 15:168.
doi: 10.1186/s12974-018-1204-7

Yin, Z., Han, Z., Hu, T., Zhang, S., Ge, X., Huang, S., et al. (2020). Neuron-
derived exosomes with high miR-21-5p expression promoted polarization of
M1 microglia in culture. Brain Behav. Immun. 83, 270–282. doi: 10.1016/j.bbi.
2019.11.004

Zamanian, J. L., Xu, L., Foo, L. C., Nouri, N., Zhou, L., Giffard, R. G., et al.
(2012). Genomic analysis of reactive astrogliosis. J. Neurosci. 32, 6391–6410.
doi: 10.1523/JNEUROSCI.6221-11.2012

Zaremba, J., Skrobanski, P., and Losy, J. (2006). The level of chemokine CXCL5 in
the cerebrospinal fluid is increased during the first 24 hours of ischaemic stroke
and correlates with the size of early brain damage. Folia Morphol. (Warsz)
65, 1–5.

Zarruk, J. G., Greenhalgh, A. D., and David, S. (2018). Microglia and macrophages
differ in their inflammatory profile after permanent brain ischemia. Exp.
Neurol. 301, 120–132. doi: 10.1016/j.expneurol.2017.08.011

Zhang, Z., Chopp, M., and Powers, C. (1997). Temporal profile of microglial
response following transient (2 h) middle cerebral artery occlusion. Brain Res.
744, 189–198. doi: 10.1016/S0006-8993(96)01085-2

Zhang, R., Chopp, M., and Zhang, Z. G. (2013). Oligodendrogenesis after cerebral
ischemia. Front. Cell Neurosci. 7:201. doi: 10.3389/fncel.2013.00201

Zhang, Y., Fung, I. T. H., Sankar, P., Chen, X., Robison, L. S., Ye, L., et al.
(2020). Depletion of NK cells improves cognitive function in the Alzheimer
disease mouse model. J. Immunol. 205, 502–510. doi: 10.4049/jimmunol.
2000037

Zhang, Y., Gao, Z., Wang, D., Zhang, T., Sun, B., Mu, L., et al. (2014).
Accumulation of natural killer cells in ischemic brain tissues and the

chemotactic effect of IP-10. J. Neuroinflammation 11:79. doi: 10.1186/1742-
2094-11-79

Zhang, J., Wang, Y., Zhu, P., Wang, X., Lv, M., and Feng, H. (2012). siRNA-
mediated silence of protease-activated receptor-1 minimizes ischemic injury
of cerebral cortex through HSP70 and MAP2. J. Neurol. Sci. 320, 6–11.
doi: 10.1016/j.jns.2012.05.040

Zhang, H., Zhang, T., Wang, D., Jiang, Y., Guo, T., Zhang, Y., et al. (2020).
IFN-gamma regulates the transformation of microglia into dendritic-like cells
via the ERK/c-myc signaling pathway during cerebral ischemia/reperfusion in
mice. Neurochem. Int. 141:104860. doi: 10.1016/j.neuint.2020.104860

Zhao, J., Wang, L., and Li, Y. (2017). Electroacupuncture alleviates the
inflammatory response via effects onM1 andM2macrophages after spinal cord
injury. Acupunct. Med. 35, 224–230. doi: 10.1136/acupmed-2016-011107

Zhao, X., Wang, H., Sun, G., Zhang, J., Edwards, N. J., and Aronowski, J. (2015).
Neuronal interleukin-4 as a modulator of microglial pathways and ischemic
brain damage. J. Neurosci. 35, 11281–11291. doi: 10.1523/JNEUROSCI.1685-
15.2015

Zheng, Y., He, R., Wang, P., Shi, Y., Zhao, L., and Liang, J. (2019). Exosomes
from LPS-stimulated macrophages induce neuroprotection and functional
improvement after ischemic stroke by modulating microglial polarization.
Biomater Sci. 7, 2037–2049. doi: 10.1039/c8bm01449c

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Lian, Fu, Liu, Shan, Jin and Xu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 14 April 2022 | Volume 16 | Article 889442

https://doi.org/10.1111/jnc.14108
https://doi.org/10.3389/fimmu.2020.00294
https://doi.org/10.1016/j.intimp.2021.107975
https://doi.org/10.1186/s12974-018-1204-7
https://doi.org/10.1016/j.bbi.2019.11.004
https://doi.org/10.1016/j.bbi.2019.11.004
https://doi.org/10.1523/JNEUROSCI.6221-11.2012
https://doi.org/10.1016/j.expneurol.2017.08.011
https://doi.org/10.1016/S0006-8993(96)01085-2
https://doi.org/10.3389/fncel.2013.00201
https://doi.org/10.4049/jimmunol.2000037
https://doi.org/10.4049/jimmunol.2000037
https://doi.org/10.1186/1742-2094-11-79
https://doi.org/10.1186/1742-2094-11-79
https://doi.org/10.1016/j.jns.2012.05.040
https://doi.org/10.1016/j.neuint.2020.104860
https://doi.org/10.1136/acupmed-2016-011107
https://doi.org/10.1523/JNEUROSCI.1685-15.2015
https://doi.org/10.1523/JNEUROSCI.1685-15.2015
https://doi.org/10.1039/c8bm01449c
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Microglia: The Hub of Intercellular Communication in Ischemic Stroke
	INTRODUCTION
	THE PATHOPHYSIOLOGY OF MICROGLIA IN ISCHEMIC STROKE
	THE COMMUNICATION BETWEEN MICROGLIA AND RESIDENT CELLS IN THE BRAIN
	Neuron
	Microglia Shape the Fate of Neurons in Ischemic Stroke
	Neurons Influence the Function of Microglia
	Astrocyte
	Microglia Regulate the Activity of Astrocytes
	Astrocytes Influence the Behavior of Microglia
	Oligodendrocyte
	Microvascular Endothelial Cell

	THE COMMUNICATION BETWEEN MICROGLIA AND CNS-INFILTRATING CELLS
	Neutrophil
	NK Cell
	Monocyte/Macrophage
	T Cell
	Th1/Th17
	Th2
	Treg

	B Cell
	Dendritic Cell

	CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


