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Editorial on the Research Topic

Immune Response to Cerebral Ischemia: Exploring Mechanisms and Potential Treatment Targets

Cerebral ischemia or ischemic stroke (IS) is a leading cause of death worldwide, only behind cardiac
ischemia. However, the only effective medication currently approved by the Food and Drug
Administration for the treatment of acute ischemic stroke is the thrombolytic tissue plasminogen
activator. Therefore, to further clarify the intricate mechanisms so as to explore novel therapeutic
strategies is pretty critical. Immunity and inflammation, whether at the acute stage shown as arterial
occlusion-initiated brain damage or in the late phase presented with tissue repair, are instrumental
and indispensable in the ischemic cascade. Recently, research developments have unveiled that the
brain and the immune system have a bidirectional cross-talk, featured by the infiltration of
peripheral immune cells in the damaged brain due to the blood–brain barrier (BBB) disruption
after IS has occurred, stroke-induced immunosuppression, and subsequent infection, which
enormously challenge stroke therapy. Studies in rodent models suggest that the modulation of
post-ischemic immunity and inflammation, terribly important links of the ischemic cascade, offers
unique benefits. However, immunoregulation is not devoid of deleterious side effects, especially the
aggravation of immunodepression. Another issue is that restraining the inflammatory response may
remit the cerebral injury in the early phase but imperil the brain through destructing repair
mechanisms, thus worsening the long-term outcome. The essential and inconsistent role of
inflammation at different stages of stroke brings concern as to whether methods based on the
complete suppression of inflammation are feasible. Therefore, a more comprehensive
understanding of stroke-induced immunology and inflammation will enable the development of
selective and purposeful approaches to suppress their destructive effects.

The Research Topic Immune Response to Cerebral Ischemia: Exploring Mechanisms and
Potential Treatment Targets focuses on the immunological mechanisms of cerebral ischemia,
aiming to explore the interaction between the immune system and ischemic stroke and to discuss
and speculate the treatment landscape targeting immunity.

Ge Gao et al. observed that glutaminase 1 (GLS1), a primary enzyme responsible for the
generation of glutamate in the central nervous system, was increased in rat brains at 72 h post-focal
cerebral ischemia, accompanied by pro-inflammatory exosome release and microglia activation,
while glutaminase inhibitor suppressed microglial activation, exosome secretion, and
org December 2021 | Volume 12 | Article 81383615
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neuroinflammation, which suggests that GLS1 mediates exosome
release and neuroinflammatory microenvironment formation as
synergistically demonstrated through the application of an
exosome inhibitor. Zhili Chen et al. reported that stroke
resulted in the production of brain-derived microparticles
(BDMP), and BDMP treatment in stroke mice increased the
infarct volume, aggravated the BBB leakage, and enhanced the
microglial activation and inflammatory cell infiltration as well as
pro-inflammatory factor expression. The BDMP scavenger
improved the above-mentioned neurological outcomes and
mitigated neuroinflammation. Ting Liu et al. found that
proinflammatory cytokine interleukin 17A aggravated the
OGD/R-induced ischemic injuries of primary neurons by
promoting the initiation of an excessive autophagic process. In
summary, treatments targeting the regulation of inflammatory
mediators are expected to enhance the curative effect and will be
an essential direction in IS treatment.

It is well known that immune cells play very important roles
in IS. Zhihong Jian et al. reviewed the different timelines and
roles of infiltrated residential and peripheral immune cells in the
brain at the distinctive stages of stroke. They emphasized the
sources, phenotype transformation, and function alteration of
microglia-derived macrophages and monocyte-derived
macrophages during cerebral ischemia. Yijie Wang et al. also
discussed the phenotypes, functions, released mediators, and
upstream regulatory agents of different subpopulations of both
cerebral and peripheral immune cells as well as their cross-talk
after IS occurrence. Targeting distinctive immune cells and
specifically regulating their function may hereby be a novel
idea for inhibiting neuroinflammatory injury and promoting
neural restoration at different time courses of IS.

Immunity and inflammation actively modulate the
pathophysiological processes of IS; the injured brain also
communicates with the immune system and peripheral organs.
Ying Kong et al. collected peripheral blood natural killer (NK)
cells from patients with acute ischemic stroke, measured them,
and found that the number of NK cells was reduced, the immune
phenotyping was changed, and the extent in number depletion
and activity alteration was associated with brain infarct size.
Fangxi Liu et al. reviewed the cross-talk between the brain and
the immune system after stroke and pointed out that the
beneficial or detrimental effects of peripheral immune cells on
the ischemic brain depend on the time course of stroke. In
addition, they summarized the effect of gut microbiota and
metabolites on the brain-resident immune cells and raised a
question of how the microbiota composition influenced the
pathological process of IS.
Frontiers in Immunology | www.frontiersin.org 26
Besides this, Sarah R. Martha et al. innovatively found that the
inflammatory genes and immune mediators in arterial blood
distal and proximal to the intracranial thrombus, obtained from
patients with emergent large vessel occlusion and who had a
mechanical thrombectomy performed, could predict stroke
outcomes, such as infarct volume and edema volume, by using
machine learning algorithms. Therefore, their research will
provide a new thought by using novel methods to diagnose,
predict, and design drugs for stroke patients.

In conclusion, this Research Topic collects papers which involve
mechanisms of neuroinflammation and neuroimmunology as well
as alteration of the peripheral immunity, the bidirectional
communication between the injured brain and the immune
system, and the possible targeting treatments after IS. However,
there are still many undiscovered issues, and one of the battlefields
will be on exploring multitargeted immunotherapeutic approaches
both protecting the brain and taking the peripheral immune system
into consideration, which will bring new light on ischemic
stroke treatment.
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After ischemic stroke, the integrity of the blood-brain barrier is compromised. Peripheral

immune cells, including neutrophils, T cells, B cells, dendritic cells, and macrophages,

infiltrate into the ischemic brain tissue and play an important role in regulating the

progression of ischemic brain injury. In this review, we will discuss the role of different

immune cells after stroke in the secondary inflammatory reaction and focus on the

phenotypes and functions of macrophages in ischemic stroke, as well as briefly introduce

the anti-ischemic stroke therapy targeting macrophages.

Keywords: ischemic stroke, immune cell, macrophage, microglia, inflammation

INTRODUCTION

Stroke is one of the major diseases threatening physical and mental health, with the characteristics
of highmorbidity, mortality, disability rate and recurrence rate, and brings heavy burden to families
and society (1). Stroke is divided into two types, namely ischemic stroke (cerebral infarction) and
hemorrhagic stroke (cerebral hemorrhage), of which 85% is ischemic stroke. Cerebral ischemia
may result in secondary brain injury and neuronal death, producing inflammatory mediators and
leading to inflammation in brain tissue (2).

Following cerebral ischemia-reperfusion, reactive oxygen species (ROS) cause initial breakdown
of the blood brain barrier (BBB) by upregulating inflammatory mediators and activating matrix
metalloproteinases (MMPs). The initial BBB breakdown occurs within 3 h after stroke onset and
is accompanied by vasogenic edema. Destruction of the BBB induced by stroke promotes the
migration of immune cells to the brain (3). Acute brain injury causes the release of damage
associated molecular patterns (DAMPs) and the contents from dying and necrotic neurons into
the extracellular environment, and subsequently trigger intense innate immune response involving
microglia and infiltrating leukocytes (4). Ischemic stroke results in up-regulated expression of
integrin on the leukocyte surface and of the corresponding adhesionmolecules on the endothelium.
Leukocytes wrap around the vascular endothelium before being activated by chemokines.
Subsequently, the leukocytes firmly adhere to the endothelium and undergo either transcellular or
paracellular diapedesis through the endothelial layer (5). In the early stages of cerebral ischemia,
leukocytes are recruited by cell-adhesion molecules expressed on endothelial cells and enter
parenchyma at a later stage. Recruitment of leukocytes, including neutrophils, monocytes and
lymphocytes, is a continuous process and has a significant impact on the pathogenesis of ischemic
brain injury (6).

7

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.02167
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.02167&domain=pdf&date_stamp=2019-09-11
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:weirongfang@cpu.edu.cn
mailto:xiaoxingxiong@whu.edu.cn
https://doi.org/10.3389/fimmu.2019.02167
https://www.frontiersin.org/articles/10.3389/fimmu.2019.02167/full
http://loop.frontiersin.org/people/773547/overview
http://loop.frontiersin.org/people/575484/overview


Jian et al. Immune Cells After Ischemic Stroke

Microglia in central nervous system (CNS) and peripheral
immune cells, including blood-derived monocytes/macrophages,
neutrophils, and lymphocytes, are recruited into the ischemic
cerebral hemisphere which induce inflammatory response (4,
7). The inflammatory cascade in brain tissue could accelerate,
expand or delay, alleviate ischemic brain injury (8). There are
two main sources of macrophages infiltrating into ischemic brain
tissue after stroke: microglia derived macrophages (MiDM) and
monocytes derived macrophages (MoDM). Microglia originate
from the migration and differentiation of macrophages during
the primitive hematopoiesis of the fetal yolk sac, and they are
resident into the brain in the early stage of fetal development,
and maintain the proliferation ability during the postnatal
development. By contrast, granulocyte-monocyte progenitors
are the precursors of macrophages during development and
adulthood (9). After ischemic stroke, peripheral monocytes are
migrated through the BBB to the ischemic brain under the action
of chemokines and cell adhesion molecules. Therefore, a series of

FIGURE 1 | Timeline related developments regarding cell location and expression of different factors. Ischemic stroke starts in the blood vessels, where arterial

occlusion results in hypoxia, reactive oxidative species (ROS) production, and coagulation cascade. In addition, ischemia also impacts the brain parenchyma.

Hypoperfusion causes deprivation of glucose and oxygen, leading to a series of interconnected events (acidosis, oxidative stress, excitotoxicity, and inflammation),

eventually causing neuronal cell death. The dying and dead neurons release danger-associated molecular patterns (DAMPs) which result in the activation of microglia.

The release of chemokines and cytokines (TNF-α, IL-1β, IL-6) from microglia generates an inflammatory environment featuring activated leukocytes, and the increased

expression of adhesion molecules on endothelial cell. Neutrophils enter the brain as early as 1 h after stroke and increase blood-brain barrier permeability by secreting

matrix Metalloproteinases (MMPs), further aggravating ischemic injury. T cells have a damaging effect in this acute phase of stroke. Th17 cells and γδT cell further

increase neutrophilic activity and aggravate the acute ischemic through the production of IL-17. B cells produce antibodies against brain-derived molecules, resulting

in further neuronal damage in 4–7 weeks following stroke onset, possibly leading to clinical stroke sequelae such as dementia.

changes of macrophages after stroke and their effects on disease
progression are extremely complex.

In this review, we will discuss the role of different types of
immune cells in the secondary inflammatory responses after
stroke. We focus on the different phenotypes and functions of
macrophages in ischemic stroke and briefly introduce the anti-
cerebral ischemia therapy targeting macrophages.

IMMUNE CELLS IN BRAIN AFTER
ISCHEMIC STROKE

After acute stroke, multiple immune cells can enter the brain
parenchyma in an orderly manner. Microglia increased in
the early stage after stroke, and peripheral immune cells,
including myeloid dendritic cells, monocytes/macrophages, and
neutrophils, appeared within 1 day after stroke, peaked 3
days after stroke, and lasted until 7 days after stroke (10,
11). Subsequently, small increases of T and B lymphocytes
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were detected (Figure 1). Neutrophils are the first leukocytes
subset to appear in the ischemic brain, which are detected
within the first hour. These neutrophils remain in the cerebral
microvessels, from where they damage the BBB by releasing
ROS and proteolytic enzymes (12). Neutrophils penetrate the
CNS parenchyma mainly following the more damaging second
opening of the BBB, resulting in severe endothelial damage,
destruction of adjacent blood vessels, and in some cases
hemorrhagic transformation (13). Peripheral monocytes can
be recruited to the ischemic brain within hours after BBB
damaged. T lymphocytes influx into the brain within hours after
tMCAO and aggregate around the border of the infarcted region.
Particularly, cytotoxic CD8+ T cells have been indicated to be
recruited into the brain as early as 3 h following stroke while
CD4+ T cells are recruited within 24 h and peak at 72 h after
reperfusion (14). There is increasing evidence that immune cells
are involved not only in neuroinflammatory processes, but also
in the maintenance of CNS homeostasis (Table 1).

Neutrophil
Neutrophils are one of the first cells to respond to cerebral
ischemic injury, but their exact role in stroke pathology
remains unclear. Although the phagocytosis of neutrophils may
contribute to the removal of necrotic cell debris and promote
tissue healing, its destructive effects lead to collateral tissue
damage, BBB disruption, and brain edema (15). Infiltrating
neutrophils have a significant destructive potential in many ways.
Activated neutrophils infiltrating into the brain parenchyma
produce a number of inflammatory factors, including matrix
metalloproteinases, inducible nitric oxide synthase (iNOS) and
ROS (16), which aggravate BBB destruction and cell death,
as well as obstruct brain repair (Figure 2). In addition, the
accumulation of neutrophils in blood vessels can damage local
blood flow, leading to the absence of reflow in the affected
microcirculation (17).

After stroke, necrotic lesions produce a great quantity of
damage associated molecular patterns (DAMPs) (18), such
as mitochondrial DNA (19), carboxyl alkylpyrrole (20), and
ATP (21). Injured brain cells are exposed to inflammatory
mediators, such as platelet activating factor (PAF), IL-1β, TNF-
α, and chemokines (22). Subsequently, cell adhesion molecules
(CAMs) were induced to express on the endothelial surface
(23). The roll of neutrophils depends mainly on selectin,
whereas adhesion and migration depend on integrin (24). Once
the CAMs present on endothelial cell surface, they would
interact with complementary receptors on the surface of the
neutrophils. For example, P-selectin interact with its ligand P-
selectin glycoprotein ligand 1 (PSGL1) resulting in neutrophils
rolling on the endothelial surface along the flow direction (22),
and the interactions between macrophage adhesion molecule 1
(MAC-1) of neutrophil and endothelial intercellular adhesion
molecule 1 (ICAM-1) contributes to the adhesion of neutrophils
to activated endothelium (25).

T Cells
There is increasing evidence that immune cells are involved
not only in neuroinflammatory processes, but also in the

TABLE 1 | The different role of the cells involved in stroke pathology.

Cells involved in stroke Role in stroke pathology

Neutrophils Produce inflammatory factors, including MMP,

iNOS, and ROS

Aggravate BBB destruction Activate platelets

and contribute to the thrombotic processes

T cells CD4+

T cells

Mediate tissue repair through the production of

IL-4 in synergy with macrophages

CD8+

cytotoxic

T cells

Lead to neuron death and aggravation of brain

injury by cell interactions and release of

perforin/granzyme after antigen-dependent

activation

Treg Promote neuroprotection and repair

γδT cells Exacerbate ischemic damage through

production of IL-17

Th1 cells Aggravate brain injury by secreting

pro-inflammatory cytokines, including IL-2,

IL-12, and IFN-γ

Th2 cells Exhibit neuroprotective effects on the injured

brain by secreting anti-inflammatory cytokines

such as IL-4, IL-5, IL-10, and IL-13

B cells Attenuate inflammation after stroke by

producing anti-inflammatory cytokines such as

IL-10, TGF-β

Dendritic cells Activate and enhance antigen presentation to

T cells

Macrophage/Microglia Release cytotoxic substances, induce

inflammation, and lead to cell death (M1

phenotype)

Clear cell debris by phagocytosis and release

nutritional factors (M2 phenotype)

Astrocytes Promote neurotoxicity through glial scar

formation and pro-inflammatory cytokine

release (e.g., IL-15)

Provide neuroprotection via angiogenic and

synaptogenic effects, neurotrophin production,

and reducing excitotoxicity

maintenance of CNS homeostasis. T cells are an important
group of immune cells involved in the pathogenesis of certain
neurological diseases by inducing innate or adaptive immune
responses. After stroke, T cells preferentially migrate to
the edge of the lesion, and the number of cells increases
several days after ischemia, which can be detected in the
brain parenchyma within 30 days after ischemia (26).
Recombinant activated gene knockout (Rag−/−) mice lack
the normal T cell and B cell function. Studies have shown
that Rag−/− mice has lower incidence of ischemic stroke.
After Rag−/− mice transferred with T cells, the infarction
volume was increased significantly, indicating that T cells
play an important role in the development of cerebral
ischemic stroke (27, 28).

Approximately 40% of T cells infiltrating ischemic brain
tissue are CD4+ helper T cells and about 30% are CD8+
cytotoxic T cells. Antibody mediated depletion of CD4+ or
CD8+T cell subsets resulted in reduced infarct volume and
secondary injury (29). When neuroinflammatory responses
occur in the acute stage of cerebral ischemia, T cells act on
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FIGURE 2 | Immune cells in brain after ischemic stroke. Cerebral ischemic stroke leads to the release of danger-associated molecular patterns (DAMPs) from dying

neurons. These molecules trigger the activation of resident microglia and astrocytes. Activated microglia release pro- or anti-inflammatory mediators resulting in

neurons apoptosis or neurogenesis. In the ischemic brain, inflamed endothelial cells express adhesion molecules, such as intercellular adhesion molecule 1 (ICAM-1),

P-selectin, and E-selectin, which recruit neutrophils and infiltration. Activated neutrophils infiltrating into the brain parenchyma produce a number of inflammatory

factors, including matrix metalloproteinases (MMPs), inducible nitric oxide synthase (iNOS), and reactive oxygen species (ROS), which aggravate blood brain barrier

destruction and cell death, as well as obstruct brain repair. Dendritic cells express major histocompatibility complex (MHC II) on the cell surface. Brain-derived antigens

can be presented by MHC II on dendritic cell and can be recognized by receptors on the surface of T cells. Subsequently, the adaptive immune system is activated.

Activated microglia/macrophages may stimulate activated CD4+T cells to differentiate into Th1 or Th2 cells, and then produce pro-inflammatory or anti-inflammatory

cytokines to damage or protect the brain. CD8+ cytotoxic T cells lead to neuron death and aggravation of brain injury by cell interactions and release of

perforin/granzyme after antigen-dependent activation. γδT cells caused damage to the surrounding tissues by secreting IL-17. B cells attenuate inflammation after

stroke by producing anti-inflammatory cytokines such as IL-10 and TGF-β.

neurons indirectly through the interaction with the innate
immune system. After cerebral ischemia/reperfusion, activated
and infiltrated microglia/macrophages may stimulate activated
CD4+T cells to differentiate into Th1 or Th2 cells, and then
produce pro-inflammatory or anti-inflammatory cytokines to
damage or protect the brain (30). Th1 cells may aggravate brain
injury by secreting pro-inflammatory cytokines, including IL-2,
IL-12, and IFN-γ. Th2 cells may have neuroprotective effects on

the injured brain by secreting anti-inflammatory cytokines such
as IL-4, IL-5, IL-10, and IL-13 (31).

CD8+ cytotoxic T cells are the first T cell subsets to invade
the ischemic brain and can be detected within a few hours
after stroke (10). CD8+ cytotoxic T cells lead to neuron death
and aggravation of brain injury by cell interactions and release
of perforin/granzyme after antigen-dependent activation (29)
(Figure 2).
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Regulatory T cells (Treg) mainly express Foxp3 transcription
factor, and inhibit excessive immune response by identifying
autoantigens and foreign antigens. A large number of studies
have shown that Foxp3+Treg have a protective effect in
neuroinflammatory response after stroke (32). IL-10, an anti-
inflammatory cytokine, is a key mediator of the neuroprotective
function of Treg, which exerts anti-inflammatory effect by
inhibiting IL-1β and TNF-α (33, 34). Studies have shown that
intraventricular injection of IL-10 reversed the effects of Treg
depletion (35). In addition, IL-10 mediates multiple biological
functions and down-regulates more than 300 genes related to
inflammatory pathways (36). However, it has also been found
that Treg may affect BBB integrity in the acute stage of stroke,
and may aggravate neuron injury by inducing microvascular
dysfunction. The elimination of Treg within 24 h after middle
cerebral artery occlusion (MCAO) reduced the amount of fibrin
in mice and increased cerebral blood flow, indicating attenuated
tissue injury.

γδT cells and Th17 cells caused damage to the surrounding
tissues by secreting IL-17 which peaked on the third day after
stroke (37). IL-17 specific antibody neutralization significantly
improved the prognosis of stroke (38). In contrast to the
adverse effects in the acute phase, IL-17 expression peaked for
the second time around the 28th day after stroke, possibly
due to the secretion of cytokines by reactive astrocytes to
promote neurogenesis (37). This finding demonstrated that IL-
17 promotes inflammatory response in the acute phase and
promotes regenerative function in the later stage, indicating the
complexity of adaptive immune response after stroke.

B Cells
B cells have both protective and traumatic effects in cerebral
ischemia. In mouse models, B cells are involved in chronic
inflammation in the ischemic region where lymphoid tissue
similar to B cell follicles is observed (39). B cells undergo
isotype transformation, express plasma cell markers, secrete
immunoglobulin, and affect long-term functional recovery after
stroke. Consistently, oligoclonal immunoglobulin was found in
the cerebrospinal fluid of some stroke patients, indicating that B
cells in the CNS responded after stroke (40).

There is no clear consensus on the role of B cells in post-
stroke recovery, although some animal studies have suggested
a protective role of B cells in post-stroke injury. µMT−/− mice
were introduced a nonsense mutation into the transmembrane
exon of IgM heavy chain, leading to B cell elimination (41).
After middle cerebral artery occlusion, µMT−/− mice exhibited
larger infarct size, higher mortality, andmore severe neurological
deficits (42). Compared with wild type mice, the ischemic
hemisphere of µMT−/− mice showed more activated T cells,
neutrophils, macrophages and microglia. Adoptive transfer of
highly enriched populations of B cells fromWTmice toµMT−/−

mice prior to stroke onset has protective effects that may be
dependent on cytokine secretion. The same neuroprotective
phenotype was not observed when adoptive transfer of B cells
to IL-10 deficient mice (42). The above researches indicated that
regulatory B cells provide neuroprotection through the IL-10
dependent mechanism.

Regulatory T cells and B cells attenuate inflammation after
stroke by producing anti-inflammatory cytokines such as IL-
10, transforming growth factor-β (TGF-β). In the pathological
process of the CNS, IL-10 expressed in the brain increases
regulatory lymphocytes and reduces the inflammatory response
(39). Lipopolysaccharide (LPS) stimulation before adoptive
transfer of B cells increases the production of IL-10, reduces
infarct volume, increases the number of regulatory T cells, and
inhibits the peripheral pro-inflammatory response (43).

Other animal studies applied Rag−/− mice or mice only
deficient in B cells, CD4+ T cells or CD8 T+ cells, to determine
the contribution of specific lymphocyte populations to ischemia-
reperfusion injury and recovery. Rag−/− mice exhibited lower
infarct volume and alleviated neurological deficits, but no
improvement was observed in B-cell deficient mice after stroke,
suggesting that B cells had no significant effect on the progression
of infarction (27). In addition, B cell regeneration of Rag−/−

mouse had no significant effect on the neuroprotective effect after
stroke (28).

Compared with other risk factors associated with
cerebrovascular and degenerative dementia such as diabetes,
hypertension, and hypercholesterolemia, the occurrence of
stroke increases the susceptibility to dementia, especially
vascular dementia (39, 44–46). However, the signaling pathways
that lead to the progression of dementia after stroke are not
fully understood. Recent studies have shown that cognitive
impairment occurs 7 weeks after stroke in mice (39). Four to
seven weeks after stroke, B cells congregate in the infarct area
and produce IgA and IgG antibodies, which are associated
with cognitive impairment. This has been demonstrated in four
stroke models of two different mouse strains. Immunoglobulin
synthesis was also found in cerebrospinal fluid of stroke patients
for months after stroke (47, 48). These antibodies may lead
to neuronal injury and cognitive impairment by binding to
Fc receptors and activating the complement pathway (49). In
addition, these antibodies worsen the disease by spreading into
adjacent, unaffected healthy tissue.

Dendritic Cells (DCs)
DCs are the most effective antigen presenting cells (APCs),
which plays a crucial role between innate immunity and adaptive
immunity (50). They act as an outpost of the immune system,
including the CNS, constantly monitoring the environment.
DCs are located near cerebrospinal fluid, but they may
migrate to cervical lymph node, or trigger an immunogenic
T cell response (51). Under physiological conditions, the
presence of DCs in brain parenchyma is rare, but with the
aggravation of neuroinflammatory reaction, DCs increases in
brain parenchyma. Although DCs belong to a unique immune
cell lineage with multiple phenotypes, it shares certain markers
with macrophages, microglia, and monocytes. These cells express
MHC II, and have similar morphological characteristics, which is
not conducive to the accurate identification of cells (52).

After the experimental animal cerebral ischemic, it was found
that cells with DC characteristics were present in their brains.
Kostulas et al. reported the existence of MHC II (OX6+)-
expressing cells in ischemic brain tissues of rats after permanent
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middle cerebral artery occlusion (pMCAO) (53). MHC II is
expressed by DCs (OX62+) which are usually not present in
the brain parenchyma but in the meninges and choroid plexus.
DCs invaded the ischemic core during the first few hours after
ischemia and gradually increased until 6 days after ischemia.
They observed that DCs (OX62+) in brain parenchyma also
expressed CD11b (OX42+), suggesting that some microglia
developed into DCs after ischemic stroke (53). Reichmann et al.
used photochemically induced cerebral ischemia inmice to detect
the expression of DCs and demonstrated that DCs were existed
in the periphery area of cerebral infarction and in degenerated
cortical thalamic fiber bundles, as well as subcortical nuclei
within a few weeks after stroke (54).

Recent studies have shown that, in addition to playing a role
in the classical antigen-dependent immune response, DCs are
able to take shape of immune responses locally without relying
on migration to lymphatic organs or antigen presentation. Toll-
like receptors interact with DCs through pathogen-associated
molecular patterns (PAMPs) or DAMPs, leading to the rapid
release of cytokines that initiate a innate immune cascade.
For example, conventional DCs (cDCs) and monocyte-derived
DCs (MoDCs) can release IL-23 under the stimulation of
TLR5 ligands.

Macrophages
Circulating monocytes migrate into the brain parenchyma via
endothelial cells and differentiate into tissue macrophages. There
are also a large number of macrophage-like cells in the CNS,
namely microglia, which can also transform into activated
macrophages during tissue damage (55). Many studies have
found that microglia and monocytes/macrophages aggravate the
inflammation and injury of stroke. Macrophages are the main
cells of the immune system, playing an important role in the
repair and regeneration of the CNS (56). In addition to the
neuroprotective effect, macrophages are also the main source of
pro-inflammatory cytokines, which can significantly inhibit brain
tissue repair and neurogenesis (57). Thus, the dual functions
of microglia and infiltrating macrophages hinders restoration
after stroke.

Inflammatory microenvironment has a great influence on
microglial/macrophage phenotype, leading to different gene
expressions and biological functions in brain tissue. Studies have
found that LPS induced microglia/macrophage M1 phenotype
mainly releases cytotoxic substances, induces inflammation, and
leads to cell death, which is manifested as destructive effects
on the brain. Whereas, IL-4-induced M2 phenotype clears cell
debris by phagocytosis and releases nutritional factors, which
is manifested as neuroprotective effects on the brain (58). As
a consequence, these results suggest that facilitating the M2
phenotype and suppressing the M1 phenotype are beneficial to
brain recovery after stroke.

In addition, the promotion of effective neurogenesis has
gradually become an important treatment method for stroke,
because the dead neurons in the cortical lesion need to
be replaced by new neurons to supplement and reconstruct
the neuronal connections. Recent studies have shown that
macrophages are involved in each step of neurogenesis. For

instance, macrophages produce neurotrophic factors to induce
cell migration (59), but they can also produce inflammatory
cytokines that reduce the survival rate of newborn neurons
(60). Therefore, understanding the roles and mechanisms of
macrophages in neurogenesis after stroke will be helpful to find
new therapies to promote brain repair.

THE SOURCES AND FUNCTION OF
MACROPHAGES AFTER ISCHEMIC
STROKE

Macrophages infiltrating into ischemic brain tissue after stroke
mainly include Microglia Derived Macrophages (MiDM) and
Monocyte Derived Macrophages (MoDM). Activated MiDM and
MoDM exhibit some of the same and different characteristics
in cerebral ischemic injury. Common characteristics refer to
the expression of the same phenotypic markers, the capability
of polarizing to pro-inflammatory/ anti-inflammatory (M1/M2)
phenotype, and phagocytic function, as well as the high degree
of morphological plasticity. However, MiDM and MoDM are
different in some aspects. First, MiDM derive from the fetal
yolk sac, residence in the brain at the early stage of embryonic
development, and maintain the ability of proliferation. In
contrast, MoDM are derived from granulocyte monocyte
progenitors during development and maturation (61, 62). After
ischemic stroke, monocytes in peripheral blood migrate through
BBB and are recruited into ischemic brain tissue under the
action of chemokines and cell adhesion molecules. In addition,
activation of MiDM is dependent on ATP/ADP signal, while
MoDM can maintain viability and retain their functions in the
absence of oxygen /ATP (62, 63). Finally, only MiDM have
ramified morphology, of which the branches generate from the
cell body and interact with surrounding neurons and other glial
cells (64, 65). Although there are increasing evidences thatMiDM
are functionally different with MoDM, whether these differences
signify that they play different roles in the progression and repair
of brain injury remains to be confirmed (66, 67).

Monocytes Derived Macrophages (MoDM)
Monocytes are immune effector cells with surface pathogen
recognition receptors and chemokine receptors that mediate
the migration of monocytes from blood to brain after ischemic
stroke. Under normal conditions, monocytes circulate in the
bone marrow, blood, and spleen without proliferation. After
acute cerebral ischemia, monocytes migrate from in situ to
the ischemic area and accumulate in the ischemic region,
then differentiate into macrophages (Figure 3). MoDM produce
inflammatory cytokines, toxic molecules and are actively in
phagocytosis (68). In the case of inflammatory response or
pathogen infection, inflammatory factors, or pathogens bind
to surface receptors of monocytes and mediate migration
of monocytes to the injured tissues and differentiation into
macrophages or inflammatory DCs (8). Monocytes are derived
from macrophage-DC precursors (MDPs) and are constantly
replenished by self-renewing hematopoietic stem cells (HSCs).
Only in the case of injury can MoDM localize to the injured
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FIGURE 3 | Different cell subsets changes in response to stroke. Two main subgroups of monocytes exist in the circulation, namely pro-inflammatory

Ly6ChiCCR2+CX3CR1lo monocytes and anti-inflammatory Ly6CloCCR2−CX3CR1hi monocytes. Ly6ChiCCR2+CX3CR1lo monocytes infiltrate into the central

nervous system from the blood via the CCL2-CCR2 axis, and differentiate into classically M1-like macrophages or Tip-DCs with strong phagocytosis. Under acute

inflammatory circumstances, they turn into the direct precursors of macrophages in the peripheral blood. Anti-inflammatory monocytes are larger and act primarily as

vascular patrols and induce neutrophil aggregation. After cerebral ischemia, the injury tissue releases various inflammatory cytokines. Lipopolysaccharide (LPS) and

interferon-γ (IFN-γ) stimulate monocyte-derived macrophages to polarize toward M1 phenotype which secretes TNF-α, IL-1β, and IL-6. Alternative M2 is promoted by

IL-4, IL-10, and TGF-β. It expresses substantial mannose receptors and scavenger receptors.

region and play an anti-inflammatory role by regulating the local
activation of MiDM, thus becoming the driving force for the end
of the immune response (69).

Different from MiDM, MoDM can transform metabolism
into anaerobic mode in hypoxia/ischemia conditions, thus
maintaining viability (62, 70). Many pathological processes, such
as tumors, atherosclerosis, and cerebral ischemia, have hypoxic
environment accompanied by the presence of macrophages
(70). In recent years, studies have attempted to elucidate
how macrophages adapt to hypoxic environment and some
studies have found that hypoxia-inducible factors (HIF-1α)
and transcription factor NF-κB are master regulators of this
adaption (71, 72). The inflammatory response mediated by
myeloid cells requires the participation of HIF-1α, and involves
the reduction of iNOS expression and the decrease of ATP
produced by glycolysis (73, 74). Hypoxia activates NF-κB and
promotes the production of inflammatory factors (72). Hypoxia-
induced expression of CXCL12 can regulate the mobilization and
homing of HSC and progenitor cells to ischemic tissue (75, 76).
InflammatoryMoDM express CCR2, CD11b, Ly6C, and low level
CX3CR1 (77).

MoDMs are an important integral in tissue remodeling not
only during the developmental stage but also in adulthood.
In addition, macrophages inhibit inflammatory responses and
autoimmune responses to autoantigens (78). MoDMs also
control angiogenesis through various mechanisms, not only
controlling vascular branches of the circulatory system, but
also affecting lymphangiogenesis during development (79).

Several recent studies have labeled blood monocytes with green
fluorescent protein (GFP) to distinguish the roles of the two types
of macrophages (80). The results showed that the infiltration of
MoDM into ischemic brain reached its peak at 2–3 days after
stroke (81–84). Some researchers demonstrated that in the rat
models of transient MCAO (tMCAO) and pMCAO, monocytes
began to infiltrate into the ischemic brain at 24–48 h after cerebral
ischemia, but the number was lower than activated microglia
(85, 86).

Fractalkine (CX3CL1) is a membrane binding chemokine,
which is expressed by neurons in the normal CNS, while
its receptor CX3CR1 is highly expressed on microglia. The
interaction between CX3CL1 and CX3CR1 is essential to
maintain the normal function of microglia in both physiological
and pathological conditions (87). CCR2 is the receptor of
monocyte chemotactic protein (MCP), which is expressed
on many different types of cells, but primarily on the surface
of monocyte. Different phenotypic monocyte subsets are
distinguished according to the differences in CCR2 and CX3CR1
expression (Table 2). The monocyte subset in peripheral
blood is distinguished by CX3CR1, which is phenotypically
identified as LFA-1+, L-Sel−, Ly6C−, CCR2−, CX3CR1hi. While
CCR2 marked “inflammatory” monocytes are LFA-1−, L-Sel+,
Ly6C+, CCR2+, and CX3CR1lo (88–90). In rodents, monocytes
are divided into two main subsets according to chemokine
receptor and Ly6C expression levels, namely pro-inflammatory
subsets (Ly6ChiCCR2+CX3CR1lo) and anti-inflammatory
subsets (Ly6CloCCR2−CX3CR1hi; Figure 3). Analogously,
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TABLE 2 | Characteristics and effects of distinct macrophages.

Source Phenotype Identification markers Functions

Microglia Resting state Iba-1/ CD45intCD11b+F4/80 Determined by differentiation

pattern (M1 or M2)

Macrophage/Microgila Classical activation (M1) CD16/CD32/CD86/CD80/iNOS/CD80 Pro-inflammatory

Alternative activation (M2) CD206/Arg1/Ym1/CD68 Anti-inflammatory

Monocyte Mice Pro-inflammatory monocyte LFA-1−/L-

Sel+/Ly6C+/CCR2+/CX3CR1lo
Clear dead cells

Mediate inflammation

Anti-inflammatory monocyte LFA-1+/L-

Sel−/Ly6C−/CCR2−/CX3CR1hi
Vascular surveillance

Human CD14++CD16− CD93/CD64/CD11b/CD36 /CD62L

CXCR1/CXCR2/CCR2hi
Similar to pro-inflammatory

monocyte (mice)

CD14++CD16+ CD74/CD40/CD54

CX3CR1hi/CCR2 hi
Similar to anti-inflammatory

monocyte (mice)

CD14+CD16++ CX3CR1hi/CCR2lo Similar to anti-inflammatory

monocyte (mice)

human monocytes are highly homologous with murine
monocytes and are divided into three subsets: the classical type
(CD14++CD16−), the intermediate type (CD14++CD16+)
and the non-classical type (CD14+CD16++). In terms of
function, the mouse Ly6Chi monocyte subset is similar to the
human CD14++CD16− and CD14++CD16+ monocyte subsets,
and the Ly6Clo monocyte subset is analogous to the human
CD14+CD16++ monocyte subset (91).

CCR2 is associated with the recruitment, activation and
tissue invasion of monocytes (92). Pro-inflammatory monocytes
(Ly6ChiCCR2+CX3CR1lo) simultaneously express a large
amount of CX3CR1 and CCR2, so that to have high mobility
and can rapidly reach the inflammatory site during infection
or tissue damage. In addition, it has been reported that
Ly6ChiCCR2+ monocytes are direct precursors of microglia in
blood circulation (83). Wattananit et al. found that blocking
monocytes recruitment by the anti CCR2 antibody during the
first week post ischemic stroke abolished long-term behavioral
recovery, and drastically decreased the expression of anti-
inflammatory genes (56). Chu et al. injected selective CCR2
receptor antagonist 1 h before MCAO, 2 and 6 h after MCAO,
respectively, to prevent recruitment of Ly6Chi monocytes to
the brain. At 24 h after MCAO, worse functional outcome and
extensive lesion was found (93). These results suggested that
recruited pro-inflammatory monocytes have protective effects.
In addition, studies have shown that the ablation of infiltrating
monocytes leads to a decrease in cell with anti-inflammatory
activity without affecting the expression of pro-inflammatory
characteristic activities (56).

Anti-inflammatory monocytes (Ly6CloCCR2−CX3CR1hi)
express higher levels of CX3CR1 with longer half-life. They
slowly invade the vascular endothelium and “patrol” the
vascular system with blood flow in a way dependent on LFA-1
integrin and CX3CR1. The aim of this behavior is to remove
damaged endothelial cells and thus maintaining the integrity
of the vasculature (94). Recently, it has been reported that
Ly6Clo monocytes do not affect the progression and recovery
of ischemic stroke (82). Furthermore, CX3CR1 also regulates

the neurotoxicity of microglia in a cell-autonomous manner
in neurodegenerative CNS diseases. The increase of soluble
CX3CL1 enhances the inflammatory signals of microglia and
macrophages expressing CX3CR1, leading to increased release
of toxic cytokines and oxidative metabolites (95). In stroke
models, inhibition of CX3CR1 signal transduction can reduce
infarct area and improve neurological function, partly due to
reduced neuroinflammatory responses (87). Tang et al. (96)
and Denes et al. (97) found that the loss of CX3CR1 signal
can reduce the proliferation of microglial cells/macrophages in
the ischemic brain of mice, reduce the inflammatory response,
and the peripheral recruitment of mononuclear macrophage
subpopulation differentiation is also changed. Activation via
TLR4 regulates the expression of CX3CL1 and CX3CR1 (98).
Since the activation of CX3CR1 also promotes the NF-κB-
dependent transcription, the signal transduction via CX3CR1
can promote the inflammatory effects induced by TLR4
activation, while the lack of CX3CR1 signal transduction can
produce the opposite effect (87). Fumagalli S has indicated that
the protective effects of CX3CR1−/− mice in the early stage after
ischemic injury and in the inflammatory response are related
to a protective inflammatory environment, characterized by the
promotion of the M2 polarization markers expression (99).

Microglia Derived Macrophage (MiDM)
MiDMs are resident phagocytic cells in the brain, which
contribute to tissue homeostasis by producing growth factors and
clearing apoptotic cells. MiDMs have a large number of surface
pathogen recognition receptors, which can conduct efficient
phagocytosis and induce the production of inflammatory factors
(100). In vivo lineage tracing studies showed that microglia
originate from the primitive myeloid progenitor cells of the
extraembryonic yolk sac that appeared before postnatal day 8
(P8), and entered the CNS after the angiogenesis of embryo
on P9 (101, 102). Chemokine receptor CX3CR1 is structurally
expressed in MiDM and can be induced in specific subsets of
macrophages (100). Therefore, the high expression of CX3CR1
is considered as a selective marker of MiDM in the early stage
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of injury, and its main function in the brain is to support the
communication between microglia and neurons. In addition,
CD11b, F4/80, and low level CD45 were also expressed in adult
microglia (77).

The severity of brain injury affects the proliferation of
MiDM in the injured brain tissue. MiDMs exhibited significant
proliferation after 30min of transient ischemia, while no
significant proliferation after 60min of severe ischemia, resulting
in a large area of microglia loss when supplementation with
fresh microglia was restricted (85). MiDMs expend energy in
an ATP-dependent manner to perform their normal functions,
including production of inflammatorymediators and cytoskeletal
recombination (103, 104). Therefore, after acute injury, MiDMs
are easily affected by energy deficiency and alteration in local
blood perfusion, affecting their reactivity and survival.

MiDMs and MoDMs are both powerful regulators of CNS
repair/regeneration (64). However, both of these two cells appear
to be double-edged swords in neurological restoration. MiDMs
(GFP-negative) were rapidly activated at the first day after stroke,
and a large number of MiDMs were observed until 4–7 days after
ischemic stroke (105). After activation, MiDMs/MoDMs restore
homeostasis and lighten the detrimental effects of inflammation
by scavenging cell debris, eliminating local inflammation, and
secreting nutrient factors that affect myelin formation and
regulate cerebral angiogenesis (57). Activation of MiDMs also
impede CNS repair and amplifies tissue damage (106). The
existence of MiDMs relies on the colony factor 1 receptor
(CSF1R) signal (89), the absence of which leads to the structural
defects of the mice brain (107). MiDMs have been certified to
promote neuronal viability (80), regulate neuronal excitability
(108), and express a series of neuronal growth and survival
factors, such as nerve growth factor (NGF) (80).

Macrophages Phenotypes and Dynamic
Changes After Ischemic Stroke
Once the brain environment is affected by pathophysiological
changes such as stroke, MoDMs, and MiDMs can differentiate
into macrophages which have special functions, including the
production of inflammatory mediators and phagocytosis. The
phenotypes of macrophages polarization are affected by immune
stimulation, pathogenicity, and degree of injury. In general,
activated MoDMs and MiDMs mainly differentiate into two
phenotypes, the classical pro-inflammatory phenotype (M1) and
the alternative anti-inflammatory phenotype (M2) (Figure 3).
More precisely, classical M1 activation of macrophages
stimulated by LPS and IFN-γ stimulation promotes the secretion
of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6
(109). High concentrations of proinflammatory cytokines in
turn lead to plaque rupture and occlusive thrombosis. Studies
have shown that complement C1q complex, which can induce
polarization of macrophages toward pro-inflammatory M1-like
phenotype, mediates synaptic pruning by tagging synapses
and eliminating synapses by microglia phagocytosis (110).
Furthermore, low levels of TNF-α, a classic M1 inflammatory
cytokine, are known to promote synaptic connectivity under
physiological conditions (111). All these studies indicate that

M1 microglia have an adaptive role in regulating synaptic
homeostasis and plasticity.

The M2 phenotype, induced by stimulation of IL-4, IL-
10, TGF-β, express a large number of mannitol receptors
and scavenger receptors, and secrete protective cytokines,
thereby inhibiting the inflammatory response and promoting
angiogenesis, as well as tissue reconstruction (112). Phenotypic
markers of M1 include CD16, CD32, CD86, MHC II, and
iNOS, while CD206, Arg1, and Ym1 are identified as M2
phenotype markers (113). However, recent studies have shown
that the M1/M2 dichotomy is an oversimplified concept that
represents only two extreme forms of activation. The status
of MoDMs/MiDMs in vivo is much more complex than
that in vitro, and may involve a series of phenotypes with
different phenotypes but overlapping functions. For example,
a large amount of evidences show that there is diversity in
the M2 subgroup, such as M2a, M2b, M2c, and M2d, each of
which has its unique physiological characteristics and biological
function (114). The M2a subgroup was induced by IL-4/IL-13
and expressed mannose-CD206 receptor, showing strong anti-
inflammatory properties and poor phagocytosis. The polarization
of M2a is related to parasite immunity, Th2 cell recruitment,
tissue repair, and growth stimulation. M2b cells exhibits both
pro- and anti-inflammatory characteristics and is associated with
immune memory response (114). M2c is induced by TGF-
β/IL-10 and is mainly related to the clearance of cell debris,
tissue healing, and the expression of Arg1, CD163, and CD206
(114, 115). The M2d subgroup highly expressed IL-10 and
vascular endothelial growth factor (VEGF), and has a potential
role in tissue repair. Different from other M2 macrophage
subgroups, the M2d subgroup does not express Ym1, Fizz1, or
CD206. Nevertheless, the broad classification of M1 and M2
still contributes to our understanding of the functional status of
MoDMs/MiDMs during the progression of ischemic stroke.

It is worth noting that M1-polarized microglia/macrophages
may play an essential role in the early repair process, which
should not be overlooked. In contrast, a prolonged M2-
dominated state after the acute pro-inflammatory period may
lead to fibrosis and abnormal repair (116). Since both M1 and
M2 phenotypes may play dual roles after brain injury, it is
crucial to determine the time course of M1/M2 polarization after
cerebral ischemia, so as to optimally switch microglia phenotypes
appropriately and maximize the effects of tissue repair.

Under normal conditions, microglia are different from
macrophages in morphology (117). The relative expression level
of CD45 has been used to distinguish between resident microglia
and newly recruited macrophages, both of which present
CD11b+, whereas CD45 was highly expressed in macrophages
(CD45hi) andmoderately expressed inmicroglia (CD45int) (118).
Consequently, microglia and monocytes/macrophages can be
distinguished by CD11b+/CD45int and CD11b+/CD45hi.

In different periods after cerebral ischemia, the polarization
of macrophages toward different directions of M1/M2 is also
different. Studies have shown that the number of CD206+/Iba-1+

M2-activated microglia peak 5 days after brain injury. Later, the
CD16+/Iba-1+ M1-activated state dominates (119). Studies in a
variety of CNS injury models showed that most newly recruited

Frontiers in Immunology | www.frontiersin.org 9 September 2019 | Volume 10 | Article 216715

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Jian et al. Immune Cells After Ischemic Stroke

microglia/macrophages at the injury site expressed M2 gene,
while microglia/macrophages expressing M1 gene dominated
about 1 week after injury (120). This phenotypic conversion
from M2-dominat to M1-dominat may result from a M2 to M1
shift within activated MiDMs/MoDMs, as well as the incessant
recruitment of pro-inflammatory M1 MiDMs/MoDMs to the
injured site. Initially, aged MiDMs/MoDMs were thought to be
primed toward M1-polarization, dictating profound cytotoxicity
and contributing to age-related deficits (121). Nevertheless,
this notion was recently challenged by evidence of age-related
microglia mainly primed toward the M2 phenotype (97), with
downregulation of neurotoxic pathways and up-regulation of
neuroprotective pathways. Further studies on the effects of
aging onMiDMs/MoDMs polarization are critical to establishing
therapies for age-related diseases such as stroke.

From day 3 after cerebral ischemia, the level of M1 gene
gradually increased over time, and maintained an upward trend
for at least 14 days after cerebral ischemia. In comparison, all the
examined M2 markers began to express at 1–3 days after MCAO
and peaked at 3–5 days following injury. Most M2-type genes
started to decrease at 7 days after MCAO and were restored to
pre-injury levels by day 14 (113, 120).

ISCHEMIC STROKE THERAPY TARGETING
MACROPHAGES

With the success of clinical trials of thrombolytic therapy
and the extension of the therapeutic window of mechanical
thrombolytic therapy recently, ischemic stroke treatment has
made a breakthrough, controlling acute stage injuries and
reducing mortality and long-term disability rates (122–124).
There is increasing evidence indicates that MiDMs and MoDMs
play an important role not only in neuroinflammation but also
in subsequent tissue repair (125, 126). MiDMs and MoDMs, in
addition to their role in phagocytosis of cell debris caused by
brain injury, they also produce a variety of neurotrophic factors,
angiogenic, and immunomodulatory factors which are involved
in the regulation of brain remodeling and repair (127). Therefore,

macrophages may be an effective target for the treatment of
ischemic stroke.

Studies have shown that the neuroprotection and repair
functions of macrophages depend on the recruitment and
appropriate differentiation of inflammatory monocytes,
which is of great significance for the exploration of new
therapeutic targets. Until recently, inflammatory monocytes in
the ischemic brain were considered to be the primary mediators
of inflammatory CNS injury and secondary neurotoxicity.
Therefore, it has been reported that therapeutic intervention
through CCR2 at the level of inflammatory cell recruitment after
ischemic stroke is beneficial (128, 129). It is worth noting that
the above inflammatory CCR2+ monocytes with repair and
protection effects do have temporary harmful effects, but the
delayed protective functions that essential for secondary bleeding
prevention and the neuroprotective function far outweigh its
detrimental effects. Therefore, from a therapeutic perspective,
completely blocking recruitment of early CCR2-dependent
monocytes may not be appropriate, as it may also interfere
with homeostasis and its protective function. Instead, the aim
of therapeutic attempts should be to enhance the protective
and repair effects of monocytes and macrophages in the
inflammatory environment.

A large number of in vivo and clinical studies have shown
the importance of inflammatory pathways in the pathogenesis
of ischemic stroke (130). However, anti-inflammatory drugs
such as glucocorticoid, COX2 inhibitors, and non-steroidal
anti-inflammatory drugs have no significant effect (131), and
increase the risk of cerebral blood vessels such as stroke,
hemorrhage and atrial fibrillation (132, 133). However, non-
selective cyclooxygenase inhibitors, such as aspirin, exhibit
secondary prophylaxis, acting as anti-inflammatory agents by
modulating NF-κB related genes (134). After stroke, the ischemic
core develops into an irreversible inflammatory response lesion.
The tissue around the ischemic core (penumbra) is also at risk
of ischemia and inflammation. Therefore, saving penumbra and
converting it to normal tissue is a key to the clinical treatment
of stroke. The focus of most anti-inflammatory therapies is
to protect the penumbra by preventing or slowing down the
inflammatory cascade.

TABLE 3 | Ischemic stroke therapy targeting macrophages.

Target Mechanism of action Therapeutic(s) Effect(s)

Inflammatory cascade Non-selective cyclooxygenase

inhibitors

Aspirin Anti-inflammation by modulating NF-κB related genes

Secondary prophylaxis

RNA therapy miR-155 inhibitor – Attenuate the JAK/STAT inflammatory signal and M1

macrophage polarization by up-regulating SOCS1 and SHP-1

Microglia activation Microglia inhibitor Minocycline Decrease microglia activation

Improve behavioral test scores

PARP inhibitors Olaparib Veliparib Inhibit the activation of microglia

Improve the survival rate of neurons

HDAC inhibitors Trichostatin A Sodium butyrate Inhibit microglia activation

Suppress inflammatory markers

mTORC1 inhibitor Everolimus Reduce microglia polarizing to M1 phenotype

Alleviate secondary injury
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After stroke, immune cells, including
monocytes/macrophages, infiltrate into the brain. Microglia
and macrophages derived from monocytes in the brain are
key players in the immune response for being activated and
migrating to the injured tissue after stroke (135). Microglia are
rapidly activated after brain injury and undergo morphological,
functional, and behavioral changes, including the production
of proinflammatory proteins, migration, proliferation, and
phagocytosis (135). miR-124 is highly expressed in the nervous
system and is considered to have anti-inflammatory effects
(136). In the early stage of ischemic stroke, the damaged neurons
releasedmiR-124, inducing the polarization of myeloid cells from
the initial state to the anti-inflammatory M2 phenotype (137).
miR-155 is specifically expressed in hematopoietic cells and cells
involved in vascular remodeling, including T cells, endothelial
cells, and myeloid cells (138). It has been reported that tail vein
injection of a specific miR-155 inhibitor 48 h after stroke in
mice can promote functional recovery (139, 140). Inhibition of
miR-155 may also attenuate the JAK/STAT inflammatory signal
and M1 macrophage polarization by up-regulating SOCS1 and
SHP-1 (138). Therefore, inhibition of miR-155 may suppress
early reactive inflammation by enhancing BBB function and
inhibiting M1 polarization, while at later stage, inhibition of
miR-155 will be beneficial to control inflammation, remove
necrotic debris, and have a repair effect (138).

The failure of stroke anti-inflammatory strategies may be
related to the dual effects of microglia (141), therefore targeting
the activation of microglia after stroke may be an effective
way to reduce the brain injury caused by stroke. Minocycline
treatment initiated 1 day after focal cerebral ischemia and
lasted for 13 days decreased microglia activation, improved
behavioral test scores, and increased survival rate (142). PARPs
catalyze ADP ribose unit from NAD+ to target protein which
include histones and transcription factors. Some studies have
detected the applications of PARP inhibitors (e.g., olaparib
and veliparib) after stroke, which found that they inhibit
the activation of microglia and improve the survival rate of
neurons (143, 144). Studies have shown that the application of
histone deacetylase (HDAC) inhibitors—including trichostatin
A and sodium butyrate—suppressed microglia activation and
suppresses inflammatory markers in the ischemic brain, which
also supports the beneficial effect of targeting inflammatory

response (145). Mammalian target of rapamycin (mTOR) is
a known immune response regulation factor. Inhibition of
mTORC1 pathway by everolimus reduced microglia polarizing
to pro-inflammatory M1 phenotype, alleviated secondary injury
and improved motor functions, which directly acts of microglia
and macrophages (146, 147) (Table 3).

EXPECTATION

As far as the current status of stroke treatment, only
intravenous thrombolysis with tissue plasminogen activator
(tPA) and endovascular thrombectomy are effective therapies
to treat the acute phase. These approaches are limited by
a narrow therapeutic window (<4.5 h for tPA and 6–24 h
for endovascular treatment) (123, 124). Currently, there is
no other effective method to treat cerebral ischemic stroke,
so it is important to find new therapeutic strategies for
cerebral ischemia.

In response to diversemicroenvironmental cues, macrophages
are polarized into different subsets and exhibit different
functions. With a growing amount of studies authenticating
the different contributions of MiDMs and MoDMs to CNS
recovery, the recognition of extracellular signals triggering
macrophage phenotypic transformation and the intracellular
molecular switches could be promising therapeutic approaches
for ischemic stroke. Understanding the dynamic changes
of macrophage and time-dependent role of inflammatory
mediators expressed by macrophage could help in searching new
diagnostic, therapeutic, and prognostic strategies for post-stroke
inflammatory reaction.
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Background: Stroke patients with diabetes suffer from higher mortality rate and

worsened neurological outcome. However, the responses of immune system to cerebral

ischemia in the setting of diabetes remain poorly understood.

Methods: In this study, we investigated the temporal profile of leukocyte mobilization

and brain infiltration following distal middle cerebral artery occlusion (dMCAO) in db/db

mouse model of type 2 diabetes (T2D) and its db/+ normoglycemic controls.

Results: We found a significant increase of brain-infiltrating CD4+ T cell at day 3 after

dMCAO, and a delayed and dramatic increase of brain-infiltrating neutrophils, CD4+ T

cells, CD8+ T cells, and B cells at day 7 after dMCAO in db/db mice vs. db/+ controls.

Leukocyte subsets in the circulation and spleen were also measured, however, there

is no significant difference between non-diabetic and diabetic groups. Furthermore,

we identified an increased expression of activation marker CD69 in brain-infiltrating

neutrophils, CD4+ T and CD8+ T cells, and IFN-γ in brain-infiltrating CD4+ T cells in

db/db mice at day 7 after dMCAO.

Conclusions: These findings for the first time demonstrate that cerebral ischemia

induces a delayed and sustained augmentation of brain infiltration and activation of

neutrophils and lymphocytes in type 2 diabetic mice and these altered immune responses

might contribute to the severer brain tissue damage and worse neurological outcomes

of diabetes stroke, which warrants further investigation.

Keywords: ischemic stroke, distal middle cerebral artery occlusion, diabetes mellitus, immune system, leukocyte

mobilization, leukocyte brain infiltration, db/db type 2 diabetes mice

INTRODUCTION

Stroke is a leading cause of death and long-term disability accompanied by a major economic
and healthcare burden. Among the prominent risk factors of stroke, diabetes mellitus (DM) has
been linked to higher mortality rate and worsened neurological outcome in stroke patients (1–3).
Approximately 30% of stroke patients are diabetic (4, 5), however, the underlying mechanisms
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responsible for the increased post-ischemic brain injury in subset
of stroke patients remain poorly understood.

Nearly 90% of DM patients suffer from type 2 diabetes (T2D).
Emerging evidence suggests that immune and inflammatory
response is a critical driver in the pathogenesis of T2D, including
obesity-related insulin resistance, impaired insulin secretion,
and diabetes-related vascular complications (6–14). Given that
inflammation is a key participant in brain injury and recovery
after ischemia, and that the immune system and its responses to
injury is profoundly altered in diabetes, how the immune system
respond to cerebral ischemia in the setting of diabetes remains a
fundamental yet unanswered question.

The leptin receptor deficient db/db mice are the most
commonly used T2D rodent models in study of diabetes
pathophysiology and complications including ischemic stroke
(15–18). It has been reported that after focal cerebral ischemia,
diabetic db/db mice presented confounding pathological
features, including metabolic dysregulation, systemic, and
vascular inflammation, aggravated blood-brain barrier integrity
disruption and pro-inflammatory response, white matter
integrity loss, severer brain damage, and worse neurological
deficits (19, 20). These pathological outcomes closely mimic
clinical observations (21, 22). In the same distal middle
cerebral artery occlusion (dMCAO) stroke model of db/db
mice, our previous study showed that compared to the non-
hyperglycemic genetic control mice, T2D db/db mice had
sustained hyperglycemia after stroke, elevated blood HbA1c
level, hyperinsulinemia, and lowered serum adiponectin level
(20). Importantly, we also found there are a larger infarct
and an aggravated pro-inflammatory response including
increased mRNA expression of pro-inflammatory cytokines
and elevated M1-like pro-inflammatory microglia/macrophage
activation in the T2D db/db mouse brain after dMCAO (20).
To explore the potential role of infiltrated leukocytes in the
ischemic brain inflammation process of T2D stroke, for the
first step, in this study we investigated the temporal profile of
leukocyte mobilization and infiltration in adult db/db mice
following dMCAO.

MATERIALS AND METHODS

All experiments were conducted in accordance with the
standards and procedures of the American Council on Animal
Care and Use Committee of Massachusetts General Hospital
Neurological Institute. The study design, power calculations,
experiments conduct, statistical analyses, and results reporting all
fulfilled the ARRIVE guidelines (23).

dMCAO Model
The db/db and db/+ mice (12 weeks) were purchased from
Charles River Laboratories. Mice were maintained in Allentown
individually ventilated caging with acidified water in bottles and
rodent chow fed ad libitum. Lights are on a 12 h/12 h light/dark
cycle, ON at 7:00 a.m., OFF at 7:00 p.m. Room temperature is

Abbreviations: dMCAO, distal middle cerebral artery occlusion; T2D, type 2

diabetes; DM, diabetes mellitus.

maintained between 22 and 30◦C and humidity is maintained
between 30 and 70%. Mice were housed in pathogen-free
condition at the Massachusetts General Hospital Neurological
Institute. Male db/db and db/+ mice were used in this study.
Anesthesia was induced by 2.5% isoflurane and maintained with
1.5% isoflurane during surgery. Core body temperatures were
monitored with a rectal probe. The distal middle cerebral artery
(dMCA) was exposed and cauterized above the rhinal fissure.
The bilateral common carotid arteries (CCAs) were occluded for
90min and then released, whereas the dMCA remained occluded.
Animals received intensive care and continuous monitoring until
they were capable of functioning normally (24). There was no
mortality in each group of present study. Body weight and
blood glucose levels have no statistic difference between sham
and dMCAO stroke groups neither in db/db nor db/+ group.
As reported previously, there are significant differences of body
weight and blood glucose levels between db/db and db/+ control
mice (Supplementary Figure 1) (20).

Flow Cytometry
Single-cell suspensions were prepared from spleen, blood or
brain tissues of sham or dMCAO db/db and db/+ mice at
day 3 and 7. To collect cells from brain, brain tissues were
grinded and homogenized with 40mm nylon cell strainers
in PBS. Cell suspensions were centrifuged at 2,000 rpm for
5min, and cell pellets were collected. Thereafter, 5ml of
30% Percoll solution was used to resuspend the cell pellet.
The gradient was centrifuged at 2,000 rpm for 30min at
room temperature. Cell pellets were collected for antibody
staining. Then these cells were stained with fluorochrome
conjugated antibodies. All antibodies were purchased from BD
Bioscience (Franklin lakes, NJ, USA) or Biolegend (San Diego,
CA, USA). Antibodies were directly labeled with one of the
following fluorescent tags: fluorescein isothiocyanate (FITC),
phycoerythrin (PE), allophycocyanin (APC), PerCP-Cy5.5, or
PE-Cy7. The following antibody to mouse antigens were used:
CD3, CD4, CD8, CD19, CD45, CD11b, F4/80, Ly6G, Interferon
gamma (IFN-γ) (XMG1.2), CD69 (H1.2F3), CD86 (GL1), CD206
(MR5D3). Antibodies staining were performed according to their
instructions, additional cell fixation and permeabilization were
needed for intracellular antigens staining. Cell surface phenotype
and intracellular cytokine expression were performed on a FACS
FORTESSA flow cytometer (BD Bioscience, Franklin lakes, NJ,
USA). Data were analyzed with Flow Jo software version 7.6.1
(Flow J, LLC, Ashland, OR, USA).

Immunohistochemistry
Paraffin-embedded tissue sections at thickness of 8µm
were used in this study. Coronal sections were prepared
from 1mm behind the bregma. For immunostaining, the
following primary antibodies were used: anti-CD4, C-Terminal
antibody produced in rabbit (1: 200, SAB4503583, Sigma-
Aldrich), Purified Rat Anti- Mouse CD8a (1: 200, 550281, BD
Biosciences), Alexa Fluor R© 647 anti-mouse CD19 Antibody
(1: 100, 550281, BioLegend), Purified Rat Anti-Mouse Ly-
6G (1: 200, 550291, BD Biosciences), Alexa Fluor R© 488
anti-mouse CD45.2 Antibody (1: 100, 109815, BioLegend).
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Primary antibodies were incubated at 4◦C overnight, followed
by incubation with species-specific Alexa Fluor (488 and
594)-conjugated secondary antibodies for 1 h. Pictures were
acquired with a Nikon Eclipse T300 fluorescence microscope
and analyzed using Image Pro Plus (Media Cybernetics, Inc.
Rockville, MD). For cell counting, positive cell numbers were
counted in every tenth tissue section through the entire tissue
block (25–27).

Quantitative Real-Time PCR
Brain tissues of peripheral infarct were obtained from mice
1 and 3 days after distal MCAO model. Total RNA was
extracted and reverse-transcribed using RNeasy Lipid Tissue
Mini Kit (Qiagen) and QuantiTect reverse transcription
system (Qiagen) according to the manufacturer’s instructions.
Real-time polymerase chain reaction (PCR) was performed
on an ABI 7500 Fast Real-Time PCR system using Taqman
gene expression assays for CX3CL1 (Mm00436454_m1),
CXCL12 (Mm00445553_m1), CCL2 (Mm00441242_m1),
CCL9 (Mm00441260_m1), and housekeeping gene B2M
(Mm00437762_m1) (Applied Biosystems, USA). Reactions

were performed in duplicate according to the manufacturer’s
instructions. Relative expression levels were measured with the
2−11Ct method.

Statistical Analysis
Based on our publications (20, 27) and power analysis, at least
six biological replicates were used for each biochemical and
histological analysis, whereas a sample size of 8 per group
was used for assessments of leucocytes number and function.
Sample size per experimental model was determined a priori by
performing a power calculation with G∗Power (3.1) software.
D’Agostino and Pearson omnibus normality test were performed
to determine normal distribution. All surgery and histology
measures were performed by researchers who were blinded with
respect to the different groups. All results were expressed as mean
± s.e.m. Statistical analysis was performed using Graphpad prism
7.6.1 (Graphpad Software Inc., San Diego). Two-tailed unpaired
t-test was used for comparison between two groups. One-way
ANOVA followed by Tukey post-hoc test to compare three or
more groups.

FIGURE 1 | Augmented brain infiltration of leukocyte subsets in db/db mice subjected to dMCAO assessed by flow cytometry. Groups of db/db or db/+ mice were

subjected to sham or dMCAO surgery. Single-cell suspensions were prepared from brain tissues of indicated groups of mice. (A) Gating strategy of peripheral

leukocytes (CD45+), including macrophages (CD45highCD11b+ F4/80+, Mϕ), neutrophils (CD45high CD11b+ Ly-6G+), CD4+ T (CD45high CD3+ CD4+), CD8+ T

(CD45high CD3+ CD8+), and B (CD45high CD19+) cells in the ischemic brain at day 3 and day 7 after dMCAO. (B–G) Quantification of brain-infiltrating lymphocytes,

macrophages and neutrophils from sham and distal MCAO db/+ and db/db mice at indicated time points after ischemia. Data are expressed as mean ± s.e.m. *p <

0.05: db/+ vs. db/db at the same time point, n = 8 per group.
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RESULTS

Augmented Brain Leukocyte Infiltration in
db/db Mice Following Cerebral Ischemia
To characterize the profile of immune responses in diabetic
stroke, we first measured the counts of brain-infiltrating
leukocytes in db/db and db/+ mice subjected to dMCAO
using flow cytometry. The gating strategy of immune cell
subsets is shown in Figure 1A. At 3 days after ischemia,
the total numbers of leucocytes (CD45high), macrophages
(CD11b+CD45highF4/80+), neutrophils (CD11b+CD45highLy-
6G+), B cells (CD19+), or CD8+ T cells (CD3+CD8+) were

significantly increased in the ischemic brains of both db/db
and db/+ mice (Figures 1B,C,E–G). Interestingly, db/db mice
had significantly higher elevation of increased infiltrating CD4+

T cells (CD3+CD4+) at 3 days after dMCAO compared to
db/+ mice (Figure 1D). Importantly, at day 7 after dMCAO,
significantly increased numbers of infiltrating leucocyte subsets,
including CD4+ T cells, CD8+ T cells, B cells, and neutrophils,
were observed in db/db mice as compared to db/+ mice. Next,
immunostaining was performed to verify our flow cytometry
findings. At day 3 after dMCAO, an increase of infiltrating
CD4+ T cells was seen in the peri-infarct area of db/db mice.
Similarly, augmented infiltration of CD4+ T cells, CD8+ T cells,

FIGURE 2 | Accumulation of brain-infiltrating leukocyte subsets in the ischemic brain of db/db mice subjected to dMCAO assessed by immune staining. (A) At 7 days

after dMCAO, increased counts of CD45+ leucocytes, CD4+ T, CD8+ T, CD19+ B cells, and Ly-6G+ neutrophils were seen in the peri-infarct region of brain sections

from db/db mice vs. db/+ controls. The right side of white lines represents infarct area. Scale bars: 50µm. (B) Quantification of brain-infiltrating immune cell subsets

in db/+ and db/db mice subjected to dMCAO at day 7 after ischemia. Data are expressed as mean ± s.e.m. *p < 0.05: db/+ vs. db/db, n = 8 per group.
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FIGURE 3 | Counts of circulating leucocytes in db/db and db/+ mice following brain ischemia. Groups of db/db and db/+ mice were subjected to sham or dMCAO

surgery. The counts of circulating leucocyte subsets were measured by flow cytometry in indicated groups of mice. (A) Gating strategy of macrophages (CD11b+

F4/80+, Mϕ), neutrophils (CD11b+ Ly-6G+), CD4+ T (CD3+ CD4+), CD8+ T (CD3+ CD8+), and B (CD19+) cells in the blood at day 3 and 7 after dMCAO. (B)

Numbers of CD4+ T cells (CD3+CD4+), (C) CD8+ T cells (CD3+CD8+), (D) CD19+ B cells (CD19+), (E) neutrophils (CD11b+Ly-6G+), or (F) macrophages

(CD11b+F4/80+) in the blood of indicated groups of mice. Data are expressed as mean ± s.e.m, n = 8 per group.

B cells, and neutrophils was found in db/db mice at day 7 after
dMCAO (Figures 2A,B). Together, these data demonstrate that
the augmented infiltration of leukocytes in the ischemic brain of
db/db mice involves a significant elevation of CD4+ T cells at day
3, and the delayed and sustained elevation of leukocytes up to 7
days after dMCAO.

Leukocyte Subsets in the Circulation and
Spleen of db/db Mice vs. db/+ Controls
After dMCAO
In addition to the brain, we also measured the counts of
macrophages, neutrophils, CD4+ T, CD8+ T, and B cells in
the blood (Figure 3A). Our results showed that there was no
significant difference in the numbers of CD4+ T cells, CD8+

T cells, B cells, neutrophils, and macrophages in the blood of
db/db mice vs. db/+ controls at day 3 and 7 after dMCAO
(Figures 3B–F). Similarly, no significant alterations of these
leukocyte subsets were seen in the spleen of db/db mice vs. db/+
controls (Figures 4A,B). These data suggest that except elevated
and sustained brain infiltration, peripheral inflammatory cell

mobilization after ischemic stroke might not be significantly
altered by DM, at least in the adult db/db type 2 male mice
after dMCAO.

Upregulation of CD69 and IFN-γ in
Brain-Infiltrating Leucocytes of db/db Mice
Subjected to dMCAO
Next, we examined the expression of the leukocyte activation
marker CD69 and pro-inflammatory cytokine IFN-γ in brain-
infiltrating leukocyte subsets after dMCAO. We found an
upregulation of CD69 in brain-infiltrating CD4+ T, CD8+ T
cells, and neutrophils in db/dbmice accompanied by an increased
expression of IFN-γ at day 7 after dMCAO (Figures 5A–D).

In contrast, the expression of CD69 and IFN-γ was not
significantly altered in splenic CD4+ T, CD8+ T cells, and
neutrophils in db/db mice vs. db/+ controls following dMCAO
(Figures 6A–D). The expression of CD86 and CD206 was also
not altered in splenic macrophages (Figure 6E). Together, these
results suggest that the augmentation of leukocyte response
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FIGURE 4 | Counts of splenic leucocytes in db/db and db/+ mice following brain ischemia. The counts of splenic leucocyte subsets were measured at 3 days after

dMCAO in groups of db/db and db/+ mice by flow cytometry (A). Gating strategy of macrophages (CD11b+ F4/80+, Mϕ), neutrophils (CD11b+ Ly-6G+), CD4+ T

(CD3+ CD4+), CD8+ T (CD3+ CD8+), and B (CD19+) cells in the spleen at day 3 after dMCAO. (B) Quantification of splenic lymphocytes, macrophages and

neutrophils in indicated groups of db/+ and db/db mice. Data are expressed as mean ± s.e.m, n = 8 per group.

primarily occurs in the ischemic brain but not in the periphery
in db/db mice after dMCAO.

DISCUSSION

After permanent focal ischemia, diabetic db/db mice presented
confounding pathological features, including metabolic
dysregulation, more severe brain damage, and neurological
impairment, especially aggravated pro-inflammatory response
and white matter integrity loss (16, 19, 20). In this study,
we provide the first definitive evidence of augmented brain
infiltration of neutrophils and lymphocytes in type 2 diabetic
mice following cerebral ischemia. We found a delayed and
sustained augmentation of brain infiltration of neutrophils and
lymphocytes in type 2 diabetic mice up to 7 days after focal
cerebral ischemia. There was also a significant upregulation of
activation marker in these infiltrated cells. In contrast, the counts
of leukocytes were not significantly altered in the periphery.

The finding of augmented brain infiltration of leukocytes
in diabetic mice following cerebral ischemia indicates that
these cells may contribute to exacerbated ischemic brain injury
in diabetes. This speculation is supported by our previous
publications showing that blockade of leukocytes homing
into ischemic brain has neuroprotective and anti-inflammatory
benefits (28, 29). As these infiltrating leukocytes can boost
the brain inflammatory environment by producing various
effector molecules or inflammatory mediators, they may amplify

the pre-existing cerebral microvascular injury in diabetes to
augment brain edema and neural injury after ischemia (30).
Different than the augmented infiltration of leukocytes in the
brain of diabetic stroke mice, the leukocyte responses in the
peripheral compartment were relatively unaltered. These findings
together suggest that diabetes-associated alterations of leukocyte
responses predominantly occur in the ischemic brain. In humans,
obesity and T2D induce the expansion of pro-inflammatory T
cells such as CD4 (Th1, Th17) and CD8 populations, whereas
innate T cells such as invariant natural killer T cells and
mucosal-associated invariant T cells were found reduced (31).
Peripheral blood monocytes from T2D patients were found
constitutively activated (32). T2D has also been associated with
changes in neutrophil function including impaired bacterial
phagocytosis and killing activity (33). Although the brain
infiltration profiles of leukocytes have not been investigated in
diabetic patients, the similarity and discrepancy of peripheral
immune responses in diabetic patients and db/db mice might
involve the complicated effects of diabetes on the immune system
and warrant further investigation.

The early upregulation of chemokines in the brain of diabetic
mice after ischemia suggests that the augmented brain infiltration
of leukocytes in diabetic stroke may involve the upregulation of
chemokines in the brain. Because the activity of leukocytes is
largely determined by the environment in which they reside, it
is logic to infer that diabetes may alter the brain environment
that foster the cues to recruit peripheral leukocyte subsets after
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FIGURE 5 | Upregulation of CD69 and IFN-γ in brain-infiltrating T cells and neutrophils in db/db mice subjected to dMCAO. (A) Gating strategy of brain-infiltrating

CD4+ T, CD8+ T cells, and neutrophils expressing CD69 and IFN-γ after dMCAO. The counts of CD4+ T (B), CD8+ T cells (C), and neutrophils (D) expressing CD69

and IFN-γ in groups of db/+ and db/db mice at indicated time points after dMCAO. Mean ± s.e.m.; *p < 0.05: db/+ vs. db/db at the same time point, n = 8 per

group.

stroke. Once enter the ischemic brain, infiltrating leukocytes will
be exposed to additional factors that are different than those
in the peripheral compartment. This notion is supported by
our observation of upregulation of activation marker CD69 and
IFN-γ in brain-infiltrating leukocytes in diabetic stroke. Future
studies will be necessary to identify these unique brain-derived
factors thatmay govern the phenotype and function of infiltrating
leukocytes in diabetic stroke.

Preclinical and clinical studies indicate that modulation of the
immune system attenuates ischemic brain injury (34, 35). These
immune-driven effects may have broad implications for both
stroke and diabetes, because inflammation has been established
as a link between vascular complications in diabetes and
cerebrovascular disease risk. In this regard, anti-inflammatory

medications targeting components of the immune system have
shown beneficial effects on glycemia, β-cell function, and
insulin resistance (36). For example, independent clinical studies
conducted with an IL-1 receptor antagonist (anakinra) or IL-1β-
specific antibody (canakinumab) have demonstrated beneficial
effects on metabolic parameters including decreased HbA1c and
enhanced insulin sensitivity and β-cell secretory function, with
concomitant improvement in inflammatory markers in diabetes
(37, 38) and significantly reduced recurrent cardiovascular events
(39). Thus, a combination therapy that can curtail multiple
pathophysiological mechanisms including inflammation and
hyperglycemiamight be a good choice for preventing exacerbated
brain damage in diabetic stroke patients. In this study, we
found that the immune response of ischemic stroke combined
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FIGURE 6 | Expression of CD69 and IFN-γ in splenic leucocytes of db/db and db/+ mice after brain ischemia. (A) Gating strategy of CD4+ T, CD8+ T cells, and

neutrophils expressing CD69 and IFN-γ and macrophages expressing CD86 and CD206 in the spleen after dMCAO. The counts of CD4+ T (B), CD8+ T cells (C),

and neutrophils (D) expressing CD69 and IFN-γ in the spleen of db/+ and db/db mice at 3 and 7 days after ischemia. The counts of macrophages (E) expressing

CD86 and CD206 in the spleen of db/+ and db/db mice at 3 and 7 days after ischemia. Mean ± s.e.m. n = 8 per group.

with diabetes is very different from simple ischemic stroke. In
terms of future anti-stroke therapeutics, an important goal is
to realize the theory of precision medicine, which is based on
the concept that the etiology is not the same for all patients.
For example, the quantitative contribution of inflammation and
immune response will differ between subset patients, such as
diabetic stroke complication. For the first step, we investigated
the temporal profile of leukocyte mobilization and infiltration in
adult db/db male mice following dMCAO. An important future
goal is to gain a clear understanding of the underlying molecular
mechanisms for the different inflammatory responses of diabetic
stroke, which would help in development of specific and effective
anti-diabetic stroke therapies.

We are aware that there are several limitations in this
study. First, we used C57BLKS-Leprdb T2D mice (db/db
T2D mice, Jackson Lab), the leptin receptor mutation does

not reflect disease etiology in humans, although this model
provides us insight into glucose metabolism and identified
novel pathways of its complications (40). However, there are
variable pathogenic mechanisms between different T2D animal
models, investigation of inflammatory response in other diabetes
animal models with ischemic stroke should be pursued in
the future. Second, in this pilot study, we characterized the
temporal profile of leukocyte mobilization and brain infiltration
in T2D stroke mice. This servers as the first step for our
long-term goal to understand whether and how infiltrating
leukocytes contribute to exacerbated brain infarction in process
of T2D stroke. Although augmented neuroinflammation has
been linked to worsened neurological outcome in T2D
stroke, the contribution from specific components of immune
system to T2D-related brain pathology such as microvascular
dysfunction and increased BBB permeability remains elusive.
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In this regard, future studies are warranted to unveil the
precise role of immune components in these pathological
processes of T2D stroke. Third, we found highly elevated
CD4+ T cells in the early stage, delayed and sustained
inflammatory cells brain infiltration in T2D stroke mice,
but their pathological roles and underlying mechanism in
modulating the different inflammatory response needs to be
defined in the future. Fourth, although an altered macrophage
response was observed in diabetic mice, we did not investigate
polarization of macrophages. Considering the central role of
macrophage in tissue injury and repair, future studies are
required to further investigate macrophage responses in this
model. Last, this study was proposed as a proof-of-concept
investigation. Indeed, there are multiple pathological factors
that dynamically and interactively participate in inflammation-
associated T2D stroke brain damage evolution and recovery
processes (19), which require further investigation. In addition,
although a larger infarct volume in db/db mice might be a
contributor to increased brain infiltration of leukocyte, it is
also noteworthy that the increase of brain-infiltrating total
leukocytes, neutrophils, macrophages, CD8+ T cells, B cells and
lymphocytes did not occur at day 3 after stroke. A preferential
increase of CD4+ T cells at day 3 after stroke in db/db mice
suggests possible involvement of environmental cues in diabetic
brain that elicit an early CD4+ T cell response. We also
acknowledge the possible limitation of insufficient sample size
or relatively large variations, and will extend our studies in
the future.

CONCLUSIONS

In summary, experimental results from this study have
demonstrated a delayed and sustained augmentation
of brain infiltration and activation of neutrophils and
lymphocytesafter cerebral ischemia in type 2 diabetic
mice. The potential contribution of these altered immune

responses to the severer brain damage in diabetes stroke awaits
further investigation.
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Astrocyte-mediated inflammation and oxidative stress elicit cerebral

ischemia-reperfusion (IR) injury after stroke. Nuclear factor (NF)-κB activates astrocytes

and generates pro-inflammatory factors. The purpose of the present study is to elucidate

the effect of pterostilbene (PTE, a natural stilbene) on astrocytic inflammation and

neuronal oxidative injury following cerebral ischemia-reperfusion injury. A middle cerebral

artery occlusion-reperfusion (MCAO/R) mouse model and HT22/U251 co-culture model

subjected to oxygen-glucose deprivation and re-introduction (OGD/R) were employed,

with or without PTE treatment. The data showed that PTE delivery immediately after

reperfusion, at 1 h after occlusion, decreased infarct volume, brain edema, and neuronal

apoptosis and improved long-term neurological function. PTE decreased oxidation (i.e.,

production of reactive oxygen species, malondialdehyde) and inflammatory mediators

(tumor necrosis factor-α, interleukin-1β, and interleukin-6) and increased anti-oxidative

enzyme activities (i.e., of superoxide dismutase, glutathione peroxidase), by inhibiting

phosphorylation and nuclear translocation of NF-κB. In conclusion, PTE attenuated

astrocyte-mediated inflammation and oxidative injury following IR via NF-κB inhibition.

Overall, PTE is a promising neuroprotective agent.

Keywords: cerebral ischemia-reperfusion injury, pterostilbene, nuclear factor-κB, astrocyte, inflammation,

oxidative stress

INTRODUCTION

Acute ischemic stroke (AIS) is the main cause of disability worldwide and is one of the leading
causes of mortality (1). Treatments for AIS have made remarkable progress following the
development of endovascular approaches and systemic thrombolysis (2). Further, there have been
substantial advances in our knowledge of the pathophysiology of stroke (3). Moreover, we now
know that inflammation associated with neuronal ischemia and reperfusion (IR) injury (IRI) plays
a pathological role in stroke (3). Numerous neuroprotective drugs, however, have failed to show
benefit in the treatment of IRI after AIS, making it imperative to search for new treatments (2).

Astrocytes, the most abundant glial cell type in the brain, provide metabolic and trophic support
to neurons and modulate synaptic activity under normal physiological conditions (4). In stroke,
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however, studies have demonstrated that astrocytes contribute to
the inflammatory response, which may aggravate the ischemic
lesion, and form a glial scar, which may obstruct axonal
regeneration and subsequently reduce the functional outcome
(5). Accordingly, changes in astrocytic functions critically affect
neuronal survival following stroke. Besides, cytokines such as
interleukin (IL)-6 and IL-1, abundant in brain ischemia (6),
are considered to induce astrogliosis (7). Activated astrocytes
release multiple pro-inflammatory factors, including tumor
necrosis factor-α (TNF-α) and IL-1β, which aggravate the injury
after a stroke attack (8). Accumulating evidence indicates that
astrocyte-mediated inflammation contributes to the secondary
injury following cerebral IR (8, 9). Thus, targeting astrocytic
inflammation after cerebral IR may prove to be a potential
neuroprotective method following the recanalization of AIS.

Pterostilbene (3′, 5′-dimethoxy-resveratrol, PTE) is a natural
stilbene derived from resveratrol that displays higher oral
bioavailability and bioactivity but is far less abundant in
natural sources (10). It exerts diverse pharmacological activities,
including anti-inflammation, anti-oxidation, and anti-apoptosis
(11, 12). In a previous study, we explored the benefits of
PTE in attenuating inflammation and oxidative injury following
subarachnoid hemorrhage and reducing mitochondrial oxidative
stress after cerebral IR (11, 12). Other studies have also
demonstrated the potent neuromodulatory effect of PTE on
aging, Alzheimer’s disease, and glioblastoma (13, 14). However,
the role of PTE in modulating astrocyte-mediated inflammatory
injury following cerebral IR has not been previously investigated.

Nuclear factor κ-light-chain-enhancer of activated B cells
(NF-κB) is a transcription factor that plays a role in cell
survival and inflammation (15). NF-κB is also involved in
the pathological process of ischemic stroke, which can be
activated by hypoxia, reactive oxygen species (ROS), and several
inflammatory mediators (15). It also has the potential to
modulate the production of multiple pro-inflammatory factors,
including IL-6, IL-1β, and TNF-α in astrocytes (16, 17).
Additionally, studies have reported that the selective inhibition
of NF-κB could suppress astrocyte activation, subsequently
down-regulating astrocyte-released chemokines and decreasing
macrophage and T-cell infiltration and so reducing secondary
inflammatory injury in central nervous system diseases (18, 19).
Moreover, PTE has been reported to inhibit NF-κB signaling
in the epidermis (20). Therefore, PTE may have an effect on
astrocytes in the central nervous system through the regulation
of NF-κB signaling.

The current study aims to clarify the protective effect
of PTE on focal cerebral IRI following AIS and to explore
the effect of PTE against astrocytic inflammation and related
oxidative stress injury. Additionally, the effect of PTE on
the phosphorylation and nuclear translocation of NF-κB in
astrocytes is further discussed.

METHODS

Animals
Male C57BL/6 mice, aged 8–12 weeks, weighing 20–25 g,
purchased from the Laboratory Animal Center of the Fourth

Military Medical University, China, were acclimated for 1 week
in a temperature-constant room for 12 h light/dark cycles with
free access to food and water. The animals were randomly
allocated to the following groups: Sham + Vehicle, MCAO/R +

Vehicle, MCAO/R + 5 mg/kg PTE, and MCAO/R + 10 mg/kg
PTE. Experimental interventions and assays were performed by
individuals who were blinded to this allocation. All experiments
were conducted following the Guide for the Care and Use of
Laboratory Animals issued by the U.S. National Institutes of
Health and were approved by the Ethics Committee of the Fourth
Military Medical University.

Middle Cerebral Artery
Occlusion-Reperfusion (MCAO/R) Model
MCAO/R surgery was performed as previously described (21).
Briefly, the mice were anesthetized intraperitoneally with 2%
pentobarbital (80 mg/kg body weight), followed by exposure of
the right common carotid artery bifurcation, from which an
uncoated 6-0 monofilament nylon suture (tip diameter 0.20 ±

0.01mm) was inserted to obstruct the opening of the MCA. The
distance from the bifurcation to the MCA was 10–12mm, and
the suture was removed after 1 h of occlusion. The animals were
awake during the occlusion. The sham group underwent the same
procedures except that the suture was not inserted. During the
surgery, the rectal temperature of the mouse was maintained at
36.5 ± 0.5◦C. The neurological score was assessed immediately
after surgery when the animal had totally recovered from the
anesthesia. To ensure homogeneity among groups, mice with a
neurological score of>13 or<7 before drug administration were
exempted from the following experiments.

Drug Administration
According to the group allocations mentioned above, mice were
administered either vehicle or PTE, intraperitoneally, at 1 h
after surgery and either sacrificed after 24 h for histological and
molecular biologic assays or treated with vehicle or PTE daily for
behavioral testing. PTE (purity≥98.0%; Sigma-Aldrich, St. Louis,
MO, USA) prepared in dimethyl sulfoxide (DMSO) was diluted
with normal saline in advance. In vehicle groups, mice received
normal saline with DMSO.

Cerebral Infarct Volume
Cerebral infarct volume was measured by using 2, 3, 5-
triphenyltetrazolium chloride (TTC) staining as previously
described (8, 22). Briefly, brains were rapidly removed, frozen,
and sliced into 1-mm-thick coronal sections, dipped in 2%
TTC (37◦C, 30min), and immersed in 4% paraformaldehyde.
Ischemic (white) and normal (red) areas were analyzed with
Image-Pro Plus 6.0, and the infarction proportion was calculated
as follows: (Red area on left—Red area on right)/Red area on
left (23).

Brain Water Content
Brain water content was measured by using the standard wet-
dry method with a modification (24). Right cerebrums were
separated 24 h after reperfusion and weighed (wet weight), then
dehydrated in an oven (105◦C, 72 h). The dry samples were then
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weighed, and the brain water content was calculated as follows:
(wet weight -dry weight)/wet weight.

Neurological Score
The 18-point Garcia grading score was used to measure
neurological function daily, as previously described (25), by an
observer who was unaware of the group allocation. In brief,
the scoring contained motor and sensory tests that highlight
absent and abnormal movements. Higher scores indicated better
neurological function. Scores of 1–6 indicates severe injury; 7–12,
moderate injury; 13–18 mild injury.

Cell Culture, PTE Treatment
Hippocampal neuronal HT22 and astrocytoma U251 cells were
cultured in Dulbecco’s modified eagle medium (DMEM) with
10% fetal bovine serum (FBS) (37◦C, 5% CO2), which was
replaced by FBS-free DMEM 24 h before the experiment. Culture
media were changed every 2 days. Cell culture reagents were
obtained from Gibco (Grand Island, NY, USA). PTE dissolved
with DMSO was diluted in DMEM in advance (DMSO ≤ 0.1%).
Before OGD/R, U251 cells were treated with PTE (2.5 or 5µM)
or vehicle for 4 h.

HT22/U251 Co-culture and OGD/R Model
The HT22/U251 co-culture was based on a transwell co-culture
system described previously (26, 27). U251 cells at a density
of 2 × 105 on transwell inserts (pore size 0.4µm, polylysine-
coated polycarbonate membrane; Corning, NY, USA) were
placed above HT22 cells in a 24-well plate. The intervention was
only administered to U251 cells. The under-layer HT22 cells were
harvested 24 h after co-culture.

The OGD/R model was performed as previously reported
(27). Briefly, the media were changed to glucose-free DMEM,
and the cells were transferred to a hypoxic chamber (95% N2, 5%
CO2, 37

◦C) for 2 h, followed by quick reintroduction of oxygen
and glucose. Cells were harvested at 24 h after OGD/R.

CCK-8 Assay
Cellular viability was measured with a CCK-8 assay kit (Dojindo
Molecular Technologies, Kumamoto, Japan) according to the
protocol described in its technical manual. Briefly, the cells in
the 24-well plates were incubated with 10% CCK-8 solution at
37◦C for 3 h. Next, 100µL of supernatant per well was transferred
into a 96-well plate for optical density (OD) detection with a
microplate reader (Spectra Max M5, Molecular Device, USA)
at 450 nm.

Histology and Cytology
Tissue preparation was performed as described previously (12).
Animals were anesthetized and perfused via the left ventricle with
30mL of ice-cold 0.1 mol/L phosphate buffered solution (PBS;
pH= 7.4) and continuous 20ml 4% paraformaldehyde (dissolved
in PBS). Brains were post-fixed in 4% paraformaldehyde and
sequentially dehydrated in 20–30% sucrose solutions at 4◦C for
24 h. Samples were sliced into 30-µm-thick coronal sections
using a freezing microtome (CM1950, Leica) and mounted on
polylysine-coated glass slides.

Cells cultured on carry sheet glasses in 24-well plates were
washed with PBS, fixed with 4% paraformaldehyde for 30min,
and stained according to experimental design.

ROS Staining, MDA, SOD, GSH-Px Assay,
and ELISA Assay
The ROS fluorescent probes dihydroethidium (DHE) and
dichlorofluorescein (DCF) were applied as previously reported
(12, 28). In brief, fresh sections were incubated with 10 µmol/L
DHE for 30min, and cells grown on glass slides in 24-well plates
were detected 24 h after treatment, incubated with 10µM DCF
at 37◦C for 30min in a dark incubator, and observed under a
confocal microscope (FV1000, Olympus, Tokyo, Japan). ROS-
positive cells were counted using Image-Pro Plus 6.0 by an
observer blinded to group allocation.

Brain tissue collected from the peri-infarct area was lysed
in lysis buffer (Beyotime Institute of Biotechnology, China)
on ice for 30min and centrifuged at 12,000 rpm at 4◦C for
15min to obtain the supernatant. The levels of MDA, SOD,
and GSH-Px activity were then assessed using the appropriate
kits, according to the manufacturer’s instructions (Institute of
Jiancheng Bioengineering, Nanjing, Jiangsu, China).

The levels of TNF-α, IL-6, and IL-1β in the culture
media were measured by using ELISA kits (Nanjing
KeyGEN Biotech Co. Ltd., Nanjing, China) according to
the manufacturer’s instructions.

Immunofluorescence and TUNEL Staining
Immunofluorescence staining on brain and cell slices was
performed as previously described (8, 12). Slices were treated
with 0.3% Triton X-100 for 30min and 10% donkey serum
for 2 h, followed by incubation with primary antibodies at
4◦C overnight. The primary antibodies were diluted with PBS
as follows: rabbit anti-NeuN (1:300, Abcam), goat anti-GFAP
(1:1000, Abcam), rabbit anti-p-p65 (S536) (1:100, CST), and
rabbit anti-p65 (1:400, CST). The secondary antibodies (1:200,
Abcam) were as follows: donkey anti-rabbit IgG (Alexa Fluor
594), donkey anti-goat IgG (Alexa Fluor 594), donkey anti-mouse
IgG (Alexa Fluor 594), and donkey anti-rabbit IgG (Alexa Fluor
488). DAPI was obtained from Sigma (Saint Louis, MO, USA).
Negative controls without primary antibody were performed for
all samples.

TUNEL assay was used according to the manufacturer’s
protocol (Roche, Mannheim, Germany). Double-staining of
TUNEL/NeuN was performed as previously described (22). In
brief, the sections were initially stained with NeuN (1:1000,
Abcam) and subsequently stained with TUNEL.

The sections were imaged using confocal microscopy. Five
representative visual fields were randomly chosen to be analyzed,
from the penumbra (Figures 7C,D) in each slice or from each
dish. The fluorescent images were analyzed using Image-Pro Plus
6.0 or ImageJ by an observer who was blinded to grouping.

Western Blot Analysis
Mice were perfused with ice-cold PBS, 24 h after MCAO/R,
and brain tissue in the peri-infarct area was quickly separated
on ice. The peri-infarct area was drawn using previously
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published methods (29). Cells were harvested at 24 h after
OGD/R using a cell scraper. Samples were lysed in 10 µl/mg lysis
buffers containing protease and phosphatase inhibitors (Roche,
Mannheim, Germany). Nuclear and cytoplasmic proteins were
extracted using nuclear and cytoplasmic extraction kits (Thermo
Scientific Inc., USA). Bicinchoninic acid assay quantification and
western blot analysis were performed as previously reported
(12, 28). The amount of protein loaded was 30 µg per lane.
The following antibodies were employed: anti-TNF-α (1:1000,
Abcam), anti-IL-6 (1:1000, Abcam), anti-IL-1β (1:1000, Abcam),
anti-GFAP (1:1000, Abcam), anti-p-p65 (S536) (1:1000, CST),
anti-p65 (1:1000, CST), anti-ACTB (1:3000, Bioworld), anti-
histone H3 (1:3000, CST), and secondary HRP-labeled antibodies
(Bioworld Technology Inc., MN, USA). Data were scanned with
an imaging system (Bio-Rad, Hercules, CA, USA) and analyzed
with ImageJ software (version 1.46).

Statistical Analysis
GraphPad Prism 5.0 (GraphPad Software Inc., USA) was
used to analyze data. Results are expressed as the mean ±

standard deviation (SD) unless otherwise noted. Comparisons
among groups were assessed by one-way or two-way analysis
of variance (ANOVA) and log-rank test, depending on the
experimental design. Multiple comparisons were performed
using post-hoc Tukey’s honestly significant difference (HSD)
test for significant ANOVA tests. Differences were considered
statistically significant when p < 0.05.

RESULTS

The neurological scores of all mice modeling middle cerebral
artery (MCA) occlusion-reperfusion (MCAO/R) was obtained.
A total of 217 animals were considered to be at the same level
of damage. Others (no more than 30%, whose neurological score
was>13 or<7) were excluded from the study. In all groups, PTE
or vehicle was delivered immediately after reperfusion, namely,
1 h after the stroke attack.

Effect of PTE on Morphology and Function
in MCAO/R Mice
In a previous study, we identified that a PTE injection at 10
mg/kg per day for five days had no effect on neurological
scores and brain water content in normal mouse brains (11). 2,
3, 5-triphenyltetrazolium chloride (TTC) staining was used to
measure the infarct volume of MCAO/R mice (Figure 1). The
infarct volume and brain water content in the MCAO/R group
(51.85 ± 8.723, 82.07 ± 1.611) were significantly higher than in
the Sham group (0.1250 ± 0.9878, 77.85 ± 1.013). PTE (5 or
10 mg/kg), however, reduced the infarct volume (40.90 ± 6.509,
20.23± 10.44) and brain water content (80.45± 0.7868, 79.75±
1.7812) 24 h after reperfusion (Figures 1B,C, p < 0.05).

A total of six out of 30 animals were excluded from
the neurological scoring assay since two mice in the Vehicle
group died at day 1, and another two mice in the Vehicle
group and two mice in the PTE-10 group died at day 3. The
neurological score of the MCAO/R group decreased from day
0 to day 4 compared with the Sham group. PTE (both 5 and

10 mg/kg) administration significantly improved neurological
scores compared with MCAO/R + Vehicle group at day 3 and
day 4 (Figure 1D, p < 0.01). Moreover, the 2-week survival rate
in the MCAO/R + Vehicle, MCAO/R + PTE-5, and MCAO/R
+ PTE-10 groups, were 3, 5, and 8 out of 20, respectively
(Figure 1E). Although the survival rate doubled in the PTE-
10 group compared with the MCAO/R + Vehicle group, this
difference was not statistically significant (p > 0.05).

Effect of PTE on Neuronal Apoptosis in the
Peri-infarct Area of MCAO/R Mice
Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL)-staining is a marker of apoptotic nuclei (12, 22, 30).
We employed double-staining of TUNEL and 4′,6-diamidino-2-
phenylindole (DAPI, which stains all nuclei) to assess the total
apoptotic rate (Figure 2A) in the peri-infarct area of MCAO/R
mice with or without PTE administration. Further, double-
staining of TUNEL and NeuN (a neuronal nuclear antigen
marker) was used to evaluate the neuronal apoptotic rate
(Figure 2C). The total and neuronal apoptotic rates increased
after MCAO/R. In comparison with that in MCAO group the
total and neuronal apoptotic rates were lower in the MCAO/R
+ PTE groups (Figures 2B,D, p < 0.01).

Effect of PTE on Neural Oxidative Stress
and Inflammation in the Peri-infarct Area of
MCAO/R Mice
The increase in ROS generation and methane dicarboxylic
aldehyde (MDA), superoxide dismutase (SOD) activity, and
reduction in glutathione peroxidase (GSH-Px) reflected the level
of oxidative stress in the peri-infarct area (31, 32). We used
DHE as a marker of ROS in brain tissue sections (Figure 3A)
and measured the level of MDA and the activities of SOD and
GSH-Px with commercial assay kits, to further evaluate oxidative
stress in the peri-infarct area at 24 h after MCAO/R with or
without PTE administration. The DHE-positive cell count was
significantly higher in the MCAO/R groups (230.7 ± 38.48)
than in the Sham group (35.67 ± 27.43). Further, it was also
significantly lower in the 10 mg/kg PTE-treated group (145.3 ±

29.7) but not significantly different in the 5 mg/kg PTE-treated
group (166.7 + 14.29), compared with the MCAO/R + Vehicle
group (Figure 3B, p < 0.05).

Compared to the elevated MDA level in the MCAO/R +

Vehicle group, the MDA level was lower in the MCAO/R + PTE
groups (Figure 3C, p < 0.05). The activity of SOD and GSH-Px
in the MCAO/R+Vehicle group was significantly higher than in
the MCAO/R+ PTE groups (Figures 3D,E, p < 0.05).

Further pro-inflammatory factors in the peri-infarct area
after MCAO/R, PTE administration, or both, were measured by
western blot (Figure 3F). At 24 h after the reperfusion (i.e., in the
MCAO/R group) the levels of TNF-α, IL-1β, and IL-6 (3.333 ±

0.4136, 1.967± 0.1528, 1.667± 0.1155) were significantly higher
than in the Sham group (Normalized to 1.0). The levels of TNF-
α, IL-1β, and IL-6 in 5 mg/kg PTE-treated group had decreased
to 2.267 ± 0.3055 (p < 0.05), 1.550 ± 0.0500 (p < 0.05), 1.433 ±
0.1528 (not significantly). PTE, at 10mg/kg, significantly reduced

Frontiers in Immunology | www.frontiersin.org 4 October 2019 | Volume 10 | Article 240835

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Liu et al. Pterostilbene Attenuates Cerebral Ischemia-Reperfusion Injury

FIGURE 1 | Cerebral infarct volume, brain edema, and neurological outcomes in MCAO/R mice with or without PTE administration. (A) Cerebral infarct volume was

assessed by 2, 3, 5-triphenyltetrazolium chloride (TTC) staining at 24 h after MCAO/R or sham operation, and (B) the infarct volume ratio was calculated for each

group. (C) The brain water content of the infarcted hemisphere (without epencephalon) was analyzed to evaluate cerebral edema. Values are expressed as mean ±

standard deviation (n = 8). ap < 0.05, compared with Sham + Vehicle. bp < 0.05, compared with MCAO/R + Vehicle. cp < 0.05, compared with MCAO/R + PTE-5.

Significance was determined using a one-way analysis of variance. (D) Neurological function was assessed using the Garcia 18-point grading system at 2 h and 1, 2,

3, and 4 days (D) after MCAO/R or sham operation; the mice that died within 4 d after the operation were excluded from the analysis. Values are expressed as mean

± standard deviation (n = 8). ap < 0.01, compared with Sham + Vehicle at day 3 and day 4. bp < 0.01, compared with MCAO/R + Vehicle at day 3 and day 4.

Significance was determined using a two-way analysis of variance. (E) The 14-day survival rate was analyzed for each group. PTE (at a dose of 5 mg/kg and 10

mg/kg for the PTE-5 and PTE-10 groups, respectively) and the same volume of vehicle were administrated every day after surgery. Values are expressed as the

survival percentage (n = 20). Significance was determined using a log-rank test. MCAO/R, middle cerebral artery occlusion and reperfusion; PTE-5/10, pterostilbene 5

or 10 mg/kg.

the expression of TNF-α, IL-1β, and IL-6 (1.333 ± 0.2082, 1.533
± 0.1528, 1.533± 0.0577) (Figure 3G, p < 0.05).

Effects of PTE on Astrocyte Activation
Around the Infarct Region in MCAO/R Mice
The morphology and quantity of astrocytes around the
infarct region were visualized with immunofluorescence
staining of GFAP (glial fibrillary acidic protein). We
found apparent proliferation, aggregation, and activation
of astrocytes in the peri-infarct area (Figure 4A). Further,
western blot analysis of the peri-infarct cortex demonstrated
increased expression of GFAP, which corroborated with the
imaging results (Figure 4B). The number of GFAP-positive
astrocytes increased after MCAO/R but were lower in the
PTE-treated groups than in the MCAO/R + Vehicle group
(Figure 4B, p < 0.05).

Effects of PTE on Expression,
Phosphorylation, and Nuclear
Translocation of the NF-κB p65 Subunit in
the Peri-infarct Area of MCAO/R Mice
To unravel the potential role of the transcriptional factor
p65 in the MCAO/R brain following PTE administration,
total and phosphorylated p65 (phosphorylated at S536) in
the peri-infarct area were analyzed using western blotting
(Figure 5A). The levels of phosphorylated p65 in the
MCAO/R + Vehicle group were significantly higher than
in the Sham + Vehicle group. PTE administration remarkably
reduced the level of phosphorylated p65 in comparison to
the MCAO/R + Vehicle group (Figure 5B, p < 0.05). We
investigated the distribution of p-p65 (S536) in astrocytes
using immunofluorescent double-staining of p-p65 with
GFAP and DAPI 24 h after MCAO/R. PTE decreased
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FIGURE 2 | Neural apoptosis in the peri-infarct area at 24 h after MCAO/R with or without PTE administration. (A) Immunofluorescence double-staining of TUNEL

(green) and DAPI (blue) was performed on frozen sections fixed at 24 h after MCAO/R or sham surgery. Scale bars = 100µm. (B) The percentage of TUNEL-positive

cells in the peri-infarct area was counted under fluorescence microscopy as an average of five visual fields. (C) The neuronal apoptotic rate was assessed using

immunofluorescence double-staining of apoptotic cells (TUNEL, green) and neurons (NeuN, red) under the same conditions. Scale bars = 50µm. (D) The percentage

of TUNEL-positive neurons in the peri-infarct area was counted under fluorescence microscopy as an average of five random visual fields. Values are expressed as

mean ± standard deviation (n = 8). ap < 0.01, compared with Sham + Vehicle. bp < 0.01, compared with MCAO/R + Vehicle. Significance was determined using a

one-way analysis of variance. MCAO/R, middle cerebral artery occlusion and reperfusion; DAPI, 4′,6-diamidino-2-phenylindole; PTE-5/10, pterostilbene 5 or 10

mg/kg; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling.

the level of p-p65 in astrocytes, particularly in the nuclei
(Figures 5C,D).

Effects of PTE on Expression,
Phosphorylation, and Nuclear
Translocation of the NF-κB p65 Subunit in
U251 Astroglioma Cells Subjected to
OGD/R
To investigate the change in p65 in astrocytes following ischemia-
reperfusion, we employed an oxygen-glucose deprivation and
reperfusion (OGD/R) model in U251 astroglioma cells to
simulate MCAO/R in vitro. The expressions of p65 after OGD/R,
with or without PTE pre-treatment, were analyzed with western
blot and nuclear-cytoplasmic extraction. PTE (2.5 or 5µM) had
no effect on p65 expression in the U251 cells subjected to OGD/R.
However, the levels of phosphorylated p65 (S536) remarkably
declined in PTE pre-treated groups (Figures 6A,B, p < 0.05).

The nuclear translocation levels of p65 in the PTE-treated groups
were lower than in the OGD group (Figures 6C,D, p < 0.05).
Moreover, immunofluorescence staining of p65, GFAP, andDAPI
demonstrated that 5µM PTE remarkably decreased the nuclear
translocation of p65 that was induced by OGD (Figures 7A,B).

Effects of PTE on Inflammation, Oxidative
Stress, and Neuron Death in HT22
Hippocampal Cells Co-cultured With U251
Astroglioma Cells Subjected to OGD/R
The levels of TNF-α, IL-1β, and IL-6 that were detected in the
U251 culture media with enzyme-linked immune-sorbent assays
(ELISAs) were increased after OGD/R. Further, the levels of
TNF-α, IL-1β, and IL-6 were decreased in the OGD + PTE
(5µM) group compared with in the OGD group (Figure 8A,
p < 0.05). The oxidative stress and viability of HT22 cells that
were co-cultured with U251 cells via a transwell insert were
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FIGURE 3 | Oxidative stress and inflammatory levels in MCAO/R mice with or without PTE administration. (A) The cerebral oxidative stress level in the peri-infarct area

was assessed using DHE-staining (red) at 24 h after MCAO/R or sham surgery. Scale bars = 100µm. (B) DHE-positive cells in the peri-infarct area were counted by

an observer blinded to the group assignments and analyzed as the average of five random visual fields. (C–E) The levels of MDA, SOD, and GSH-Px in the infarcted

hemisphere were assessed using relevant test kits at 24 h after MCAO/R or sham. (F,G) The levels of pro-inflammatory factors TNF-α, IL-6, and IL-1β in the peri-infarct

area were analyzed using western blotting at 24 h after surgery. ACTB was used as loading control, and the protein level was normalized to the Sham + Vehicle group.

Values are expressed as mean ± standard deviation (n = 6). ap < 0.05, compared with Sham + Vehicle. bp < 0.05, compared with MCAO/R + Vehicle. cp < 0.05,

compared with MCAO/R + PTE-5. Significance was determined using a one-way analysis of variance. ACTB, β-actin; MCAO/R, middle cerebral artery occlusion and

reperfusion; DHE, dihydroethidium; GSH-Px, glutathione peroxidase; MDA, methane dicarboxylic aldehyde; PTE-5/10, pterostilbene 5 or 10 mg/kg; SOD, superoxide

dismutase.
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FIGURE 4 | Astrocytes and microglia in the peri-infarct area after MCAO/R with or without PTE administration. (A) Activation, proliferation, and aggregation of

astrocytes (GFAP, green) were observed by a blinded observer, using immunofluorescence staining on frozen sections fixed at 24 h after MCAO/R or sham surgery.

Nuclei were stained with DAPI (blue). Scale bars = 50µm. (B) The protein level of GFAP was analyzed with western blot at 24 h after surgery. ACTB was used as

loading control, and the protein level was normalized to Sham + Vehicle group. Values are expressed as mean ± standard deviation (n = 6). ap < 0.05, compared

with Sham + Vehicle. bp < 0.05, compared with MCAO/R + Vehicle. Significance was determined using a one-way analysis of variance. ACTB, β-actin; GFAP, glial

fibrillary acidic protein; MCAO/R, middle cerebral artery occlusion and reperfusion; PTE-5/10, pterostilbene 5 or 10 mg/kg.

detected using 2′-7′-dichlorofluorescein diacetate (DCF) staining
and a Cell Counting Kit-8 (CCK-8), respectively. PTE pre-
treatment significantly decreased DCF-positive cell counts 24 h
after OGD/R compared with vehicle (Figures 8B,C, p < 0.05).
Cell viability, however, was remarkably higher in the OGD+ PTE
group in comparison to the OGD group (Figure 8D, p < 0.05).

DISCUSSION

In the present study, we elucidated the effect of PTE on
attenuating inflammation and oxidative injury after focal cerebral
IR in mice. In vivo, PTE played a neuroprotective role by
decreasing infarct volume, reducing brain edema, and improving
neurological scores following transient focal cerebral IR. It also
significantly reduced the neuronal apoptosis around the infarct
zone and improved the survival rate of neuronal cells in vitro.
However, the impact of PTE on the long-term survival rate of
mice was not significant. These results may indicate that PTE
is more meaningful in improving the prognosis and quality of
survival than in prolonging life.

AIS, accounting for about 6.5 million deaths every year and
forecasted to result in the annual loss of over 200 million

disability-adjusted life years by 2030 (33), had been one of the
major causes of morbidity and mortality worldwide (1).

The prognosis of AIS is still unsatisfactory, although
great breakthroughs have been made in the research and
development of diagnosis technology, neuroimaging, medical
reperfusion therapy, and surgical reperfusion therapy (34).
Besides, adjuvant medications aiming to reduce permanent brain
injury and neurological function impairment are also under
active investigation (35).

Current neuroprotective drugs had shown little benefit for

consequential injury after AIS (2). However, PTE, the naturally

occurring 3′, 5′-dimethylated analog of resveratrol, had been
indicated to show broad anti-inflammatory and anti-oxidative
stress ability (12, 36); these are both among the neuroprotective
strategies after cerebral ischemia (33).

Emerging evidence suggests that the inflammatory signal plays
a pivotal role in secondary injury following IR (3). It has been
shown to be involved in all stages of the cerebral ischemic-
reperfusion injury process from arterial occlusion to regenerative
processes during neurorepair (37) and has been considered
one of the prime targets for the development of new stroke
therapies (38). Both innate and adaptive immunity are involved
in this process. More importantly, the modulation of adaptive
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FIGURE 5 | Phosphorylation level of NF-κB p65 subunit in the peri-infarct area after MCAO/R with or without PTE administration. (A,B) The protein phosphorylation

level of p65 in the peri-infarct cortex was evaluated using western blot analysis at 24 h after MCAO/R or sham surgery. ACTB was used as loading control, and the

ratios of p-p65 (S536) to total p65 were normalized to Sham + Vehicle group. (C) Expression and distribution of phosphorylated p65 (S536) in astrocytes of the

peri-infarct area were observed by a blinded observer, using immunofluorescence double-staining of p-p65 (green) with GFAP (red) and DAPI (blue), respectively, at

24 h after surgery. Scale bars = 10µm. (D) Relative nuclear fluorescence intensity of p-p65 was analyzed by ImageJ. Values are expressed as mean ± standard

deviation (n = 6). ap < 0.05 compared with Sham + Vehicle. bp < 0.05, compared with MCAO/R + Vehicle. cp < 0.05, compared with MCAO/R + PTE-5.

Significance was determined using a one-way analysis of variance. ACTB, β-actin; GFAP, glial fibrillary acidic protein; MCAO/R, middle cerebral artery occlusion and

reperfusion; PTE-5/10, pterostilbene 5 or 10 mg/kg.

immunity has been found to exert a remarkable protective effect
on AIS (37).

PTE has previously been shown to attenuate
lipopolysaccharide-induced learning and memory impairments
by microglia inhibition and neuronal protection (39). It was
also suggested in our previous study that PTE can attenuate
early brain injury following subarachnoid hemorrhage, possibly
via the inhibition of NLRP3 inflammasome and Nox2-related
oxidative stress (12).

The pathological role of oxidative stress had been
demonstrated in a variety of central nervous system diseases,
including neurodegenerative, ischemic, infectious, and traumatic
disorders. The brain is more vulnerable to oxidative damage
due to its high metabolic demand (40). In the brain, oxidative
stress is closely related to inflammation and vice versa (41).
Oxidative status, as a result of inflammation, also plays a crucial
role in activating inflammation (42), which subsequently causes
neuronal apoptosis (43). Overall, inflammation and oxidative
stress are undoubtedly valid intervention targets for IR injury
after cerebral stroke (2, 11, 12, 44).

It has been demonstrated that PTE can attenuate global
cerebral ischemia-reperfusion injury by inducing mitochondrial
oxidative injury (11). Additionally, at a diet-achievable dose,
PTE acted as a potent neuromodulator in aging and Alzheimer’s

disease, probably driven by increased peroxisome proliferator-
activated receptor α expression (13).

In ischemic tissue, ATPase-dependent biological processes are
disrupted, which, in turn, induces intracellular calcium overload
and lysis of organelle and plasma membranes (45). Even worse,
although, following reperfusion, tissue has been shown to recover
from an oxygen-starved status and generate excessive ROS,
triggering peroxidation and inflammatory responses and the
generation of MDA, the end-product of lipid oxidation (45, 46).
In this process, anti-oxidative enzymes, including GSH-Px and
SOD, which scavenged excess ROS and reduced its toxic effects,
were exhausted (45).

In the current study, the data showed that PTE remarkably
reduced the levels of oxidative stress and inflammation in the
peri-infarct brain region after reperfusion and in co-cultured
neuronal cells, as evidenced by the decreased level of ROS, MDA,
and pro-inflammatory factors TNF-α, IL-1β, and IL-6 and the
increased activity of SOD and GSH-Px.

A considerable number of pathology processes, including
glial cell activation, peripheral immune cell infiltration, capillary
pericyte constriction, et al., have been shown to be involved
in inflammation-related post-stroke secondary injury (38).
Astrocytes, the most abundant type of glial cell in the brain, were
closely associated with this process (5).
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FIGURE 6 | Expression, phosphorylation, and nuclear translocation level of the NF-κB p65 subunit in U251 astroglioma cells subjected to OGD with or without PTE

treatment. (A,B) Protein and phosphorylation levels of p65 were assessed using western blot analysis at 24 h after OGR in U251 cells subjected to 4 h OGD with or

without PTE pre-treatment. ACTB was used as loading control. At the same time (C,D), nuclear translocation of p65 was evaluated using nuclear cytoplasmic

extraction followed by western blot analysis. Histone H3 was used as loading control for nuclear proteins and ACTB for cytoplasmic proteins. The expression,

phosphorylation (S536), and nuclear translocation level of p65 was normalized to Control. Values are expressed as mean ± SD (n = 6). ap < 0.05 compared with

Control. bp < 0.05 compared with OGD. cp < 0.05 compared with OGD + 2.5µM PTE. Significance was determined using a one-way analysis of variance. ACTB,

β-actin; OGR, oxygen-glucose reintroduction; OGD, oxygen-glucose deprivation; PTE, pterostilbene.

The activation of astrocytes, presenting as astrocyte
proliferation, morphological change, and enhanced expression of
GFAP, can be induced by cerebral ischemia, inflammation, and
oxidative stress. The post-stroke glial scar, as a result of astrocyte
activation and proliferation, has been shown to form a dense
barrier against neuroregeneration (5). Activated astrocytes also
generated TNF-α, IL-1β, IL-6, and cyclooxygenase-2, which in
turn further promoted the activation of astrocytes (47, 48).

Moreover, astrocytes play an important role in physiological
conditions. Dysregulation of normal astrocyte physiology leads
to post-stroke impairments. For example, the network of
communication channels throughout the brain constructed by
astrocyte syncytium would be impaired after AIS. It would also
lead to the disfunction of cytokine production, ion homeostasis,
and blood flow regulation (33).

Previous studies successively revealing the post-stroke role
of astrocytes remained insufficient owing to the diversity of
astrocyte functions. New evidence was still needed. In the present
study, the proliferation of astrocytes around the infarct zone
was observed. GFAP, an astrocytic marker, was also significantly
increased in the peri-infarct area, which was abolished by the
PTE treatment. This evidence may indicate an important role for

astrocytes in the progress of IRI and in eliciting the protective
effect of PTE.

It was previously demonstrated that NF-κB pathway
regulation might be one of the anti-inflammation mechanisms of
PTE (49–51). However, to the best of our knowledge, no evidence
about the NF-κB signal-regulating effect of PTE on astrocytes
and cerebrovascular disease had been reported previously.

The activation and functional status of the NF-κB pathway
have been found to be regulated by a complicated upstream
signaling pathway together with a wide range of regulatory
factors (52–54). It can be mediated by the canonical pathway,
involving TLRs, proinflammatory cytokines, IKKβ, IKKγ, and
IκB et al., or the non-canonical pathway, involving LTβ, CD40L,
BAFF, RANKL, IKKα, and p100 et al. (55, 56).

The NF-κB p65 subunit, activated by the canonical
pathway, is a transcription factor that can be activated
by hypoxia, ROS, and several inflammatory mediators.
The phosphorylation and nuclear translocation of p65
is one of the most direct and appropriate indicators for
evaluating the activation and functional status of the NF-
κB pathway (57). It is involved in astrocyte activation,
generation of pro-inflammatory factors IL-6, IL-1β, and
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FIGURE 7 | Intracellular distribution of p65 in U251 astroglioma cells subjected to OGD/R with or without PTE pre-treatment. (A,B) OGD/R-induced nuclear

translocation of p65 was further observed by an observer blinded to the groups, using immunofluorescence double-staining of p65 (green) and GFAP (red) under the

intervention of PTE (5µM). Nuclei were re-stained with DAPI (blue), and scale bars = 200µm. (C,D) Schematic diagram of the location of the penumbra where the

representative vision was acquired. The sketch in (C) is referenced from Page 77, The Mouse Brain in Stereotaxic Coordinates (second edition), 2001, ACADEMIC

PRESS. GFAP, glial fibrillary acidic protein; OGD/R, oxygen-glucose deprivation and reintroduction; PTE, pterostilbene.

TNF-α, and macrophage and T-cell infiltration, thus leading
to secondary inflammatory injury in central nervous system
diseases (15–19).

In our study, PTE decreased the phosphorylation of
p65 (S536) induced by IR. The increased expression,
phosphorylation, and nuclear translocation of p65
in U251 astrocytoma cells, following OGD/R, were
reduced by PTE treatment. In brief, PTE inhibited
NF-κB in astrocytes after stroke and presented an
anti-inflammatory effect.

Unfortunately, the upstream regulatory mechanism of
p65 phosphorylation and nuclear translocation remain
unexplained in the present study. The polyubiquitination
and subsequent degradation of IκB might be one of the
most direct regulating factors (58, 59). However, the
whole upstream signal pathway should be considered
deliberately if we want to reveal the underlying mechanism

of the regulating effect of PTE on NF-κB activation. This
is one of the directions that should be focused upon in
the future.

In our previous study, PTE showed protective effects
against mitochondrial oxidative stress and glutamate-induced
neuronal oxidative injury (11, 28). It must be noted that,
in the in vivo experiment of the current study, PTE might
not only have affected astrocytes but also have had an
effect on neurons as well as other cell types. The anti-
oxidative property of PTE is likely to have improved the
tolerance of neurons to ischemia, mediating its effect against
inflammatory injury. However, this theory also requires
further validation.

Besides, we did not focus on the effect of PTE on microglia
activation in the present study, though this has been found
to play an essential role in inflammatory responses and
should not be ignored (60). Depending on the activated
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FIGURE 8 | Pro-inflammatory factor generation in culture media of U251

astroglioma cells subjected to OGD/R, and oxidative stress-induced neural

death in HT22 cells co-cultured with U251 pre-treated with OGD/R. (A) Levels

of TNF-α, IL-6, and IL-1β in culture media were evaluated using ELISA kits at

24 h after OGD/R for each group. The results were normalized to Control.

(B) ROS-generation in HT22 hippocampal cells was observed by a blinded

observer, using DCF staining. (C) DCF-positive cells were counted manually

and calculated as an average of five random visual fields for each dish. (D) Cell

viability of HT22 was assessed using CCK-8 assay after co-culturing with

OGD-pre-treated U251 for 24 h. The concentration of PTE is 5µM. Values are

expressed as mean ± SD (n = 6). ap < 0.05, compared with Control.
bp < 0.05, compared with OGD. Significance was determined using a

one-way analysis of variance. CCK-8, cell counting kit-8; DCF,

2′-7′-dichlorofluorescein diacetate; ELISA, enzyme-linked immunosorbent

assay; IL, interleukin; OGR, oxygen-glucose reintroduction; OGD/R,

oxygen-glucose deprivation and reintroduction; PTE, pterostilbene; ROS,

reactive oxygen species; TNF, tumor necrosis factor.

phenotype, microglia have biphasic functions in ischemic
stroke (61). M1 microglia exacerbates neuronal injury by
secreting pro-inflammatory cytokines, while M2 microglia is
a neuroprotective mediator (62). Under certain conditions,

microglia can restrict ischemia-induced astrocyte response
and provide neuroprotective effects (63). However, an
increasing number of studies have reported that over-activated
microglia mediate inflammatory injury after stroke. The
pro-inflammatory cytokines secreted by microglia can be
able to amplify the inflammatory activation of astrocytes
(64). Thus, the inhibition of microglia activation might
be therapeutic for AIS (47, 65, 66). The effects of PTE on
microglial activation after AIS and the subsequent pro-
inflammatory cytokine releases should also be worked on in
the future.

In conclusion, our findings in mice and in
HT22/U251 cell co-cultures suggested that PTE
treatment presents a promising cerebral-protective
effect against IRI, involving inhibition of astrocyte-
mediated inflammation and associated oxidative stress.
This effect may partially result from the inhibited
phosphorylation and nuclear translocation of NF-κB. The
therapeutic application of PTE in AIS, involving several
intervention targets, may be a promising strategy for
stroke management.
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Cigarette smoke is a major preventable risk factor of ischemic stroke. Cigarette smoke

induces a significant increase in circulating leukocytes. However, it remains unclear to

what extent and by what mechanisms smoke priming influences stroke severity. Here

we report that exposure to cigarette smoke exacerbated ischemic brain injury in mice

subjected to transient middle cerebral artery occlusion (MCAO). The augmentation of

neurodeficits and brain infarction was accompanied by increased production of pro-

inflammatory factors and brain infiltration of neutrophils and monocytes. Prior to brain

ischemia, exposure to cigarette smoke induced mobilization of peripheral neutrophils,

and monocytes. Furthermore, the detrimental effects of smoke priming on ischemic

brain injury were abolished either by pharmacological inhibition of the recruitment of

neutrophils and monocytes or by blockade of the NLRP3 inflammasome, an effector

protein of neutrophils andmonocytes. Our findings suggest that cigarette smoke-induced

mobilization of peripheral neutrophils and monocytes augments ischemic brain injury.

Keywords: stroke, cigarette smoke, inflammation, immune response, inflammasome

INTRODUCTION

Despite progresses in reperfusion therapies, ischemic stroke remains a major cause of death
and disability worldwide. Compiling evidence has demonstrated that inflammatory responses to
cerebral ischemia plays an important role in various stages of stroke pathobiology and outcome.
Initiated by the cessation of blood flow, the activation of neuroglia, recruitment of peripheral
leukocytes, and release of proinflammatory factors from the ischemic region together contribute
to post-ischemic brain injury (1, 2).

Tobacco use is a major preventable risk factor for ischemic stroke. Reportedly, smokers have
a two- to four-fold increased risk of stroke than non-smokers (3). Cigarette smoking also has a
strong link to stroke severity, disability, and length of inpatient stay (4). A significant increase in
circulating leukocytes, such as neutrophils and monocytes, and pro-inflammatory factors, such as
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C-reactive protein and interleukin (IL)-6, has been observed in
smokers (5–8), suggesting that CS induces priming of peripheral
immune cells. However, still unclear is to what extent and by what
mechanism smoke priming influences the pathological responses
to brain ischemia.

Although previous studies in experimental models have
reported a possible link—that nicotine, a major component of
cigarette smoke, influences post-ischemic brain injury (9, 10)—
the extrapolation of these findings toward the in vivo scenario
is not straightforward because smoke inhalation contains more
than 4,000 other components (11). To address this question, we
investigated the effects of cigarette smoke on post-ischemic brain
injury and inflammation, and we determined the contributions
of cigarette smoke-induced priming of peripheral immune cells
to the effects of cigarette smoke in mice subjected to transient
middle cerebral artery occlusion (MCAO).

MATERIALS AND METHODS

Animals
All animal experiments were approved by the Institutional
Animal Care and Use Committees of Tianjin Neurological
Institute (Tianjin, China). This study was conducted in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory animal in China. Male C57BL/6
mice (7–8 weeks old, 20–25 g body weight) were purchased
from the Vital River Laboratories (Beijing, China). Animals were
housed in pathogen-free conditions at the animal facilities under
a standardized light-dark cycle, and they were provided with
free access to food and water. All animal experiments were
designed, performed, and reported according to the Animal
Research: Reporting of in Vivo Experiments guidelines. Animals
were randomly assigned to experimental group.

Cigarette Smoke Exposure Protocol
Mice were exposed to cigarette smoke using a whole-body smoke
exposure system (Yuyan Instruments Co., Ltd. Shanghai, China).
Mice were exposed to 12 cigarettes (CHIENMEN, Peking, China)
for a period of∼50min twice a day for 4 days. Animals receiving
exposure to normal air were used as controls as previously
described (12).

Analysis of Total Particulate Matter in
Exposure Chamber
To determine the concentrations of total particulate matter
(TPM) in the smoke exposure box, samples were collected on
filters provided by Yuyan Instruments (Shanghai, China) at a
collection rate of∼10 L/min for 5min. TPM concentrations were
calculated based on the mass collected on the filters and the total
volume of air drawn through the filter (12).

Cotinine, Artery Blood Gas, and Cerebral
Blood Flow Measurement
Cotinine levels were measured by ELISA (Bio-Quant, San Diego,
CA) in serum obtained by incubating whole blood isolated
from animals within 1 h after exposure for 30min at 37.8◦C,
followed by centrifugation. Artery blood gas was measured by

the Cobas B 123 POC System Blood Gas Analyzer (Roche,
Mannheim, Germany). Approximately 100 µl blood sample with
anticoagulant was obtained from mice carotid arteries under
isoflurane-induced anesthesia. Mice cerebral blood flow (CBF)
was measured by a PeriCam PSI laser speckle contrast imager
(Perimed AB, Stockholm, Sweden). After 4 days’ smoking, mice
were anesthetized by isoflurane on day 5, the mouse heads were
immobilized, and a midline scalp incision was made for imaging.
The incision was sutured by 5-0 surgery silk thread after 1min
imaging. Body temperature was recorded andmaintained at 37◦C
using an electric warming blanket during the operation.

Middle Cerebral Artery Occlusion (MCAO)
Model
A transient MCAO model was induced by 60min focal cerebral
ischemia and reperfusion using a filament method, as previously
described (13, 14). Briefly, mice were anesthetized by inhalation
of 3.5% isoflurane and maintained by inhalation of 1.0–2.0%
isoflurane in 70% N2O and 30% O2 using a face mask. A 6-0
nylon filament with a rounded tip was inserted into the right
MCA to occlusion for 60min. Reperfusion was established when
the filament was withdrawn back to the common carotid artery.
Laser Doppler (model P10, Moor Instruments, Wilmington, DE)
was used to monitor the CBF for 5min, both before and after
MCAO, as well as during reperfusion for 5min. Relative CBF
post reperfusion had to rise to at least 50% of pre-ischemic levels
in order for mice to be included for further analyses. During
surgery procedures, body temperature was maintained by an
electric warming blanket.

Drug Administration
A selective NLRP3 inflammasome inhibitor MCC950 was given
to mice at a dose of 10 mg/kg by intraperitoneal injection at
indicated time points at the beginning of CS exposure. Mice
that received an equal volume of vehicle (phosphate-buffered
saline) were used as controls. Bindarit (Selleckchem, Houston,
TX), an inhibitor of monocyte chemotactic protein synthesis,
was diluted in 0.5% carboxymethylcellulose aqueous solution and
administered at a dose of 50 mg/kg by oral gavage twice daily.
Bindarit treatment was initiated on the same day as smoking and
continued until the end of experiments. Control animals received
an equal volume of carboxymethylcellulose (15–17).

2,3,5-Triphenyltetrazolium Chloride (TTC)
Staining
TTC staining was used to evaluate infarct volume in our study.
At days 1 and 3 after MCAO and reperfusion, mouse whole
brains were obtained. After exposure for 5min at −20◦C, frozen
whole brains were cut into 1mm thick coronal slices starting at
1mm from the frontal tips for TTC staining. A 2% (v/v) TTC
solution (Sigma, St. Louis, MO, USA) was used to stain brain
sections. Infarct areas were determined as absence of TTC stains
and were quantified by Image Pro Plus analysis as previously
described (13, 18).
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Neurological Function Assessment
At days 1 or 3 after MCAO, the modified Neurological
Severity Score (mNSS) was adopted to evaluate neurodeficits.
The scoring system comprises a set of terms to assess motor
function (muscle and abnormal movement), sensory function
(visual, tactile, and proprioceptive), and reflexes (pinna, corneal,
and startle reflexes). The range of scores for mNSS is from
0 to 18. The rating scale defined as: a score of 13–18
indicates severe injury, 7–12 indicates moderate injury, and 1–
6 indicates mild injury. Mice received a point if they failed to
perform a task. Neurological deficit assessment was performed
by investigators blinded to treatment groups, as described
previously (13, 14, 19).

Flow Cytometry
Single cell suspensions were prepared from brain, spleen, and
peripheral blood and stained with fluorochrome-conjugated
antibodies, as previously described (13, 14, 20). The antibodies
used were: CD3 (145-2C11, 553066, BD Biosciences, San
Jose, CA), CD4 (RM4-5, 552775, BD Biosciences, San Jose,
CA), CD8 (53-6.7, 557654, BD Biosciences, San Jose, CA),
CD11b (M1/70, 25-0112-82, eBioscience, San Diego, CA), CD19
(1D3, 152410, Biolegend, San Diego, CA), CD45 (30-F11, 12-
0451-83, eBioscience, San Diego, CA), LY6C (BM8, 123119,
Biolegend, San Diego, CA), Ly6G (1A8, 127614, Biolegend,
San Diego, CA), and anti-NLRP3 antibody (Ab4207, Abcam,
Cambridge, MA, USA); Alexa Fluor R©488-conjugated donkey
anti-goat IgG (H+L) was the secondary antibody (Invitrogen,
Carlsbad, CA, USA). Fluorescence minus one (FMO) controls
were stained at the same time. Flow cytometry was performed
on a FACSAria flow cytometer. Data were analyzed using Flow Jo
7.6.1 software.

Real-Time PCR
At day 1 after MCAO, total mRNA was extracted from the
ischemic hemisphere brain tissue using a Trizol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manual
instructions. One microgram of mRNA was reverse transcribed
into cDNA using a PrimeScriptTM RT reagent Kit (TaKaRa,
Shiga, Japan). An SYBR gene polymerase chain reaction (PCR)
Master Mix (Roche, Indianapolis, IN, USA) was used to amplify
the targeted gene sequence on the Opticon 2 Real-Time PCR
Detection System (Bio-Rad). The primers used in our study
are listed as follows: IL-1β forward: TGCCACCTTTTGA
CAGTGATG, IL-1β reverse: TGATGTGCTGCTGCGAGATT;
IL-6 forward: GCTGGTGACAACCACGGCCT, IL-6 reverse:
AGCCTCCGACTTGTGAAGTGGT; TNF-α forward: TATG
GCTCAGGGTCCAACTC, TNF-α reverse: GGAAAGCC
CATTTGAGTCCT; IL-10 forward: AAATAAGAGCAAGGCA
GTGG, IL-10 reverse: GTCCAGCAGACTAAATACACAC;
TGF-β forward: TGCGCTTGCAGAGATTAAAA, TGF-β
reverse: CGTCAAAAGACAGCCACTCA; CCL2 forward:
CTGCTGTTCACAGTTGCCG, CCL2 reverse: GCACAGAC
CTCTCTCTTGAGC; β-actin forward: CACCCGCGAGTA
CAACCTTC, β-actin reverse: CCCATACCCACCATCACACC;
β-actin served as a reference gene.

Statistical Analysis
Animals were randomly assigned to treatment conditions.
Results were analyzed by investigators blinded to the treatment.
Data are shown as mean ± SD. Statistical analyses was
performed using Graphpad 6.0 software. Statistical significance
was determined by the two-tailed unpaired Student’s t-test for
two groups and one-way ANOVA followed by Tukey post-
hoc test for three or more groups. Values of p < 0.05 were
considered significant.

RESULTS

Exposure to Cigarette Smoke Exacerbates
Ischemic Brain Injury in Mice
To assess the impact of cigarette smoke on ischemic brain
injury, we measured neurodeficits and infarct volume in mice
subjected to exposure of cigarette smoke followed by brain
ischemia induced by 60min transientMCAO.Mice were exposed
to cigarette smoke twice daily for 4 days prior to MCAO, and
MCAO was induced at 24 h after the last exposure (Figure 1A).
Neurodeficits and infarct volume were assessed at days 1 and
3 after MCAO and reperfusion. We found that exposure to
cigarette smoke significantly aggravated neurodeficits and infarct
volume afterMCAO, as compared to controls inhaling normal air
(Figures 1B–D). The infarct volumes of these two groups were as
follows: Day 1: [MCAO + Control: 52.31 ± 4.85 vs. MCAO +

Cigarette Smoke: 60.53± 9.46, mm3, p= 0.0003], Day 3: [MCAO
+ Control: 63.69 ± 6.58 vs. MCAO + Cigarette Smoke: 70.32 ±
6.83, mm3, p= 0.01].

To measure the amount of cigarette smoke taken by the
mice, we measured the levels of cotinine in plasma. As the
primary metabolite of nicotine, cotinine is used as a biomarker
for smokers due to its longer half-life when compared to nicotine
(12). After the last treatment of cigarette smoke, the average
cotinine level was 423.5 ng/ml (Supplementary Figure 1A),
which is within the range of 10–500 ng/ml in plasma from
active smokers (21, 22). In addition, cigarette smoke did not
affect CBF (Supplementary Figure 1B), blood gas parameters, or
physiological variables (Supplementary Table 1). Together, these
results indicated that exposure to cigarette smoke similar to active
smokers is sufficient to exacerbate ischemic brain injury.

Exposure to Cigarette Smoke Enhances
Brain Inflammatory Milieu After Brain
Ischemia
We sought to understand the influences of smoke
exposure on brain inflammation after brain ischemia.
Using flow cytometry, we examined the counts of brain-
infiltrating leukocytes and microglia at day 3 after MCAO
(Figure 2A). The counts of brain-infiltrating leukocytes
(CD45high), neutrophils (CD45highCD11b+Ly6G+), monocytes
(CD45highCD11b+LY6Chigh), and microglia (CD11b+CD45int)
were significantly increased in MCAO mice receiving cigarette
smoke exposure (Figure 2B). In addition, the upregulation of
pro-inflammatory factors, such as IL-6, IL-1β, and CCL2, was
also seen in mice receiving cigarette smoke exposure at day 1
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FIGURE 1 | Exposure to cigarette smoke-augmented neurodeficits and brain infarction after ischemia. (A) Schematic diagram illustrates experimental design.

C57BL/6 mice were exposed to cigarette smoke for 4 consecutive days. Mice receiving normal air were used as controls. MCAO was performed at day 0. At days 1

and 3 after MCAO and reperfusion, neurodeficits and brain infarct volume were assessed. (B) TTC-stained brain sections from mice receiving cigarette smoke or

normal air at indicated time points after MCAO and reperfusion. Summarized bar graphs show (C) infarct volume and (D) modified Neurological Severity Score

(mNSS) in mice receiving cigarette smoke or normal air at indicated time points after MCAO and reperfusion. n = 25 per group at day 1, n = 15 per group at day 3.

Mean ± SD. *P < 0.05, **P < 0.01.

after MCAO (Figure 2C). These results suggest that cigarette
smoke exposure augments post-ischemic brain inflammation.

Smoke Exposure Mobilizes Neutrophils
and Monocytes in the Periphery
As smoke exposure has been linked to elevation of circulating
leukocytes (23–25) and our findings show an increase of brain-
infiltrating neutrophils and monocytes in MCAO mice receiving
smoke exposure, we sought to determine the influence of
cigarette smoke on immune responses prior to the induction
of brain ischemia. For this purpose, we measured cell counts
of immune cell subsets including neutrophils, monocytes,
and lymphocytes in the spleen and blood of mice receiving
cigarette exposure without MCAO. We found that the counts of
circulating neutrophils (CD11b+Ly6G+) and pro-inflammatory
monocytes (CD11b+Ly6Chigh) were significantly increased in
mice receiving cigarette exposure (Figure 3A). In contrast,
the counts of other immune cell subsets including CD4+ T
cells (CD3+CD4+), CD8+ T cells (CD3+CD8+), and B cells
(CD3−CD19+) did not have significant changes (Figure 3A).
Similar numbers of these immune cell subsets were seen in
the spleen of mice receiving exposure to cigarette smoke vs.

normal air (Figure 3B). Of note, cigarette smoke alone did not
affect the numbers of microglia and infiltrating leukocytes in
the brain (Figure 3C). These results suggest that exposure to
cigarette smoke is sufficient to induce mobilization of peripheral
neutrophils and pro-inflammatory monocytes.

Inhibition of Neutrophil and Monocyte
Recruitment Alleviated Cigarette
Smoke-Induced Exacerbation of Ischemic
Brain Injury
Next, we sought to understand whether mobilization
of neutrophils and monocytes after cigarette smoke
contributes to exacerbation of stroke severity. As an
inhibitor of MCP-1/CCL2 synthesis, bindarit has been
shown to effectively block chemokine-driven recruitment
of monocytes and neutrophils into the ischemic brain
(17, 26–28). Indeed, we found that bindarit treatment
significantly decreased neutrophil (CD45highCD11b+Ly6G+)
and monocyte (CD45highCD11b+Ly6Chigh) infiltration into
the brain and attenuated ischemic brain injury after MCAO
(Supplementary Figures 2A–C). Importantly, we observed that
bindarit treatment was able to diminish cigarette smoke-induced
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FIGURE 2 | Cigarette smoke-augmented brain infiltration of leukocytes and production of pro-inflammatory factors in MCAO mice. At day 3 after MCAO and

reperfusion, brain tissue was harvested from mice receiving cigarette smoke or normal air. Thereafter, single cell suspensions or brain homogenates were prepared

from these tissues. (A) Gating strategy for flow cytometry analysis of CD11b+CD45int, CD11b−CD45high, CD11b+CD45high, CD45highCD11b+LY6G+,

CD45highCD11b+LY6Chigh, CD45highCD3+CD4+, CD45highCD3+CD8+, and CD45highCD3−CD19+ cells. (B) Bar graph shows summarized counts of indicated cell

subsets. n = 8 per group. Mean ± SD. *P < 0.05. (C) Bar graph shows results from mRNA expression levels of cytokines and chemokines in homogenates of the

ipsilateral hemisphere brain tissues from indicated groups of mice. n = 6 per group. Mean ± SD, *P < 0.05, vs. control group.

aggravation of ischemic brain injury (Figures 4A–D). The infarct
volumes of these two groups were as follows: [MCAO+ Bindarit
+ Control: 42.12 ± 6.08 vs. MCAO + Bindarit + Cigarette
Smoke: 42.51±5.05, mm3, p = 0.89]. These results suggest that
mobilization of neutrophils and monocytes may contribute to
augmented stroke severity after cigarette smoke.

The Aggravation of Cigarette Smoke on
Brain Injury Is Dependent on NLRP3
Pathway
The NOD-like receptor (NLR) pyrin domain–containing protein
3 (NLRP3) inflammasome is a key effector protein of neutrophils
and monocytes that boosts local inflammation and contributes
to ischemic brain injury (15, 29). Therefore, we postulated that
NLRP3 inflammasome activation contributes to cigarette smoke-
induced exacerbation of stroke injury. Intriguingly, we found
that cigarette smoke induced a dramatic increase of NLRP3+

neutrophils (CD11b+Ly6G+) or monocytes (CD11b+Ly6Chigh)
in the blood and spleen prior to MCAO (Figures 5A–D).
These results indicate augmented NLRP3 inflammasome activity
in peripheral neutrophils and monocytes after exposure to
cigarette smoke, suggesting smoke priming of neutrophil and
monocyte responses.

In the brain, we found that prior to MCAO there were

few NLRP3+ neutrophils and monocytes that infiltrated the
brain of both normal air- and cigarette smoke-treated mice.
Upon MCAO ictus, we observed more NLRP3+ neutrophils and
monocytes in the brain from mice exposed to cigarette smoke
as compared to the control mice (Supplementary Figures 3A,B).
To determine the contribution of NLRP3 inflammasome activity
to cigarette smoke-induced stroke exacerbation, we used a
selective NLRP3 inflammasome inhibitor MCC950 (15, 30).
We found that MCC950 was able to reduce neutrophils and
monocytes that expressed NLRP3 in the brain and spleen
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FIGURE 3 | Cigarette smoke alters neutrophil and monocyte responses in the

periphery. Blood, spleen, and brain samples were harvested from groups of

mice receiving 4 consecutive days of exposure to cigarette smoke or normal

air. Bar graphs shows counts of CD11b+LY6G+, CD11b+LY6Chigh,

CD3+CD4+, CD3+CD8+, and CD3−CD19+ cells in the (A) blood and (B)

spleen of indicated groups of mice. (C) Bar graphs show counts of

CD11b+CD45int, CD11b−CD45high, and CD11b+CD45high cells in the brains

of indicated groups of mice. n = 7 per group. Mean ± SD. *P < 0.05, **P <

0.01.

after ischemia (Supplementary Figures 4A,B). Intriguingly, the
detrimental effects of cigarette smoke on ischemic brain
injury was diminished in MCAO mice receiving MCC950
(Figures 6A–D). The infarct volumes of these two groups were as
follows: [MCAO+MCC950+ Control: 46.32± 6.12 vs. MCAO
+MCC950+Cigarette Smoke: 49.67± 3.91, mm3, p= 0.25]. All
in all, these results indicate that cigarette smoke-induced stroke
exacerbation involves NLRP3 inflammasome activity.

DISCUSSION

This study provides the first definite evidence that exposure
to cigarette smoking exacerbates post-ischemic brain injury
and inflammation. We document here that cigarette smoke
mobilizes peripheral neutrophils and monocytes that contribute

FIGURE 4 | Inhibition of neutrophil and monocyte recruitment mitigated

cigarette smoke-induced exacerbation of ischemic brain injury. (A) Schematic

diagram illustrates drug administration and experimental design. Mice received

Bindarit (50 mg/kg, orally twice daily) at the indicated time points. MCAO mice

receiving an equal volume of vehicle were used as controls. At day 1 after

MCAO, neurodeficits and brain infarct volume were assessed. (B) TTC-stained

brain sections from indicated groups of mice receiving exposure to cigarette

smoke or normal air at 24 h after MCAO and reperfusion. (C) Bar graph shows

brain infarct volume in indicated groups of mice. (D) Summarized mNSS in

indicated groups of mice. n = 7 mice per group. Mean ± SD.

to exacerbated stroke severity. In addition, we report that
the deleterious effects of cigarette smoke involve NLRP3
inflammasome activity in neutrophils and monocytes. This study
thus provides novel evidence supporting the notion that cigarette
smoke primes peripheral innate immune responses that are
detrimental to ischemic stroke.

The finding of augmented neurodeficits and infarct volume
in mice inhaling cigarette smoke suggests that cigarette smoke
alone is sufficient to exacerbate stroke severity. Although under
different experimental conditions, this result is consistent with
previous studies showing that nicotine, a component of cigarette
smoke, aggravates brain injury in experimental stroke models
(9, 31). It’s notable that the influences of cigarette smoke on
stroke severity may be affected by the length of exposure duration
and exposure dose. A recent study reported that cigarette smoke
exposure at a dose of nine cigarettes per day had no significant
impact on brain infarction or neurological deficits in mice
subjected to 30–40min MCAO (32). The reasons that caused
this discrepancy may be at least partially caused by the different
exposure protocol of cigarette smoke and ischemia duration.
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FIGURE 5 | Cigarette smoke induces upregulation of NLRP3 inflammasome in peripheral neutrophils and monocytes. Blood and spleen samples were harvested from

groups of mice receiving 4 consecutive days of exposure to cigarette smoke or normal air. (A) Gating strategy for CD11b+Ly6G+ neutrophils and CD11b+Ly6Chigh

monocytes expressing NLRP3. FMO, fluorescence minus one. (B–D) Quantification of cell counts of the indicated immune cell populations per ml of blood or whole

spleen in groups of mice receiving exposure to cigarette smoke or normal air. n = 7 per group. Mean ± SD. *P < 0.05.

Because such factors could impact cigarette smoke priming of
peripheral immune cells, this likely leads to different baseline
inflammation prior to ischemia.

Consistent with previous findings of elevated circulating
neutrophils and monocytes in active smokers (23, 27, 28), we
found that cigarette smoke leads to increased mobilization of
peripheral neutrophils andmonocytes. In addition, these changes
were restricted to neutrophils and monocytes but not to other
tested immune cell subsets. Together, these findings support
the notion that cigarette smoke induces priming of peripheral
neutrophils and monocytes that predispose the host to ischemic
brain injury. In support of this view, we found that inhibition of
neutrophil and monocyte recruitment abolished the exacerbated
stroke severity after smoke exposure. It’s also noteworthy that
the number of microglia and brain-infiltrating leukocytes were
not affected by cigarette smoke before MCAO, suggesting that
smoke-induced priming of immune responses mainly occurs in
the peripheral compartment rather than the brain, at least in our
experimental setting.

The NLRP3 inflammasome is a key effector protein in
myeloid cells such as neutrophils and monocytes that amplifies
inflammatory responses and ischemic brain injury by facilitation
of caspase-1 and interleukin (IL)−1 β processing (15, 29). Of
interest, we found that cigarette smoke upregulated NLRP3
inflammasome in peripheral neutrophils and monocytes.

In addition, NLRP3 inflammasome activity contributed to
cigarette smoke-induced exacerbation of stroke severity. These
results provide novel evidence regarding smoke priming of
neutrophil and monocyte responses, although the precise
operating mechanisms through which cigarette smoke
upregulates inflammasome activity remain uncertain and
require future investigation.

There are also limitations to this study. First, our experimental
dose of cigarette smoke exposure in this study is similar to
heavy smokers (cotinine levels above 300 ng/mL are seen in
heavy smokers). Therefore, it would be interesting to study
the impact of chronic low dose smoke exposure on the
systemic immune response and ischemic brain injury. Second,
as cigarette smoke contains more than 4,000 components, a
control group exposed to other sources of smoke may facilitate
result interpretation. Although other smoke inhalation such as
that of carbon monoxide may also induce an immune response
in the lungs, caution may be needed before generalizing our
findings to include all smoke inhalation conditions such as
carbon monoxide, because previous studies also reported that
carbon monoxide may reduce circulating leukocyte numbers
and activity (33, 34). Third, amounting evidence suggests that
targeting inflammation and immune responses is a viable
approach to rescuing brain tissue and improving outcomes after
stroke (2, 35). However, translation to human medicine has
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FIGURE 6 | Inhibition of NLRP3 inflammasome mitigated cigarette

smoke-induced exacerbation of ischemic brain injury. (A) Schematic diagram

illustrates drug administration and experimental design. Mice received

MCC950 (10 mg/kg, i.p.) at indicated time points. Mice receiving an equal

volume of vehicle were used as controls. At day 1 after MCAO, neurodeficits

and brain infarct volume were assessed. (B) TTC-stained brain sections from

indicated groups of mice receiving exposure to cigarette smoke or normal air

at 24 h after MCAO and reperfusion. (C) Bar graph shows brain infarct volume

in indicated groups of mice. (D) Summarized mNSS in indicated groups of

mice. n = 7 mice per group. Mean ± SD.

been disappointing. The reasons might be that targeting the
highly dynamic events that occur during inflammation in the
relatively inaccessible brain microenvironment is challenging,
and an incomplete understanding of the interactions between
the immune system and the brain during stroke limits progress.
Therefore, more caution should be used when interpreting the
translational potential of our findings.

CONCLUSIONS

Our findings suggest that cigarette smoke induces priming
of peripheral neutrophils and monocytes that contribute to
aggravated ischemic brain injury, implying that the restriction
of exposure to cigarette smoke would reduce the detrimental
consequences of ischemic stroke.
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The immune system is rapidly activated after ischemic stroke. As immune cells migrate

and infiltrate across the blood-brain barrier into the ischemic region, a cascade of cellular

and molecular biological reactions occur, involving migrated immune cells, resident glial

cells, and the vascular endothelium. These events regulate infarction evolution and thus

influence the outcome of ischemic stroke. Most immune cells exert dual effects on

cerebral ischemia, and some crucial cells may become central targets in ischemic stroke

treatment and rehabilitation.
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INTRODUCTION

Stroke has high morbidity and mortality rates around the world and became the leading cause
of death in China in 2017 (1). It accounts for about 1 in 19 deaths in the U.S. (2). Ischemic
stroke is associated with considerable morbidity and mortality in eastern and northern Asia (3).
In recent decades, understanding of the mechanism, diagnosis, and therapy of ischemic stroke
has improved. Patients with stroke experience neuronal damage and functional deficits, which
are tightly connected with immune responses during and after ischemia. Reduced focal cerebral
blood flow induces a series of metabolic, neurologic, and immunologic reactions, which are
followed by neuronal cell death (4). Studies of immune responses during and after ischemic
brain damage have revealed some probable pathways of post-ischemic cerebral injury, and will be
meaningful in identifying potential therapies for ischemic stroke. It is crucial to further investigate
the mechanical processes of the immunological and inflammatory reactions after cerebral ischemia.
Immune responses implicate the blood-brain barrier (BBB); vascular endothelial cells; glial cells;
inflammatory mediators; and immune cell infiltration, migration, and activation. Immune cells
are rapidly activated and recruited to the stroke site (5), where they continue to affect infarction
progression and prognosis. This article reviews the mediators, regulatory factors, and interaction
behaviors of different subpopulations of both brain resident and peripheral immune cells during
the immune process after cerebral ischemia.

LEUKOCYTES IN POST-ISCHEMIC IMMUNE RESPONSES

Due to increased BBB permeability and compromised BBB integrity in the acute phase after stroke
(6–8), leukocytes aggregate in the ischemic region of middle cerebral artery occlusion (MCAO)
models as early as 30min after occlusion (9). Mediated by leukocyte-endothelial cell interactions
on the endothelial vascular walls, leukocyte infiltration influences the evolution and outcome of
ischemic injury.
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Neutrophils
Infiltration of polymorphonuclear neutrophils (PMNs) in the
acute stage is a feature of post-ischemic inflammatory responses
(10, 11). Studies on the role of PMNs in the cerebral post-
ischemic immune response suggest that neutrophils aggravate the
prognosis after stroke (12). Neutrophil infiltration is responsible
for increased recruitment of other immune cells, and thus
induces a complicated series of effects on ischemic damage
(13). Although there are numerous studies supporting the long-
believed detrimental effects that neutrophil infiltration into the
infarct region causes in the acute stage of stroke (14–16),
evidence also suggests that neutrophils contribute to beneficial
regulation processes.

Neutrophils are involved in tissue remodeling after stroke
(17). Matrix metalloproteinases (MMPs) are a family of
secreted and membrane-bound proteases that influence
extracellular matrix (ECM) and tissue repair processes (18, 19).
They are usually crucial in leukocyte recruitment. Various
MMP subtypes have been studied. For example, MMP-9
promotes BBB leakage, neuronal cell death, and hemorrhage
in the early phase after stroke, while it later mediates brain
regeneration and neurovascular remodeling (17, 20). High
MMP-2 levels in an ischemic stroke patient is considered
to suggest a stable or recovering condition, while MMP-9
suggests worse prognosis (21). MMP-2 is considered to have
beneficial influences on post-ischemic immune responses (22).
In general, MMPs have dual effects. Neutrophils produce
and release substances like vascular endothelial growth
factor (VEGF) and transforming growth factor-β (TGF-β),
thus regulating various immune regulation activities (6).
Neutrophils are also involved in clearance of dead cells, debris,
and bacteria, creating a more suitable microenvironment
for repair and recovery (6, 13, 23). Neutrophil extracellular
traps (NETs), the structural fibers produced by neutrophils,
are composed of granule and nuclear constituents. As a
conserved innate antimicrobial strategy, NET release has
been reported to play a role in extracellular bactericidal
activities (24).

Many pro-inflammatory mediators can induce NET release

during inflammatory processes, including interleukin-8 (IL-8),
tumor necrosis factor-α (TNF-α), and platelet-activating factors
(11). Non-inflammatory factors such as amyloid fibrils also
trigger NETs (25).

An in vitro study on primary cultures of bovine brain
microvessel endothelial cells (BBMEC) showed that neutrophils
influence the permeability of the BBB (26). In this study,
increase of permeability of BBB was observed and confirmed
to be induced by infiltrated neutrophils throun an increase in
intracellular Ca2+.

However, the transient gathering of neutrophils in the infarct
lesion after ischemic stroke remains controversial. A study
using endothelin-1-induced cerebral ischemia in rats (ET-1
model) showed that infiltrated neutrophils are phagocytized by
macrophages in the first 3 days after stroke onset, but MPO
activity keeps increasing, suggesting that MPO may not be the
best measurement for neutrophil accumulation (27). But as
endothelin-1 has also been found on neurons in the brain out

of endothelial cells (28), and it is reported to probably prompt
growth of astrocytes after spinal cord injury (29), results using
ET-1 models may not be completely credible (30).

Lymphocytes
Both innate and adaptive immune cells contribute to the
inflammatory response after cerebral ischemia. In mice MCAO
models, lymphocytes accumulate in the infarct lesion in the first
4 h after ischemia, and depletion of lymphocytes leads to a smaller
infarct volume (5, 31). However, the roles of specific lymphocyte
subpopulations in the process of inflammatory reaction after
cerebral ischemic injury were unclear until recently.

T and B Lymphocytes in Cerebral Ischemia
CD4+ and CD8+ T cells interact with each other. Lower IL-
16 expression was observed in CD8-deficient mice in parallel
with decreased CD4+ T-cell recruitment (32). There were
reports about T cell involvement in ischemia/reperfusion (I/R)
injury in other organs including the intestine, kidney, and
liver. From the results a hypothesis was proposed that T cells
may also play a role in I/R injury in the brain. However, as
earlier studies mainly focused on monocytes, T cells have been
neglected for a long time (33). In 2006, Yilmaz et al. elucidated
the contribution of CD4+ and CD8+ T lymphocytes to the
inflammatory and thrombogenic responses in an experimental
stroke model. The team discovered that in the first 24 h after
ischemic stroke onset, T cell depletion significantly reduced
infarct volumes, but lacking B cells did not influence ischemic
stroke outcomes. According to their results, both CD4+ and
CD8+ T cells exert detrimental effects on post-ischemic cerebral
immune responses (5). Considerable evidence demonstrates the
detrimental effects of T cells. Depletion experiments showed
improvement of infarction (31), and cytotoxic T lymphocytes
have a direct cytotoxic effect on cerebral post-ischemic injuries
via the perforin-mediated pathway (34).

T cells are regulated by various cytokines. In an early study,
IL-15 was reported to enhance the in vivo function of reactive
CD8+ T cells (35). Later, the effect of IL-15 on CD8+ T cells
was further characterized (36). Astrocytes, the main source of
IL-15 in the brain, have been shown to modulate polarization
of CD4+ T cells into Th1 cells and support Treg production
in co-culture cell conditions. These results provide additional
evidence that the central nervous system (CNS) environment
affects T cells (37). In later studies, IL-15 was confirmed to be
a positive regulator that induces and enhances the Th1 response
in the post-I/R cerebral immune response. Lee et al. found that
a neutralizing IL-15 antibody likely penetrated that BBB and
significantly reduced responses mediated by T cells and natural
killer (NK) cells, implying that IL-15 could be a novel treatment
target after cerebral I/R (38).

IL-2 secreted by T cells is one of the cytokines that supports
T cell survival (39). Both IL-15 and IL-2 regulate CD8+ T cell
proliferation in vitro, but only IL-15 has an effect on CD8+ T
cells in vivo. Generally, IL-2 levels in vivo are too low to regulate
CD8+ T cell proliferation, but CD4+ T cells respond well to this
low level (40–42). IL-2 was also found to promote regulatory
T cell (Treg) production (42). In experimental autoimmune
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encephalomyelitis, IL-2 also influences the behavior of NK cells.
NK cells also suppress Th17 transcription factors via microglia,
and complexes of IL-2 and IL-2 monoclonal antibody reduce
Th17 production by CD4+ T cells in the CNS. These results may
suggest that IL-2 regulates NK cells in CNS immune responses
and probably influence post-ischemia immune responses (43).

Targeting B cells in experimental stroke does not influence
infarct volume, evolution, or cerebral blood flow during the
acute phase (44, 45). However, some findings indicate that B
cells are beneficial lymphocytes in the immune response after
cerebral ischemia. B cells exert neuroprotective effects in the
process, and there is ample evidence that B cells are the main
regulatory immunological cells in the inflammatory process
after ischemic brain injury (45–47). B cells have a probable
protective function; they were observed to limit infarct volume
and functional neurological deficits by inhibiting activation
and recruitment of other immune cells including T cells,
macrophages, and microglia into infarct lesions during post-
ischemia responses. B cells are believed to promote the recovery
process and are regarded as a potential therapeutic target for
neurological function recovery after ischemic cerebral injury
(47). However, other evidence suggests that B cells may hamper
long-term recovery and are probably responsible for delayed
cognitive impairment after ischemic stroke. In a mouse distal
MCAOmodel, activated B cells infiltrated infarcted lesions weeks
after stroke, and mice developed delayed deficits in long-term
potentiation and cognition that could be prevented by an anti-
CD20 antibody (48).

The influence of B cells on cerebral ischemia outcomes
remains controversial. However, whether B cells display duel
function or not, they remain a potential therapy target. In order to
have a better knowledge on the role B cells play during and after
cerebral ischemia, further studies are required to clarify B-cell
related short- and long-term prognoses.

Regulatory T and B Cells (Tregs and Bregs)
The newly defined subtype of regulatory B cells (49) have
protective effects in some autoimmune diseases. They are
thought to regulate the behavior of activated B lymphocytes in
the immune response after cerebral ischemia. Recently they were
confirmed to have a protective effect against brain injury (50). A
CD1dhiCD5+ phenotype of regulatory B cells that secrete high
levels of IL-10 (B10 cells), has been found to play a role in contact
hypersensitivity responses, but this phenotype accounts for a low
proportion of spleen B cells. Depletion of B10 cells in the spleen
enhanced inflammatory responses (51). This phenotype exerts
regulatory effects during Listeria infection. In animal models,
depletion of B10 cells enhanced bacteria clearance, which was
accompanied by significantly more macrophage phagocytosis
of bacteria, even if macrophages were re-stimulated in an
external environment. Collectively these results indicate that
B10 cells may have a negative regulatory effect on macrophage
cytokine production.

B10 cells were also found to shape the responses in BALB/c
mice infected with Leishmania major through IL-10 production
(52). These results underscore the need for research into the
regulation pathways of IL-10 secreted by regulatory B cells (53).

Offner and Hurn first implicated B10 cells as a major regulatory
subtype in the post-ischemic immune process. They pointed
out that this subpopulation may be a potential target of stroke
treatments (45). B10 cells accumulate in the infarct area 48 h
after 60-min MCAO. Although only a small amount of B10 cells
were found in the striatum, they were the main regulatory factors
in post-ischemic responses compared to intraperitoneal B cells.
Moreover, smaller cortical infarct volumes were observed in mice
injected with IL-10-competent B cells compared to those injected
with intraperitoneal-derived B cells (46).

Regulatory B cells affect multiple pathways, one of which
is via suppressing pro-inflammatory T cells and enhancing
regulatory T cell expansion (50, 54, 55). IL-10 secreted by B10
cells plays a role in polarizing the Th cell response toward
the Th2 phenotype. Researchers proposed that the process was
regulated by IL-12 (52). Tregs are a CD25+ Foxp3+ cell subset
that only account for 10% of peripheral CD4+ T cells (32). They
play an active regulatory role in the post-ischemic brain (6)
and were identified as key mediators of ischemic stroke. Tregs
possess an intrinsic propensity for migration, which increases the
likelihood of Treg-endothelial cell interaction. Moreover, Treg-
mediated infarction development can be prevented by platelet
depletion, indicating that the Treg-related immune process is
closely related to thromboembolism (56). Numerous studies have
shown that Tregs have positive effects in the brain. Some authors
have reported that Tregs down-regulate immune cell infiltration,
which reduces inflammatory reaction and thus protects neurons.
Together withmonocytes, Tregs also promote neovascularization
after ischemic stroke (32). Tregs function by promoting the
production of various cytokines such as TGF-β, IL-10, and IL-35.

Tregs are mediated by neural cell-specific genes such as the
serotonin receptor (Htr7) and respond to serotonin, and they are
also sensitive to selective serotonin reuptake inhibitors (SSRIs)
(32). There is no evidence that the role T cells play in post-
ischemia cerebral injury is influenced by antigen recognition,
T cell receptor (TCR) stimulatory pathways, or thrombus
formation. It is an antigen-independent detrimental effect that T
cells exert on the process (33). Tregs are crucial for promoting
post-ischemic immunosuppression, which provides a partial
neuroprotective effect but also increases the risk of post-stroke
infection (32).

γδT Cells
Integrins and interleukins play significant roles in assisting
immune cells in post-ischemia immune responses. They
influence inflammation development and usually aggravate
neurological and functional outcomes after ischemic brain
injuries. Gamma delta T cells (γδT cells) produce integrins
and interleukins.

T cells infiltrate into the brain where they promote infarction
evolution and subsequent neurological deficits via IL-23 and IL-
17. The ILs mainly derive from γδT cells instead of the long-
believed CD4+ Th cells (57). The pivotal role of IL-17-secreting
γδT cells was recently demonstrated, and the CC chemokine
receptor 6 (CCR6) was found to be a primary regulator. In
CCR6−/− MCAO mice there was decreased accumulation of IL-
17-producing γδT cells (nTγδ17 cells) accumulation, as well as
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smaller infarct volumes due to less IL-17-dependent induction
of the CXC chemokine and neutrophil infiltration (58). Zheng
et al. found that IL-23 stimulates production of other cytokines
and the transcription factor forkhead box P3 (Foxp3) in cerebral
ischemia. They also showed that RNA interference knockdown
of IL-23p19 prevented cerebral ischemic injury by reducing
inflammation after stroke onset. IL-23 deficiency enhanced
interferon (IFN)-γ and Foxp3 expression levels in delayed
cerebral ischemic mice, and IL-17, IL-4, IFN-γ, and Foxp3+ cells
were found in the ischemic hemisphere (59).

Systemic treatment with IL-33 showed beneficial effects
against stroke (60). It promotes Th2-type effects and thus
increases the plasma level of Th2-type cytokines and fewer pro-
inflammatory microglia/macrophages in the infarct lesion (61).
IL-33 also promotes the infiltration of NK cells, reduces activated
glial cells, and increases IL-10-expressing Tregs. However,
MCAO mice treated with IL-33 were susceptible to serious
lung infection, which implies that IL-33 may exert a dual effect
on the prognosis of ischemic cerebral injury. The data suggest
that IL-33 might be a target treatment when given under close
surveillance for infection or in combination with antibiotics (62).
Xiao et al. reported another effect of IL-33 after ischemic brain
damage. They studied the modulation effect of IL-33 of splenic
T cell responses after cerebral ischemic stroke and found that
intraperitoneal IL-33 pre-treatment reduced neurological deficit
scores and infarct volumes after 30min of MCAO, decreased
IFN-γ+ T cells, and increased Foxp3+ T cells in the spleen. IL-33
pre-treatment also reduced IFN-γ production and mRNA levels
of the transcription factor T-bet, but increased IL-4, IL-10, TGF-
β, GATA-3, and Foxp3 in the spleen. Xiao et al. proposed that
IL-33 participates in the post-ischemic immune responses by
inhibiting the Th1 response and promoting the Treg response
and therefore will be a potential ischemic stroke treatment (63).

NK Cells
NK cells are innate lymphocytes. They are rapidly mobilized and
recruited during the super acute phase of immune responses
(64, 65). Gan et al. showed that NK cells are recruited only 3 h
after ischemia and peak at day 3 (66). The temporal dynamics
of immune cell accumulation in a temporal MCAO model were
observed, but there is no report regarding an increased number
of NK cells in the ischemic hemisphere (67). According to Zhou
et al., the behavior of NK cells is related to the time of ischemia
during a stroke. Their research showed that invading NK cells
accumulate in ischemic lesions but do not differ between mice
with 30-min partial MCAO and 90-min total MCAO. However,
the authors only assessed cytokine expression at a single subacute
time point, which should be extended and further tracked in
future studies (68).

Later studies suggested that NK cells may indeed influence
ischemic brain injury outcomes. NK cell recruitment in the early
stage of ischemic stroke is required in the Th1 response priming
of CD4+ T cells by IFN-γ (69). NK cells also influence the level of
activated CD8+ T cells by killing recently activated CD8+ T cells
in an natural killer group 2D (NKG2D)- and perforin-dependent
manner, and thus influence cellular immune responses (70). Gan
et al. found that in the human brain, NK cells infiltrate into

peri-infarct areas or the ischemic hemisphere. They help catalyze
neuronal death via the perforin/granzyme apoptosis pathway,
directly or indirectly co-effecting with immigrant cells or brain-
resident cells, thus accelerating ischemic infarction (66). Zhang
et al. found that NK cells promote the process via IFN-γ and
that NK cells are dose-dependently affected by IP-10 via CXCR3.
NK cells are related to disintegration of the BBB, and this injury
process was aggravated by IP-10. In their study, the number of
NK cells peaked 12 h after ischemic stroke onset (71).

NK cells kill inactivated resting microglia via NKG2D
(CD314) and NKp46, one of the natural cytotoxicity receptors
(NCRs). ActivatedNK cells rapidly form immunological synapses
with microglia and mediate perforin polarization at the interface
between NK cells andmicroglia (72). NK cells also closely contact
astrocytes. IL-15 is one of the extrinsic signals that regulates
the development and maturation of NK cells (73–75). Previous
studies have demonstrated how IL-15 influences the development
of mature NK cells (76), but more recent research confirmed that
IL-15 is produced by glial cells, and the level is determined by glial
cell activity. Reactive glial cells, mainly astrocytes, express IL-15
in the acute phase of CNS inflammation, but in a study, microglia
were recruited as the minor source of cytokines (77). Later
studies showed that in the glial fibrillary acidic protein (GFAP)
promoter-controlled IL-15–expressing transgenic mouse (GFAP-
IL-15tg) line, mice that express astrocyte-derived IL-15, NK cells,
and CD8+ T cells increasingly accumulate in post-reperfusion
responses. The results suggested that astrocyte-derived IL-15
might recruit NK cells and CD8+ T cells in post-ischemic
cerebral reactions, exacerbating the infarction and subsequent
neurological deficits (36).

Leukocyte-Endothelial Cell Interactions
and Leukocyte Infiltration
Leukocyte infiltration is crucial in cerebral post-ischemic
immune responses. Recruitment and infiltration of leukocytes
are dependent on vascular endothelial cells. In the first several
hours after stroke onset, leukocytes are rapidly recruited into
microvessels in the ischemic region. The recruitment process
requires some events including leukocytes rolling along the
vascular endothelium and initially binding to the blood vessel
walls, followed by leukocyte activation, leukocyte-endothelial cell
adhesion, leukocytes traveling through the blood vessel walls,
and transmigration into the inflammatory region (Figure 1).
Adhesion molecules and cytokines are the main molecules that
interact with leukocytes on the endothelial cell membrane.
There are changes in microvessels after ischemic stroke
onset. The membranes of endothelial cell contain adhesion
molecules and regulatory cytokines that interact with activating
leukocytes and platelets, which together initiate and participate
in thrombosis (9).

Adhesion Molecule Expression
Adhesion molecules including integrins, immunoglobulin
superfamily members, and selectins induce cell-to-cell or cell-to
ECM binding via receptor-ligand formation. Binding is a key
stage in cell infiltration and migration and is significant in the
early stages of cerebral post-ischemic immune responses.
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FIGURE 1 | Leukocyte infiltration process. (1) Leukocytes roll along the vascular endothelium. (2) Leukocytes are recognized and initially bind to the blood vessel walls.

(3) Leukocyte activation and leukocyte-endothelial cell adhesion. (4) Leukocytes travel through the vascular wall. (5) Leukocytes transmigrate into the ischemic region.

Among immunoglobulin superfamily members,
myeloperoxidase, intracellular adhesion molecule-1 (ICAM-1),
and vascular cell adhesion molecule-1 (VCAM-1) have been
studied the most with regard to their effects on leukocyte-
endothelial cell interaction (78). ICAM-1 is associated
with leukocyte accumulation in the ischemic region in
the first 24 h, and ICAM-1 levels peak at 12–48 h post-
ischemia (79, 80). As is shown in many deficiency/inhibition
studies, ICAM-1 depletion reduces leukocyte infiltration
and infarct volumes (81). However, a clinical trial using
enlimomab, an anti-ICAM-1 antibody claimed that anti-
ICAM-1 treatment may bring opposite results. Patients treated
with enlimomab obtained worse outcomes (82). VCAM-1
levels increase in post-stroke responses, and the levels are
even higher in patients with polyvascular atherothrombotic
diseases (83). Evidence suggests a probable beneficial effect of
VCAM-1 depletion, suggesting that protein has detrimental
effects (84, 85).

Selectins (E-, L-, and P-selectins) separately modulate the
recognition and initial binding to vascular endothelial cells
and different leukocyte subpopulations. One study reported
regulation effects of selectins in cerebral post-ischemic immune
responses. P-selectin, which is essential to monocyte-endothelial
cell adhesion (86), was associated with BBB breakdown (87, 88).
P-selectin continually rise in the acute phase, and the increase
persists into the subacute phase, while E-selectin levels start to
decline at the end of acute phase (89). However, a study of
L-selectin inhibition did not report significant differences (90).
This may be related to the specific subpopulations that certain
selectins recognize.

The integrin families mainly induce cell-ECM adhesion. The
leukocyte function-associated antigen (LFA) group and very
late adhesion molecule (VLA) group are distributed on the
leukocyte membrane, while glycoprotein groups are found on the
membranes of platelets, endothelial cells, and megakaryocytes.
LFA-1, macrophate-1 (Mac-1), and VLA-4 mediate leukocyte
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binding to the activated endothelium in ischemic regions (91).
Deficiency experiments of LFA-1 and Mac-1 both showed
decreased leukocyte infiltration 24 h after stroke, indicating that
both LFA-1 and Mac-1 correlate with brain injury and blood
cell-vessel wall interactions after cerebral ischemic injury (92).

Cytokine Expression
Cytokines including IL, colony-stimulating factor (CSF), IFN,
TNF-α, growth factor (GF), and other chemokine families are
crucial mediators in most regulatory pathways. Many cytokines
have been found to regulate leukocyte infiltration; for example,
TNF-α increases lymphocyte infiltration into interstitial tissues
in immune responses to kidney infection (93). IL-1 was found to
reduce neutrophil infiltration after liver ischemia (94). Cytokines
regulate leukocyte infiltration and affect cerebral post-ischemic
responses in many other aspects, as described below.

RESIDENT GLIAL CELLS AND
INFILTRATING
MACROPHAGES/MONOCYTES

Both resident microglia and bone marrow-derived monocytes
may be the source of macrophages in the damaged tissue after
cerebral ischemia (95). As the key immune cells in acute and
subacute stages after cerebral ischemia, resident microglia and
infiltrating monocytes share certain features, while differ in some
other aspects, which lead to plenty of comparative studies on the
two cell populations.

Three murine cell culture models, namely iPSC microglia,
iPSC-macrophages and NSC-primed iPSC-macrophages were
cultured to elucidate pro-inflammatory and anti-inflammatory
features of brain resident and infiltrating monocytes during
cerebral ischemia. Consistency of results in vitro and in vivo
suggested that iPSC-derived neuro-immune cell culture models
can be possibly useful in related researches (96).

Resident Glial Cells
Resident microglia are rapidly activated in the first 24 h after
transient MCAO in mice. Schilling et al. used green-fluorescent
protein bone marrow chimeric to show that resident microglia
were the main source of macrophages in infarcted area (95).
Glial cells are deeply involved in the acute phase of the post-
ischemic inflammatory process.Microglia depletion was reported
to increase the infiltration of neutrophils, macrophages, and
CD4+ T, and NK cells in the brain and reduce the accounts
of subtypes of these splenic leukocytes (97). Microglia confer
a protective effect against the post-ischemic immune process
via their inhibition of astrocytes; they are crucial for neuron-
astrocyte crosstalk that occurs in immune responses following
cerebral ischemia (68).

Microglia up-regulate expression of triggering receptor
expressed on myeloid cells 1 (TREM-1), which prompts
microglial M1 polarization and neutrophil recruitment by
increasing mRNA levels of M1 markers and chemokines,
as well as protein levels of ICAM-1. Microglia TREM-1
regulates cerebral post-ischemic immune responses by activating

downstream pro-inflammatory pathways through interaction
with spleen tyrosine kinase (SYK), and the final effect
leads to increases in inflammatory cytokine levels, chemokine
production, and pyroptosis (98). Activated glial cells produce
a large amount of inflammatory cytokines including IL-1β, IL-
6, TNF-α, and nitric oxide. All of these cytokines promote the
evolution of inflammation, and therefore lead to poor outcomes
following ischemic cerebral injury (68, 99–101). An in vitro
model ofmicroglia activationwas established to study the delayed
inflammation after cerebral ischemia. By exposing microglia
to oxygen glucose-deprived (OGD) neurons and astrocytes, an
ischemia-like microenvironment is developed (102). The study
reported that microglia are activated by OGD and induce
neuron death with TNF-α and thus contributes to delayed
inflammation (103).

Microglia are also one of the two cellular sources of
induction of TNF receptor associated factor 2 (TRAF2); the
other source is neurons. Li et al. discovered TRAF2 is induced
after ischemic stroke, and this may inhibit necroptosis by
inhibiting the association between receptor interacting protein
3 (RIP3) and mixed lineage kinase domain-like (MLKL), the
activation of which contributes to necroptosis. Thus, the authors
regarded TRAF2 as a novel regulator of cerebral ischemic injury
(104). The results indicate that microglia participate in post-
ischemic immune responses via TRAF2 production. Microglia
highly express danger-associated molecular pattern molecules
(DAMPs), co-effecting with purines to induce the expression
of pro-inflammatory molecules in infiltrating leukocytes, and
they also prime dendritic cells for antigen presentation (91).
Glial cells are also mediated by chemokines. Chemokine-
liked factor 1 (CKLF1) was found to increase expression
of pro-inflammatory cytokines and decrease that of anti-
inflammatory cytokines in ischemic lesions. CKLF1 was also
found to modulate microglia/macrophages toward an M1
phenotypic polarization, thus aggravating the inflammatory
response and contributing to a poor prognosis following ischemic
stroke (105–107).

Several studies have confirmed that sphingosine 1-phosphate
receptor subtype-1 (S1P1) and S1P3 are related to microglial
activation (108–110). M1 polarization is activated by S1P3
mainly in activated microglial (109). Receptor-mediated S1P
signaling in regulation of inflammatory cells has been described
by multiple groups (111, 112). Expression of S1P receptor-1
(S1PR1) by lymphocytes was found to play a role in lymphocyte
egress from the thymus and secondary lymphoid tissue or
organs. T cells tend to migrate toward S1P1 in the first stage
after activation of the inflammatory response, but the ability
disappears after day 1. However, after 72 h, T cells recover
S1P1 mRNA and regain their responses to S1P1 (113). This
could be a possible explanation for brain T cell accumulation
in the first 24 h after ischemic stroke. S1P is also reported to
play a role in pro-inflammatory responses (114–116), mainly
in activated microglia (115–117). One of the drugs targeting
S1PR1, FTY720 (Fingolimod), has protective activity in different
animal models of transplant and autoimmune diseases and is
therefore used in experiments as an immuno-suppressant (114).
It was also observed to suppress neuronal damage and microglial
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activation in rodent models of cerebral ischemia (118). A proof-
of-concept trial shows that in patients with acute ischemic
cerebral stroke, FTY720 treatment within 72 h of stroke onset
brings better outcome (119). In this trial, FRY720 is reported to
have reduced secondary tissue damage and neurological deficits,
as well as prompted functional recovery. Other experiments
showed that lipopolysaccharide (LPS) stimulation reduced
microglial expression of S1P2, S1P4, and S1P5, suggesting
the down-regulation of S1PR subtypes may also contribute to
the persistence of microglial activation during inflammatory
conditions, given that the receptor for fractalkine, a negative
regulator of microglial activation, was down-regulated by LPS
stimulation of microglia from aged mice (120). NK cells are also
regulated by S1PRs. S1PR5 has been shown to be necessary for
NK cell egress from lymph nodes and bone marrow, suggesting
that behavior of NK cells may be in part mediated by S1P and
S1PRs (121). Gaire et al. found that S1P1 regulates M1/M2
polarization. Specifically, S1P1 activation influences mitogen-
activated protein kinases and phosphoinositide 3-kinase/Akt
activation in the ischemic hemisphere, and those pathways can
increase M1 polarization while simultaneously decreasing M2
polarization. The influence is especially significant on microglia
M1 polarization (122). These results may lead to further study
of S1P subtypes on their relationships with and regulation
of the M1/M2 polarization of microglia. S1P also activates
astrocytes. Local microinjection of S1P exacerbated cerebral
infarction in MCAO models, and the microglia/macrophage-
specific marker Iba1 and astrocyte-specific marker GFAP both
significantly increased (114). This supports the hypothesis that
microglia and astrocyte activation is detrimental to recovery from
cerebral ischemia.

Infiltrating Macrophages/Monocytes
Macrophages/monocytes mainly accumulate in the ischemic
region in the subacute phase. Levels peak in the infarct territory
72–96 h after ischemic induction (7).

Increasing invading macrophages usually suggests a better
prognosis after cerebral ischemia. It has been reported that low
lymphocyte-to-monocyte ratio is an independent risk factor for
poor outcome in acute cerebral ischemic stroke cases treated with
thrombolytic therapy (123).

Neutrophils are found to promote monocyte recruitment
(13) via proteins released from neutrophil granules (124).
CD14+ monocyte differentiation induces polarization of CD4+

T cells into Th-17 cells during migration across the BBB
(125). The process involves cytokines including TGF-β and
granulocyte-macrophage colony-stimulating factor (GM-CSF).
Both cytokines function in inflammatory responses. In the
CNS, TGF-β expression enhances immune cell infiltration
and increases autoimmune damage (126). GM-CSF has been
confirmed to promote monocyte differentiation into dendritic
cells (125). These cytokines are secreted by various cells including
astrocytes andmicroglia, implying there may be a combination of
regulatory effects by various cell types (127, 128).

Different behavior models are also observed during the
recovery after ischemia. Infiltrating macrophages tend to
massively cluster to infarct area 72 h after stroke onset, while

microglia display a migration from infarct center to peri-
infarct region during several days after the cerebral ischemic
events (129).

Infiltrating monocytes are found to have different molecular
signature and electrophysiological properties from resident
microglia. The study also covered microglia and monocyte
behaviors during the delayed phases after cerebral ischemic
injury. Differences in genomic features were also detected in
resident microglia and infiltrating monocytes (130).

Differences on inflammatory expression profiles between
microglia and invading macrophages are observed in study and
are believed to shape repair and pro-regenerative mechanisms
after stroke. Expression analysis in pMCAO mice models
show a reduction in expression of pro-inflammatory genes,
while bone marrow-derived macrophages have an inflammatory
phenotype (129).

In a study of periphery immune cell invasion to the cerebral
parenchyma after cardiac arrest and resuscitation, researchers
found a parallel significant increase of monocytes in the bone
marrow and blood, which they think may suggest a strong
coupling of peripheral immune response and CNS immunity,
providing a potential neuroprotective therapy by targeting the
pro- and anti-inflammatory signals in the periphery (131).

Like the way microglia switch between M1 and M2
subtypes in a certain context, it is reported that infiltrated
monocytes in the infarct area display different expression
feature from those surrounding the infarct area, suggesting that
infiltrated monocytes may react specifically to different micro-
environments (132).

Unique transcriptomic profiles were detected in both
resident microglia and bone marrow-derived macrophages in
ischemic hemispheres in tMCAO in rats. Resident microglia
are found to mainly display pro-inflammatory phenotype,
while infiltrating macrophages recruited in the early stage after
cerebral ischemia play anti-inflammatory, phagocytic and wound
healing function. These bone marrow-derived macrophages,
however, showed a functional shift toward a pro-inflammatory
phenotype (133).

In certain context macrophages can be polarized into
a state sharing part of signature features of M2 cells,
namely the M2-like phenotype (134). Similar switch have
been observed in many studies. For example, according to
Lidia Garcia-Bonilla and co-workers, after cerebral ischemia,
early accumulation of CCR2+Ly6Chi monocytes, an pro-
inflammatory monocyte subtype is observed in a study.
But weeks later a tendency of CX3CR1+Ly6Clo subtype
accumulation is detected, which are believed to be switched
from CCR2+Ly6Chi subtype instead of derived from blood borne
monocytes (135).

Later a study confirmed that infiltrating monocytes tend
to display an M2-like phenotype after stroke, which is
neuroprotective. According to genomic analysis, this tendency
might be stronger than that of microglia (130).

A study on the role of choroid plexus played in post-ischemic
cerebral immune responses found that in cerebrospinal fluid,
polarized M2-like monocyte-derived macrophages can migrate
into the ischemic hemisphere, and the process improves motor
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TABLE 1 | Effects of immune cells in immune responses after cerebral ischemia.

Immune cell Effects in cerebral post-ischemic

responses

Neutrophils (1) Promote immune cell recruitment to the

ischemic region, including lymphocytes,

monocytes, and platelets; (2) Clearance of

dead cells, debris, and bacteria as a defense

against the increased risk of infection as a result

of immunosuppression after stroke; (3) Involved

in tissue repair and remodeling processes

T lymphocytes (1) Infiltrate into infarct areas to promote

ischemic injury via IL-17, IL-23, and IL-33

secreted by γδT cells; (2) Produce IL-2 to

reduce Th17 production by CD4+ T cells

Regulatory T cells (1) Reduce immune cell infiltration; (2) Promote

neovascularization; (3) Promote

immunosuppression

B lymphocytes (1) Inhibit the activation and recruitment of

other immune cells; (2) Promote the recovery

process; (3) Harmful to long-term recovery and

probably lead to delayed neurological and

cognitive function deficits.

Regulatory B cells (1) Down-regulate macrophage cytokine

production; (2) Suppress pro-inflammatory T

cells and enhance the expansion of regulatory

T cells; (3) Promote Th2 polarization via IL-12

NK cells (1) Participate in Th1 priming of CD4+ T cells;

(2) Kill recently activated CD8+ T cells in an

NKG2D- and perforin-dependent manner; (3)

Promote neuronal death

Astrocytes (1) Produce IL-15, mediating Th1 polarization of

CD4+ T cells, enhancing production of Tregs,

and influencing maturation of NK cells; (2)

Activation aggravates ischemic injury

Macrophages

/microglia

Residental

microglia

(1) Prompt microglial M1 polarization and

neutrophil recruitment; (2) Induce neuron death

through TNF-α; (3) Migrate from infarct center

to peri-infarct regions in delayed phase

Infiltrated

macrophages

(1) CD14+ differentiation induces CD4+ T cell

polarization into Th-17 cells when migrating

across the BBB via TGF-β and GM-CSF; (2)

Display anti-inflammatory, phagocytic and

wound healing function in early phase; (3)

Migrate from infarct center and tend to display

an M2-like phenotype in delayed phases

and cognitive prognosis with no influence on infarct volume.
The result may provide an alternative novel therapy for cerebral
ischemic stroke (136).

Some clinical trials have been conducted targeting
microglia/macrophages. An open-label, evaluator-blinded
study of minocycline, a deactivator of macrophages showed
its favorable effects on patients acute stroke onset when
taken orally, probably by inhibiting microglia activation in
the acute phase (137). As minocycline is inexpensive and
safe with easy access, it makes a pretty promising treatment
on ischemic stroke. A later pilot study of a small sample of
acute stroke patients showed intravenous minocycline is safe.
Meta-analysis of three human trials suggests minocycline may
reduce disability after stroke, but larger trials are required

to ensure the effect of minocycline in post cerebral ischemia
treatment (138).

STROKE-INDUCED IMMUNODEPRESSION

Stroke-induced immunodepression (SIID) occurs in both
experimental models and clinical cases. SIID is characterized
by lymphopenia, up-regulation of anti-inflammatory cytokines,
and splenic atrophy (139). There are other factors influencing
SIID, such as glucocorticoids, acetylcholine, adrenaline, and
noradrenaline (6).

Tregs aremainly involved in immunosuppression via cytokine
production (32, 140). One hypothesis posits that the systematic
switch to Th2 responses exerts a long-term effect on SIID. A
decreased IFNγ/IL-4 ratio is reportedly associated with impaired
IFN-γ production, which blockades infection defense (141). IL-
4 plays a role in exacerbation of various diseases, and play a
robust regulation role in the Th1/Th2 switch (142). Reducing
Th1-type inflammation, IL-33 probably aggravates SIID via Th2-
promoting effect although the effect reduces infarct volumes.
This led to a phenomenon that IL-33 treated animal MCAO
models showed more limited infarction and better outcomes
as well as worse clinical deficits (61). Many animals died of
pneumonia, which shares the highest morbidity in clinical stroke
cases (141). These results emphasize the significance of early use
of antibiotics after stroke onset.

CONCLUSION

Cerebral post-ischemic immune responses involve the CNS;
peripheral immune cells; the BBB; vascular endothelial cells; and
various inflammatory molecules including cytokines, adhesion
molecules, selectins, globulins, and fibrillation. Immune cells
including resident glial cells play the most pivotal role in the
process. Early recruited immune cells such as neutrophils and
T lymphocytes influence ischemic injury in the acute phase,
while cells infiltrating the ischemic region in the subacute
phase mainly influence neurons and functional remodeling and
recovery processes. Various subpopulations of immune cells have
been reported to exert dual effects on the evolution of and
recovery from ischemic stroke (Table 1). Immune cells influence
ischemic stroke mainly via inflammatory factors including cell
adhesion molecules, cytokines, and related receptors. Some of
these molecules have been identified as therapeutic targets, but
their reactions to specific drugs require further study.
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Microparticles (MPs, ∼size between 0.1 and 1mm) are lipid encased containers

derived from intact cells which contain antigen from the parent cells. MPs are

involved in intercellular communication and regulate inflammation. Stroke increases

secretion of brain derived MP (BDMP) which activate macrophages/microglia and

induce neuroinflammation. Lactadherin (Milk fat globule–EGF factor-8) binds to anionic

phospholipids and extracellular matrices, promotes apoptotic cell clearance and limits

pathogenic antigen cross presentation. In this study, we investigate whether BDMP

affects stroke-induced neuroinflammation and whether Lactadherin treatment reduces

stroke initiated BDMP-induced neuroinflammation, thereby improving functional outcome

after stroke. Middle aged (8–9 months old) male C57BL/6J mice were subjected to

distal middle cerebral artery occlusion (dMCAo) stroke, and BDMPs were extracted

from ischemic brain 24 h after dMCAo by ultracentrifugation. Adult male C57BL/6J mice

were subjected to dMCAo and treated via tail vein injection at 3 h after stroke with: (A)

+PBS (n = 5/group); (B) +BDMPs (1.5 × 108, n = 6/group); (C) +Lactadherin (400

µg/kg, n = 5/group); (D) +BDMP+Lactadherin (n = 6/group). A battery of neurological

function tests were performed and mice sacrificed for immunostaining at 14 days after

stroke. Blood plasma was used for Western blot assay. Our data indicate: (1) treatment

of Stroke with BDMP significantly increases lesion volume, neurological deficits, blood

brain barrier (BBB) leakage, microglial activation, inflammatory cell infiltration (CD45,

microglia/macrophages, and neutrophils) into brain, inflammatory factor (TNFα, IL6,

and IL1β) expression in brain, increases axon/white matter (WM) damage identified by

decreased axon and myelin density, and increases inflammatory factor expression in the

plasma when compared to PBS treated stroke mice; (2) when compared to PBS and
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BDMP treated stroke mice, Lactadherin and BDMP+Lactadherin treatment significantly

improves neurological outcome, and decreases lesion volume, BBB leakage, axon/WM

injury, inflammatory cell infiltration and inflammatory factor expression in the ischemic

brain, respectively. Lactadherin treatment significantly increases anti-inflammatory factor

(IL10) expression in ischemic brain and decreases IL1β expression in plasma compared

to PBS and BDMP treated stroke mice, respectively. BDMP increases neuroinflammation

and aggravates ischemic brain damage after stroke. Thus, Lactadherin exerts

anti-inflammatory effects and improves the clearance of MPs to reduce stroke and BDMP

induced neurological deficits.

Keywords: brain-derived microparticles, stroke, neuroinflammation, Lactadherin, therapy

INTRODUCTION

Stroke is a leading cause of mortality and severe long-term
disability worldwide (1). In addition to the challenges of day-
to-day activities due to neurological deficits, stroke is also a
huge economic burden to patients and caregivers (2). Despite
extensive research in the past few decades, there are few treatment
options for stroke and stroke remains a global health concern (3).

Therefore, there is an urgent need to identify effective treatments

for stroke.
Microparticles (MPs, size between 0.1 and 1mm) are a class

of small membrane-bound vesicles that are shed from the cell

membrane (4). MPs can be released into the blood and body

fluids by cells during activation, necrosis or apoptosis (5). A
massive amount of MPs are released into the circulation after

acute brain injury (6–9). These MPs are broadly classified into:
(1) circulating MPs that are derived from endothelial cells,
platelets, leukocytes, and (2) brain derived MPs (BDMPs) (10,
11). Both types of MPs may be involved in disease development.

Circulating MPs have been investigated as potential biomarkers
for a variety of neurological disorders including ischemic
cerebrovascular accidents, transient ischemic attacks, multiple
sclerosis, and cerebral malaria (12). MPs play a key role in

peripheral inflammatory progression, thrombosis, endothelial
dysfunction, and angiogenesis (13–15). Microglial/macrophage-
derived MPs and BDMPs can increase brain inflammation in
normal mice (16, 17). MPs increase the permeability of blood-

brain barrier (BBB) (18) and BDMPs can migrate through the
disrupted endothelial barrier (19). These observations led us to

hypothesize that BDMPs contribute to neuroinflammation after
stroke, and thereby increased BDMP clearance would improve
neurological recovery.

Lactadherin (milk fat globule-epidermal growth factor
8, Lactadherin) is a multifunctional glycoprotein originally

identified as part of the milk fat globule membrane. Lactadherin

couples apoptotic cells with monocytes/macrophages to facilitate
phagocytosis (20–22) and clearance of apoptotic cells, and

regulates immune response after stroke (23–26). In this study,

we are the first to investigate that BDMPs contribute to
neuroinflammation after stroke, while Lactadherin promotes the
clearance of BDMPs and reduces inflammation and thereby

improves ischemic stroke outcome.

MATERIALS AND METHODS

All experiments were conducted in accordance with the standard
and procedures of the American Council on Animal Care and
Institutional Animal Care and Use Committee of Henry Ford
Health System.

Experimental Groups
Middle aged (8–9 months) male C57/BL6 mice (Jackson
Laboratory) were subjected to distal middle cerebral artery
occlusion (dMCAo) and randomly divided into the following
treatment groups: (1) PBS (n = 5); (2) +BDMPs (1.5×108,
n = 6); (3) +Lactadherin (400 µg/kg, tail vein injection,
Hematologic Technologies, Essex Junction, VT, n = 5); (4)
+BDMP+Lactadherin (n = 6); (5) Sham control (n = 6); (6)
Sham+BDMP (n = 5). Treatments were administered via tail
vein injection at 3 h after stroke.

Photothrombotic Stroke Model
To generate a consistent infarct volume, focal cortical ischemia
was induced by photothrombosis of the cortical microvessels, as
previously described (27). Briefly, mice were anesthetized with
chloral hydrate (0.3 mg/kg, i.p). A light sensitive dye, Rose Bengal
(100 µl/ <25 g, 150 µl /25–40 g, 10 mg/ml solution in saline;
SigmaAldrich, St Louis, MO) was administered i.p. A midline
incision of the scalp was performed to expose the skull. The
skull was covered by a roundabout black rubber to expose the
area of 0.7–2.7mm right to the midline, −2.5–1mm rostral to
the bregma. The brain was illuminated for 15min through the
exposed skull with a fiber-optic bundle of a cold light source (KL
1600 LED; Schott, Mainz, Germany) filtered with a green filter.
The scalp incision was sutured and mice returned to home cages
to awaken. Sham control mice were subjected to the same surgical
protocol as above, but without injection of Rose Bengal.

Neurological Function Test
To assess neurological functional outcome, a battery of functional
tests including amodified neurological severity score (mNSS) test
(28) and foot-fault test (29) were performed before dMCAo and
after dMCAo on days 1, 3, 7 and 14 by an investigator who was
blinded to the experimental groups.
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BDMP Isolation
BDMP isolation was performed following previously published
methods (7, 9, 19). Briefly, the ischemic brain was harvested
24 h after stroke and quickly frozen in liquid nitrogen. To
isolate BDMPs, brain was rapidly thawed at room temperature
and homogenized in 1ml of PBS using a glass Dounce
homogenizer (Fisher Scientific Co., Federal Way, WA). The
homogenate was centrifuged at 1,500 g for 20min at 4◦C
to remove intact cells. The supernatant was centrifuged at
13,000 g for 2min at 4◦C to remove large cellular debris,
and then centrifuged twice at 100,000 g for 1 h at 4◦C,
using a TLA-100.4 rotor (Beckman Coulter, Miami, FL).
The pellet was resuspended in 500 µl of PBS. MPs were
quantified by flow cytometry in a time fixed mode in the
presence of counting beads (Spherotech, Lake Forest, IL).
Megamix microbeads [0.5, 0.9 and 3µm (Biocytex, Marseille,
France)] were used to gate microparticles based on the
particle size.

Immunohistochemistry
All animals were euthanized 14 days after stroke and
transcardially perfused with cold 0.9% saline. Brains were
isolated and immersion fixed in 4% paraformaldehyde before
being embedded in paraffin. A series brain coronal sections
(6µm thick) were cut from the center of the lesion (bregma
−2.5 mm∼+1mm). Hematoxylin & eosin (H&E) stain was
used to identify the lesion volume. All immunostainings were
performed at 14 days after stroke. Antibodies against CD45 (a
marker for lymphocytes, 1:500, Abcam), IBA-1 (a marker for
microglia/macrophages, 1:1,000, Abcam), myelin basic protein
(MBP, a marker for myelin, 1:300, Dako), CD31 (a marker
for vessel, 1:200, Dako), Antibody against albumin (Albumin-
FITC, 1:500, Abcam), NeuN (a marker for neuronal,1:50,
Millepore), Myelo-peroxidase (MPO, a marker for neutrophil,
1:200, Dako), Interleukin 1β (IL1β,1:200, Abcam), Interleukin
6 (IL6,1:200, Abcam), Tumor necrosis factor (TNFα,1;200,
Abcam), and Interleukin 10 (IL10, 1:200, Abcam) were employed.
Bielschowsky silver (BS) staining was used to demonstrate axons
and luxol fast blue (LFB) staining was used to demonstrate
myelin. Three slides from each brain, with each slide containing
five fields from cortex and striatum of the ischemic border zone
(IBZ) were digitized under 20× objective (Olympus BX40) using
a microscope (Sony DXC-970MD). The number of positive cells
of neuronal, CD31, CD45, IBA-1, neutrophils, IL6, IL1β, TNFα,
IL10, and the positive areas of Albumin, BS, LFB and MBP
were calculated by Image Pro Plus 6.0. Immunohistochemical
analysis was performed by an investigator who was blinded to the
experimental groups.

Lesion Volume Measurement
Seven coronal sections of tissue were stained with hematoxylin
and eosin (H&E) for lesion volume calculation. Data are
presented as a percentage of lesion compared with the
contralateral hemisphere (30). Measurements were performed by
an investigator who was blinded to the experimental groups.

Western Blot
Equal amounts of plasma samples were subjected to Western
blot analysis, as previously described (31). Protein concentration
was measured using BCA Protein Assay Kit (Thermo Fisher
Scientific, USA). Forty micrograms of protein/lane in a 10%
SDS PAGE precast gel (Invitrogen). Gel was transferred
using an iBlot transfer system (Invitrogen) following standard
protocol. Nitrocellulose membrane was blocked in 2% I-Block
(Applied Biosystems) in 1× TBS-T for 1 h. Primary antibody
against IL1β (1:1,000, Abcam, Cambridge, MA, USA) was
employed. Anti-β-actin (1:10,000, Abcam, Cambridge, MA,
USA) was employed for control measurements. Secondary
antibody was added at 1:5,000 dilution in 2% I-Block in
1× TBS-T on a room temperature shaker for 1 h. The
membranes were then developed using a FluorChem E
Imager system (ProteinSimple) exposing them for 1–30min
depending on the intensity of the band. Bands were analyzed
using ImageJ.

Statistical Analysis
Repeated measure analysis of variance (ANCOVA) was used to
study the group differences in mNSS and foot-fault function
tests over time (time points: 1, 3, 7, and 14 days). The
one-way analysis of variance (ANOVA) was used to evaluate
immunostaining and Western blot. All data are presented as
mean± SE.

RESULTS

BDMPs Do Not Induce Neurological Deficit
and Brain Damage in Wild Type Control
Mice
First, we tested whether BDMPs induce brain damage and
neurological function deficit in non-stroke sham control mice.
We found that (Supplementary Figure 1) injection of BDMPs
into sham non-stroke (Sham+BDMP) mice did not induce
neurological functional deficits (Supplementary Figures 1A,B),
and no axon/white matter damage was evident in the brain
tissue identified by BS and LFB staining when compared to
sham control mice (Supplementary Figures 1C,D). Injection
of BDMP into sham non-stroke (Sham+BDMP) mice did
not induce leukocyte (CD45, Supplementary Figure 1E)
infiltration or increase microglial activation (IBA-1,
Supplementary Figure 1F) in brain when compared to sham
control mice.

BDMPs Aggravate and Lactadherin
Treatment Attenuates Neurological
Impairment and Lesion Volume After
Stroke in Mice
To evaluate the effects of BDMPs and Lactadherin treatment
on neurological function after stroke in mice, mNSS, and foot-
fault tests were employed. Figures 1A,B shows that injection
of BDMPs significantly aggravates neurological impairment in
stroke mice when compared to PBS dMCAo control group.
Injection of BDMPs significantly increases ischemic lesion
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FIGURE 1 | BDMPs aggravate and Lactadherin attenuates neurological impairment and lesion volume after stroke in mice. (A) mNSS and (B) Foot-fault tests were

performed at 1, 3, 7, and 14 days after stroke. (C) Stroke lesion volume was calculated by H&E stains. n = 5–6/group. (D) Immunostaining measurement from cortex

and striatum of the selected five fields in the ischemic border zone (IBZ). *P < 0.05 Stroke vs. Stroke+lac; &P < 0.05 Stroke+BDMP vs. Stroke+BDMP+lac; #P <

0.05 Stroke vs. Stroke+BDMP; n = 5–6/group; Data are presented as mean ± SE.

volume in the brain identified by H&E staining (Figure 1C).
Administration of Lactadherin together with PBS or BDMPs
significantly improves neurological function when compared
to stroke mice receiving PBS or BDMPs alone, respectively
(Figures 1A,B). Administration of Lactadherin together with
PBS or BDMPs significantly decreases ischemic lesion volume
when compared to stroke mice receiving PBS or BDMPs alone,
respectively (Figure 1C).

BDMP Aggravates and Lactadherin
Attenuates BBB Leakage and Neuronal
Loss While Increasing Vascular Density in
Stroke Mice
To evaluate the effects of circulating BDMPs and Lactadherin
on BBB integrity, vasculature and neuronal injury, we evaluated
FITC-albumin, neuron and vascular density in the cortex and
striatum of IBZ (Figure 1D). Figure 2 shows that BDMPs
injection significantly increases BBB permeability, decreases
vascular density and results in greater neuronal loss compared
to PBS treated stroke mice. Lactadherin treatment significantly
decreases BBB leakage, increases vascular density and attenuates
neuronal loss compared to stroke mice treated with PBS or
BDMPs, respectively (Figure 2).

BDMPs Significantly Increase Axonal/WM
Damage in Ischemic Brain While
Lactadherin Treatment Significantly
Promotes Axonal/WM Density After Stroke
in Mice
To test whether BDMPs aggravate and Lactadherin treatment
reduces axonal/WM injury after ischemic stroke in mice, we
employed MBP, BS, and LFB staining to quantify WM changes
in the cortex and striatum of IBZ. Figure 3 shows that injection
of BDMPs significantly decreases axon and myelin density
in the IBZ compared to stroke group. Lactadherin treatment
significantly increases axon and myelin density compared to
stroke mice treated with PBS or BDMPs, respectively.

BDMPs Significantly Increase and
Lactadherin Treatment Significantly
Decreases Neuroinflammation After Stroke
in Mice
To evaluate the inflammatory responses of BDMP injection
and Lactadherin treatment in stroke mice, we measured the
expression of leukocytes, microglia/macrophages, neutrophils,
IL1β, IL6, and TNFα in the cortex and striatum of IBZ.
As indicated in Figures 4, 5, injection of BDMPs after
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FIGURE 2 | Lactadherin treatment significantly attenuates BBB leakage and neuronal loss induced by injection of BDMPs in stroke mice, while promoting vascular

density. (A) FITC-Albumin and (B) neuron staining indicate that Lactadherin treatment significantly reduces BDMPs induced BBB leakage and neuronal loss. (C)

Lactadherin treatment significantly increases vascular density. n = 5–6/group. Scale bar, 50µm. (D–F) Quantification data. *p < 0.05. Data are presented as

mean ± SE.

stroke significantly increases inflammatory cell and pro-
inflammatory factor expression compared to stroke alone group.
Lactadherin treatment significantly decreases inflammatory cell
expression after stroke as well as attenuates BDMP induced
neuroinflammation. In addition, Lactadherin treatment also
significantly increases anti-inflammatory factor IL10 expression
in IBZ compared to stroke mice treated with PBS or BDMPs,
respectively (Figure 5). Figures 5I,J shows that BDMP injection
significantly increases inflammatory factor IL1β expression in the
circulation, while Lactadherin treatment significantly decreases
IL1β expression in the circulation compared to stroke mice
treated with PBS or BDMPs, respectively.

DISCUSSION

In this study, we demonstrate for the first time that BDMPs
aggravate and Lactadherin attenuates stroke induced
neurological deficits, BBB leakage, loss of vascular density,
neuronal loss, axonal/WM injury and neuroinflammation after
stroke in mice. These data suggest that neuroinflammation
mediated by BDMPs may contribute to brain injury after stroke.

Extracellular MPs may play an important role in the
pathological development and prognosis after stroke (8, 11, 32).
MPs can induce neuronal damage and neurotoxicity (33, 34).
Previous studies have reported that the injured brain releases
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FIGURE 3 | Lactadherin treatment significantly attenuates axonal/WM damage induced by BDMPs in stroke mice. (A) MBP, (B) Luxol fast blue, and (C) Bielschowsky

sliver staining data indicate that Lactadherin treatment significantly increases axonal/WM density after injection of BDMPs in stroke mice, while BDMPs significantly

increases axonal/WM damage. n = 5–6/group. Scale bar, 20µm. (D–F) Quantification data. *p < 0.05. Data are presented as mean ± SE.

BDMPs into the circulation (5, 7, 9, 16). CirculatingMPs are lipid
encased containers (sized 0.1–1.0µm) that are shed from the
plasma membrane of eukaryotic cells upon injury, activation, or
apoptosis (35). Microparticles are vulnerable to degradation and
clearance. Charoenviriyakul et al. reported that after intravenous
injection different types of exosomes into mice, all the exosomes
rapidly disappeared from the systemic circulation and were
primarily localized to the liver (36). Exosomes can be taken up
by macrophages and undergo clearance (37).Pharmacokinetic
studies show that intravenously injected exosomes in mice were
10% of the initial injected amount at 4 h post injection (36).
Clearance of all types of exosomes in macrophage-depleted mice
was significantly delayed compared to that in non-macrophage
depleted mice, indicating that macrophages play a key role in
the clearance of exosomes from the blood circulation (36). The

clearance of circulating microparticles involve direct receptor
binding of liver or spleen phagocytes to phosphatidylserine or
to opsonization proteins on the microparticles (38, 39). The
routes of clearance microparticles by cells and organs include
endocytosis (clathrin- and caveolin-dependent and lipid-raft-
mediated), micropinocytosis, phagocytosis andmembrane fusion
(40). In addition, the rates of microparticle degradation and
clearance vary and depend on the ways that cells interact with
their environment (41). The pooled concentrations of total
MP, i.e., BDMPs, platelet-derived MPs, endothelial-derived MPs,
leukocyte-derivedMPs, erythrocyte-derivedMPs, andmonocyte-
derived MPs are significantly increased in ischemic stroke
patients compared to non-cerebrovascular disease controls, all of
which are associated with poor clinical outcome (7, 11, 42, 43).
BDMPs can contribute to the progression of neuroinflammatory
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FIGURE 4 | BDMPs significantly increase and Lactadherin treatment significantly decreases inflammatory cell infiltration after stroke in mice. BDMPs significantly

increase: (A) leukocyte (stained by CD45), (B) microglia/macrophage and, (C) neutrophil infiltration in ischemic brain, while Lactadherin treatment significantly

decreases infiltration of inflammatory cell. n = 5–6/group. Scale bar, 50µm. (D–F) Quantification data. *p < 0.05. Data are presented as mean ± SE.

diseases and promote inflammatory activities, as well as promote
the development and regeneration of the nervous system after
stroke (44–46). Microglia-derived MPs and astrocyte-derived
MPs contain and release the proinflammatory cytokine IL-
1β, inflammasome components and MHCII proteins (47, 48).
Previous studies have found that enriched MPs from activated
microglia in vitro or from mice brain are sufficient to initiate

neuroinflammation following intracortical injection in naïve
animals (16, 17).

Lactadherin mediates cell-cell interactions and is involved
in various physiological and pathophysiological functions
including angiogenesis (49), fertilization (50), inflammation
(23) and clearance of apoptotic cells (51). Several studies have
confirmed the therapeutic effects of Lactadherin in stroke
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FIGURE 5 | BDMPs significantly increase and Lactadherin treatment significantly decreases inflammatory factor expression in ischemic brain. BDMPs significantly

increase: (A) IL6, (B) IL1β, and (C) TNFα expression in ischemic brain, while Lactadherin treatment significantly decreases inflammatory factor expression. (D)

Lactadherin increases anti-inflammatory factor IL10 expression in brain after stroke. (I,J) The Western blot result shows that BDMPs significantly increase and

Lactadherin treatment significantly decreases IL1β expression in circulation. n = 5–6/group. Scare bar, 50µm. (E–H) Quantification data. *p < 0.05. Data are

presented as mean ± SE.

(23, 24, 26, 52). Lactadherin exerts neuroprotection against
cerebral injury by suppressing inflammation, reducing neuronal
cell death, promoting apoptotic cell clearance (26). Additionally,

Lactadherin improves subarachnoid hemorrhage (SAH)
outcome via anti-oxidation which may be dependent on integrin
β3/ nuclear factor erythroid 2-related factor 2/HO pathway
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(24). MFG-E8 maintains a role in the association between brain
microvessels and surrounding brain parenchyma (53). A recent
study indicates that Lactadherin can couple apoptotic cells
with monocytes/macrophages to facilitate phagocytosis and
promote the clearance of BDMPs (19, 21, 22, 54). We employed
Lactadherin treatment together with BDMP administration
to detect whether Lactadherin can promote neurological
recovery by clearing BDMPs and decrease BDMP-induced
neuroinflammation. Our data indicate that circulating BDMPs
released by injured brain aggravate stroke outcome as evidenced
by worse neurological deficits and exacerbated neuronal loss
and lesion volume, while Lactadherin treatment improves
neurological function, attenuates neuronal loss, and decreases
lesion volume after stroke.

Physiological responses after stroke include BBB break down,
delayed angiogenesis and neuron death (55). Previous studies
have shown that neuronal damage in the central nervous system
(CNS) is correlated with blood-brain barrier (BBB) breakdown
(56–58). BBB is important for maintaining stability of the
brain microenvironment of brain. BBB disruption permits
infiltration of peripheral immune cells into the parenchyma and
increases vascular oxidative stress and neuroinflammation which
play a critical role in neuronal loss (59–61). MPs are known
to increase BBB permeability (18, 62, 63). Our data indicate
that injection of BDMPs increase BBB leakage compared to
the Stroke+PBS group, and Lactadherin treatment decreases
BBB leakage which may contribute to improved neurological
function in stroke mice. Post-ischemic angiogenesis has been
widely associated with the recovery of blood flow in peri-infarct
brain regions (64). The extent of angiogenesis plays a crucial
role in long-term neurological function recovery (65–68).
Our data show that injection of BDMPs reduces angiogenesis
which may partially contribute to worse neurological function
and increased infarction volume. Lactadherin treatment
increases cerebral vascular density in the IBZ in stroke
mice treated with PBS or BDMPs. Previous studies have
demonstrated that MPs can induce neuronal damage and
neurotoxicity (33, 34). Lactadherin can promote angiogenesis
(49). Angiogenic vessels can increase cerebral blood flow
in peri-infarcted brain regions, which may restore cellular
metabolism in surviving neurons and promote neurogenesis
(29). In our study, our data show that BDMPs increase
neuronal loss in the IBZ, and Lactadherin treatment attenuates
neuronal damage.

The white matter (WM) in the brain is highly susceptible
to hypoxia and is injured following ischemic stroke (29).
WM injury impairs neuronal connectivity and induces worse
outcome after stroke (69, 70).WMpromotes communication and
sensory/motor reflex, which helps to restore lost nerve function
and reduce symptoms of paralysis caused by stroke (29). Thus,
WM function such as axonal regeneration and regrowth, axonal
sprouting and remyelination in the peri-infarct region is critical
for long term functional recovery (71). In this study, we found
that injection of BDMPs after ischemic stroke decreases axon
and myelin density in the IBZ while Lactadherin treatment
significantly increases axon and myelin density in the IBZ of
stroke mice treated with PBS and BDMPs, respectively.

Ischemic stroke is known to trigger complex systemic and
local immune responses (72–74). However, the underlying
mechanisms of post-stroke neuroinflammation are largely
unclear (72–74). Neuroinflammation plays a critical role in
WM damage, axonal degeneration and myelin breakdown (75).
Microglia are activated within minutes after stroke onset and
stimulate the production of inflammatory cytokines and promote
leukocyte infiltration which exacerbate brain damage (76). Our
data show that BDMPs increase the infiltration of leukocytes,
microglia/macrophages and neutrophils, and the expression of
immune factors IL1β, IL6, and TNF-α in the IBZ of stroke
mice. The infiltration of immune cells and molecules may
indirectly or directly increase BBB permeability and promote
tissue damage after stroke (77). Infiltrating neutrophils and
microglia/macrophages promote BBB breakdown, WM damage,
vascular damage and contribute to poor stroke outcome (12, 78,
79). Pro-inflammatory cytokines such as TNFα, IL6, and IL1β
induce BBB hyperpermeability (12) as well as induce WM injury
(80–82). Lactadherin treatment significantly reduces systemic
inflammatory response, decreases immune cell infiltration
into the ischemic brain, decreases pro-inflammatory cytokine
expression in the IBZ, and increases anti-inflammatory responses
in stroke and BDMP treated stroke mice. Therefore, BDMPs
may exert their adverse effects on stroke outcome by promoting
inflammatory responses and Lactadherin treatment decreases
BDMPs and regulates anti-inflammatory responses to improve
stroke outcome in mice.

LIMITATIONS

In this study we have demonstrated that BDMPs induce
neuroinflammation and aggravate neurological impairment after
stroke, and Lactadherin treatment improves stroke outcome
by promoting clearance of MPs as well as by exerting anti-
inflammatory effects. In this study, we selected MPs derived
directly from the fresh brain tissue. Future studies are needed
to test the effects of MPs derived from brain and their role
in mediating neuroinflammation after stroke. The mechanisms
of BDMP clearance by Lactadherin warrant investigation.
Ischemic stroke can induce profound vascular, axon/WM
damage. Vascular remodeling is a complex process that involves
changes of structure and architecture of blood vessels via cell
growth, death, migration, and degradation of the extracellular
matrix (ECM) (83). Ischemic stroke induces axon/WM damage
(84). In this study, we demonstrated Lactadherin regulation of
vascular density and BBB leakage and axon/myelin density at
14 days after stroke. Additional studies on the temporal profiles
of Lactadherin on neurovascular remodeling and neurological
outcomes are warranted.

CONCLUSIONS

In this study, we found that BDMPs increase neuroinflammation
and exacerbate brain damage after stroke in adult mice.
Lactadherin exerts anti-inflammatory effects, improves the
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clearance of BDMPs, and may be a therapeutic strategy to reduce
stroke and BDMP induced neurological dysfunction.
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Hao-Wen Zhu 3 and Yong-Mei Zhang 1,3*

1 Jiangsu Province Key Laboratory of Anesthesiology, Xuzhou Medical University, Xuzhou, China, 2 Anesthesiology

Department of the First People’s Hospital of Xuzhou, Xuzhou, China, 3 School of Anesthesiology, Xuzhou Medical University,
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Hippocampal neuronal apoptosis is a devastating consequence of cardiac arrest (CA)

and subsequent cardiopulmonary resuscitation (CPR). In this study, we assessed

the contribution of cytotoxic T lymphocyte (CTL)-derived toxic mediator granzyme

B (Gra-b) to the hippocampal neuronal apoptosis following CA/CPR in rats. Rats

that experienced CA/CPA presented with cytosomal shrinkage, dense cytoplasm, and

intensive eosinophilic staining in the CA1 region of dorsal hippocampus. CA/CPR rats

also exhibited inability in spatial navigation and a local infiltration of peripheral CD8+

T cells into the hippocampus. The protein levels of Gra-b, cleaved Caspase-3, and

cleaved PARP1 were significantly elevated in rats undergoing CA/CPR. Pretreatment with

Gra-b inhibitor suppressed Gra-b release, attenuated hippocampal neuronal apoptosis,

as well as improved cognitive impairment. Together, this study indicates that CTL-derived

Gra-b is involved in the CA/CPR-induced neuronal apoptosis, and pharmacological

manipulation of Gra-b may represent a novel avenue for the treatment of brain injury

following CA/CPR.

Keywords: cardiac arrest, cardiopulmonary resuscitation, hippocampus, cytotoxic T lymphocytes, granzyme B,

apoptosis

INTRODUCTION

Cardiac arrest (CA), an abrupt loss of heart function in individuals with or without heart disease,
is a leading cause of cardiovascular and cerebral hypoxia and ischemia, resulting in disability
and mortality (1). Despite the application of cardiopulmonary resuscitation (CPR) to reduce
the mortality from CA, brain ischemia remains a devastating complication of CA/CPR, with
considerable neuronal apoptosis and cognitive deficits within the initial 3 months after CPR in
∼70% of the survivors (2, 3). To date, there is a paucity of approaches with clinical efficacy,
reliability, and validity to prevent brain injury following CA/CPR (4).

Sustained CA and hypoxia induced ischemic brain injury with the onset of secondary
neuroinflammation, including glial activation, peripheral immune cell recruitment, and pro-/anti-
inflammatory factor release, resulting in pyrexia, hypophagia, hyperalgesia, and cognitive
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dysfunction (5). Meanwhile, the inflammatory responses
facilitate cell fragment clearance, tissue repair, and functional
recovery (6). In addition, studies of the central nervous system
(CNS) evidenced an elevation of CD8+ cytotoxic T lymphocytes
(CTLs) in a number of pathogen-induced neurological disorders
(7–9), wherein activated CTLs can generate a series of serine
proteases, particularly granzymes (Gra), which can induce
cellular apoptosis, leading to neuronal death in ischemic brain
regions (10–12). Moreover, Gra-b reportedly participates in the
development of neurological diseases, such as brain ischemia-
reperfusion injury (13). Despite the de facto infiltration of
CTLs into the CNS after CA/CPR, the precise contributions of
CTL-derived Gra-b to neuronal apotosis remain elusive. Herein,
we aimed to investigate the effects of CTLs-derived Gra-b on the
modulation of hippocampal neuronal apoptosis in a rat model
of CA.

MATERIALS AND METHODS

Animals
Adult male Wistar rats (weighing 250–300 g) were purchased
from Jining Lukang Animal Co. Ltd. (Shandong, China)
and housed in a 12 h light and dark cycle (lights on at
7:00 a.m.) with ad libitum access to food and water. All
experimental protocols were approved by the Institutional
Animal Care and Use Committee of Xuzhou Medical University
[SYXK (Su) 2010-2011].

Experimental Procedures
Rats were mainly randomized into sham (n= 15), CA/CPR (n=

20), and Gra-b inhibitor (n = 20) groups according to random
number table. The CA/CPR model was established by asphyxia-
induced CA and subsequent CPR as described previously (14). In
brief, the ventilator connected with trachea was disconnected to
induce hypoxic CA in anesthetized rats. CPR was implemented
by manual precordial compressions and mechanical ventilation
after 6min of untreated cardiac arrest. Manual precordial
compressions were maintained at a rate of about 200 per minute.
Compression depth was∼30% of anteroposterior chest diameter
at maximal compression. Ventilation was resumed by a volume
controlled small animal ventilator with a frequency of 100
breaths-per-minute, an inspired O2 fraction of 1.0 and a tidal
volume of 6 ml/kg. Ventricular fibrillation, if appropriate, was
removed with up to three 2-J shocks after 8min of CPR. If
restoration of spontaneous circulation (ROSC) was not achieved,
a 30 s interval of CPR was performed before a subsequent
sequence of up to 3 shocks was attempted. This procedure was
repeated for a maximum of three cycles. ROSC was defined
as a return of supraventricular rhythm with a mean aortic
pressure above 50 mmHg for a minimum of 5min. In the case
of spontaneous respiration, the ventilator was powered off. Gra-
b inhibitor I (0.5 mM/kg body weight; 368050, Calbiochem,
USA) was administered immediately after ROSC via a femoral
catheter. Sham group only received identical surgical procedures
except asphyxia.

Cerebral Performance Category (CPC) and
Morris Water-Maze (MWM)
The neurological deficiency score after CA/CPR was recorded
for 4 consecutive days according to CPC scoring system in
which scores range from 0 to 5 based on consciousness, motor
function, and sensory function. 0 stands for normal status, 1
for mild cerebral disability, 2 for moderate cerebral disability, 3
for severe cerebral disability, 4 for coma/vegetative state, and 5
indicates brain death. Morris water-maze testing was conducted
as described previously (15).

Blood-Brain Barrier Permeability
Blood-brain barrier (BBB) permeability was detected by
measurement of the Evans blue (EB) extravasation (16). EB dye
(4% in 0.9% saline) was injected into the caudal vein (4 mL/kg).
Two hours afterwards, rats were transcardially perfused prior
to the isolation of ischemic hemisphere. The EB level in brain
tissue was determined by spectrophotometry at a wavelength of
660 nm.

Hematoxylin and Eosin Staining
Three days after CA/CPR, rats were transcardially perfused
with 0.9% saline followed by 4% paraformaldehyde under
deep anesthesia. Rat brains were isolated and post-fixed with
paraformaldehyde for another 24 h prior to embedment in
paraffin. The rat hippocampus was coronally sliced at 4µm and
stained with hematoxylin and eosin.

Western Blotting
Rat hippocampus was homogenized in RIPA lysis buffer, with
50 µg protein sampled for SDS-PAGE. After the protein
transference, the PVDF membrane was rinsed in washing buffer
for 5min, followed by addition of 5% skim milk powder, at
room temperature (r/t) for 2 h. Blots were then incubated in
anti-β-actin (1:1,000, rabbit, Sigma-Aldrich), anti-Gra-b (1:200,
rabbit, Abcam), anti-caspase 3 (1:200, rabbit, Santa Cruz), or
anti-PARP1 (1:200, rabbit, Santa Cruz) overnight at 4◦C. On
the following day, the PVDF membranes were maintained at r/t
for 30min, and were thereafter rinsed with the washing buffer
for 10min in triplicate, followed by incubation with anti-rabbit
IgG with alkaline phosphatase (1:1,000, A0208, Beyotime, China)
on the shaking table at r/t for 2 h. The blots were developed
by nitro-blue tetrozolium/bromochbating in alkaline phosphate
(NBT/BCIP) substrate after incubation in alkaline phosphatase-
conjugated secondary antibodies for 2 h at r/t. ImageJ software
was employed for grayscale analysis.

Immunofluorescence Analyses
The hippocampus was sliced at 30µm thickness with a cryostat
(Leica CM1800; Heidelberg, Germany). For immunofluorescence
staining, slices were blocked by 10% goat serum for 120min and
incubated with primary antibodies, including anti-CD-8 (1:100,
mouse, Abcam), anti-TCR (1:100, mouse, Abcam), anti-Gra-b
(1:100, rabbit, Abcam), anti-NeuN antibody (1:50, rabbit, CST;
1:50, mouse, Millipore), anti-Annexin V antibody (1:100, goat,
Proteintech) for 24 h at 4◦C following by incubation in secondary
antibodies for 1 h at 37◦C and mounted with 90% glycerol. The
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sections were visualized by a Leica confocal microscope. ImageJ
Pro software was adopted for cell quantification.

Statistical Analysis
All data are expressed as mean ± SEM. CPC scores and MWM
acquisition data were analyzed by two-way repeated measures
analysis of variance (ANOVA) followed by Tukey’s post-hoc
multiple comparisons. The number of CD8+ cells and apoptosis
cells were analyzed by unpaired Student’s t-test. The data of WB
assays were analyzed by one-way ANOVA followed by post-hoc
Student’s Newman–Keuls (SNK) test. p < 0.05 was considered
statistically significant.

RESULTS

There was no significant difference in the survival rate at
24 h after resuscitation between the CA/CPR and inhibitor
groups (12/20 vs. 12/20; P > 0.05). Then half of the rats
resuscitated successfully from cardiac arrest were used for
immunofluorescence staining and HE staining (n = 6), and the
rest of the rats were used for western blotting (n= 6).

CA/CPR-Induced Hippocampal Neuronal
Apoptosis
The interval between asphyxia and arrest was usually 5–6min.
Spontaneous circulation (ROSC) was restored about 1min after
CPR. The rats were subjected to CA/CPR, and were euthanized
24 h thereafter, with the CA1 region of dorsal hippocampus
isolated and assessed by H-E staining and immunofluorescence
labeling of Annexin V (Figure 1A), respectively. The H-E
staining indicated cytosomal shrinkage, dense cytoplasm, and
intensive eosinophilic staining of the neurons, indicating
neuronal apoptosis. In parallel, the immunofluorescence assay
revealed the expression of hippocampal Annexin V, a protein
marker of early-stage apoptosis, was significantly increased
as compared to that in the sham group (Figure 1C). The
Annexin V-positive cells in the CA1 pyramidal cell layer in the
dorsal hippocampus from CA/CPR rats significantly multiplied
as compared to the sham rats (24.67 ± 0.88 vs. 7 ± 1.53;
t(4) =−10.02, p= 0.001; Figure 1B).

Treatment With Gra-b Inhibitor Alleviated
CA/CPR-Induced Behavioral Impairment
The CA/CPR rats displayed shuffling gait, decline in
consumption of water and food, as well as neurologic and
cognitive deficits. Administration of Gra-b inhibitor abated the
cerebral performance category (CPC) scores in CA/CPR rats. A
two-way repeated measures ANOVA revealed significant main
effects in duration (p < 0.001), manipulation mode (p < 0.001),
and significant duration ×manipulation interaction (p < 0.001).
Post-hoc Bonferroni multiple comparisons showed that elevated
CPC scores in CA/CPR rats (CPR vs. Sham, p < 0.001) and
Gra-b inhibitor annulled the elevation of CPC scores (CPR vs.
inhibitor, p < 0.001; Figure 2A).

Gra-b inhibitor improved the spatial navigation performance
in a Morris water maze (MWM) task in CA/CPR rats. A
two-way repeated measures ANOVA revealed significant main

effects in duration (p = 0.000), manipulation (p < 0.001), and
significant duration × manipulation interaction (p < 0.001).
Post-hoc Bonferroni multiple comparisons showed that CA/CPA
impaired the spatial learning ability (CA/CPR vs. Sham, p <

0.001) and Gra-b inhibitor alleviated the impairment in spatial
navigation (CA/CPR vs. inhibitor, p= 0.01; Figure 2B).

Gra-b inhibitor improved the retrieval of spatial memory in
an MWM task in CA/CPR rats. A one-way ANOVA indicated a
significant difference (p= 0.014; Figure 2C). Post-hoc Bonferroni
multiple comparisons showed reduced duration in target zone for
CA/CPR rats (p= 0.012), which was reversed by Gra-b inhibitor.

The blood-brain barrier (BBB), in integrity, plays a protective
role to the organism, whereas its disintegration leads to
the infiltration of peripheral immune cells via the site of
lesion. Hence, the permeability of BBB following CA/CPR was
evaluated by Evans Blue (EB) assay 24 h after CA/CPR. The EB
concentration was significantly higher in the CA/CPR group
than in the sham group, which demonstrated that CA/CPR
increased BBB permeability (p < 0.001, Figure 2D). Post-hoc
Bonferroni multiple comparisons showed an increase in EB
level at 12 and 24 h after CA/CPR (all p < 0.01). Thereafter,
a multitude of CD8T cells were identified to have infiltrated
into hippocampus. In parallel, Western blotting assay showed
upregulated expression of the CD8 protein in CPR group (p <

0.001). Post-hoc Bonferroni multiple comparisons showed the
increased CD8 protein at 6, 12, and 24 h after CPR (all p < 0.05;
Figure 2E). Additionally, the CD8 signal was predominantly
co-localized with the T cell marker T cell receptor (TCR)
(88%) and CD8/TCR-positive cells accounted for 36%, based on
immunofluorescence staining (Figures 2F,G).

CA/CPR-Induced Elevation of
Hippocampal Gra-b Level
The expression of hippocampal Gra-b was assessed to explore
the role of CD8+ CTL in CA/CPR-induced brain injury.
Immunofluorescence staining revealed that TCR signal was
dominantly co-localized with the Gra-b protein, suggesting
that CD8+ CTL serving as the origin of Gra-b protein
(Figure 3A). CA/CPR rats exhibited an increase in Gra-b protein
expression and co-localization with NeuN (Figure 3B). CA/CPR
upregulated the Gra-b protein expression as demonstrated by
a one-way ANOVA (p = 0.003). Post-hoc Bonferroni multiple
comparisons revealed the increased Gra-b level after CPR (all
p < 0.05; Figure 3B).

CA/CPR upregulated the cleaved Caspase-3 protein
expression as validated by a one-way ANOVA (p < 0.001;
Figure 3C). Post-hoc Bonferroni multiple comparisons showed
the increased level of cleaved Caspase-3 as from 3 to 72 h
after CPR (all p < 0.01; Figure 3C). CA/CPR upregulated the
cleaved PARP1 protein expression as demonstrated by a one-way
ANOVA (p = 0.042; Figure 3C). Post-hoc Bonferroni multiple
comparisons showed the increased level of cleaved PARP1
protein after CPR (all p < 0.05; Figure 3C).

Gra-b inhibitor is well-documented to modulate apoptosis,
which would incite interest to ascertain whether and how the
apoptosis-signaling pathway in the rat brain was involved in this
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FIGURE 1 | CA/CPR induced hippocampal neuronal apoptosis. The immunofluorescent staining was conducted in the CA1 region of dorsal hippocampus 24 h after

CA/CPR. (A) Diagram of hippocampus. (B) The percentage of Annexin V+ cells in total NeuN− cells was calculated. CA/CPR rats presented with a significant increase

in the Annexin V+ cells as compared to the sham rats. (C) The H-E staining showed that cytosomal shrinkage, dense cytoplasm, and intensive eosinophilic staining of

the neurons, and the immunofluorescence assay revealed the expression of hippocampal Annexin V, a protein marker of early-stage apoptosis, was significantly

increased as compared to that in the sham group. The hippocampal neurons were labeled with NeuN, a neuronal marker. Scale bar = 20µm. Data are expressed as

mean ± SEM; n = 6; **p < 0.01.

process. Western blotting was employed to detect the variations
of protein levels of Gra-b, cleaved Caspase-3, and cleaved PARP1.
One-way ANOVA revealed that Gra-b inhibitor significantly
reversed the upregulation of Gra-b (p< 0.001), cleaved Caspase-3
(p < 0.001), and cleaved PARP1 (p < 0.001), respectively
(Figure 3D).

DISCUSSION

Our present study confirmed that CA/CPR could increase the
permeability of BBB, allowing blood CD8+ CTLs to infiltrate
into the brain tissue and secrete Gra-b protein, and leading
to neuronal apoptosis and death, probably via the Caspase-3
signaling pathway. Administration of Gra-b inhibitor annulled

the upregulation of Gra-b, cleaved Caspase-3, and cleaved PARP1
levels, thus ameliorating neuronal apoptosis as well as behavioral
and cognitive impairment.

The brain was previously thought to be an immune-
privileged organ, containing resident immune cells that maintain
the homeostasis of central nervous system. Recent studies
demonstrated that the CNS has a canonical functional lymphatic
system or meningeal lymphatic vessels, which directly connect
deep cervical lymph nodes and promote the entry of immune
cells into the brain (17, 18). Notwithstanding BBB prevents the
immune cells from entry into the CNS, ischemic injury-induced
BBB leakage allows peripheral immune cells to infiltrate into
the brain parenchyma, and activate the resident microglia and
astrocytes, or induce neuronal death via the direct action on the
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FIGURE 2 | Gra-b inhibitor alleviated CA/CPR-induced behavioral impairments. (A) CA/CPA increased the CPC score (CPR vs. Sham, p < 0.01) and Gra-b inhibitor

suppressed the increase in CPC score (CPR vs. inhibitor, p < 0.01). (B) CA/CPA impaired the spatial learning (CPR vs. Sham, p < 0.01) and Gra-b inhibitor alleviated

the impairment in spatial navigation (CPR vs. inhibitor, p = 0.01). (C) CPR in rats reduced the duration in target zone (p = 0.012), which was attenuated by Gra-b

inhibitor. (D) The CA/CPR rats exhibited an increase in BBB permeability as demonstrated by the brain EB level at 12 and 24 h after CA/CPR. (E) Western blot assay

showed increased CD8 protein level at 6, 12, and 24 h after CPR (all p < 0.05) (F,G) CA/CPR rats displayed an increase in hippocampal CD8 staining, dominantly

co-localized with the T Cell marker T cell receptor (TCR) (88%), and CD8/TCR-positive cells accounted for 36% of the cell population (CPR vs. Sham, p < 0.01). The

white square in the lowermost immunofluorescence diagram showed that the CD8/TCR-positive cells were approximately circular, with significant difference from the

typical hippocampal pyramidal neurons. Scale bar = 20µm. Data are expressed as mean ± SEM; n = 6; *p < 0.05, **p < 0.01.

nervous system, as illustrated by the ability of CD8+ T cells to
detect and destroy the MHC I-positive neurons (16).

The entry of blood T cells into the CNS may induce a
delayed injury (19, 20). In the present study, CA/CPR could
induce the infiltration and activation of CD8+ CTLs, with
a scant population of glial cells existent in the hippocampus
after CA/CPR (Supplementary Material). The peak levels of
CD8+ CTLs in the hippocampus occurred at 24 h after
CA/CPR. CA/CPR can induce brain ischemia and related adverse
responses, e.g., Ca2+ overload, mitochondrial dysfunction, ATP
depletion, pro-apoptotic protein expression, and glutamate
excitotoxicity (21–23). Furthermore, CA/CPR can provoke
inflammation, initiate immune responses, and induce cell death,
which contributes to neurologic deficit and vulnerability of
CA1 pyramidal neurons of the hippocampus to ischemic brain
injury (16, 24).

The CD8+ CTLs can reportedly destroy target cells by the
secretion of Gra-b or by contact. CD8+ knockout CTLs have

been shown to decrease the infarcted area. Gra-b, a member
of serine protease family, is a potent inducer of caspase-
dependent and independent forms of apoptosis. Once released
by T cells and NK cells, Gra-b can directly cleave several
substrates or pro-apoptotic proteins, e.g., PARP, to induce cell
death (25). In addition, Gra-b is also capable of cleaving Bid
into its truncated form (tBid), which subsequently migrates
to the outer mitochondrial membrane to interact with Bcl-2,
and induce the release of Bad and Bax, with initiation of the
intrinsic cell death pathway. Gra-b preferentially cleaves pro-
caspases to initiate cell death in rats (26–30). PARP is a DNA-
repair enzyme, cleaved at aspartame residues to 89 and 21
kDa signature fragments by caspase during apoptotic cell death.
Gra-b is involved in the neuronal degeneration in stroke in
humans and neuronal death in cerebral ischemia in rats (13).
In addition, inhibition of Gra-b could attenuate CD8T cell-
induced neurotoxicity and neuronal death. The present study
revealed that the levels of Gra-b, cleaved caspase-3, and cleaved
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FIGURE 3 | Gra-b inhibitor suppressed the increase in CA/CPR-induced apoptotic factors. (A) CA/CPR rats presented with an increase in Gra-b protein expression

and co-localization with TCR. (B) Numerous Gra-b interacted directly with neurons in CPR group. (C,D) Gra-b level was increased at 12 and 24 h after CPR. Cleaved

Caspases-3 level was increased at 3–72 h after CPR. Cleaved PARP1 level was increased at 12–24 h after CPR. CPR induced an increase in Gra-b level, which could

be annulled by Gra-b inhibitor. CPR induced an increase in cleaved Caspase-3 level, which could be reversed by Gra-b inhibitor. CPR induced an increase in cleaved

PARP level, which could be annulled by Gra-b inhibitor. Scale bar = 20µm. Data are expressed as mean ± SEM; n = 6; *p < 0.05, **p < 0.01.

PARP1 increased at 3 h and reached the peak levels at 24 h.
Inhibition of Gra-b expression resulted in the downregulation of
the expression of Gra-b, cleaved caspase-3, and cleaved PARP1,
with the apoptosis of hippocampal CA1 neurons mitigated and
neurological function improved. Hence, our results indicated
that infiltration of T cells into the brain induced the secretion
of Gra-b, contributing to neuronal apoptosis and ultimately,
neuronal destruction.

Our study has limitations. The duration of brain injury
after heart failure is a long process, whereas this study only
focused on changes within the initial 72 h after CA/CPR.
Animal experiments can only simulate instead of being
equivalent to clinical scenario, and further studies which
could extend the observation duration to verify the role
of CTL-derived Gra-b in the process and prognosis of
brain injury.

In summary, our current study evaluated whether
CTL-derived Gra-b participated in neuronal apoptosis and
death after CA/CPR. It is plausible that Gra-b induced neuronal
apoptosis and death by activating caspase-3 and cleaving PARP1.
The Gra-b inhibitor could suppress neuronal apoptosis and
death, protect neuronal integrity, and improve the outcome.
These data indicate Gra-b may be a key contributor of neuronal

apoptosis and functional impairment after CA/CPR. Thus,
we might postulate that modulation of Grab expression
could attenuate the neuronal damages and benefit prognosis
of CA/CPR. For the paucity and inefficacy of regimens for
secondary brain injury after CA/CPR, suppression of Gra-b
activity by pharmacological strategy may pave a novel avenue to
therapeutics for CA/CPR -induced brain injury.
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We previously reported that astrocyte-derived proinflammatory cytokine interleukin

(IL)-17A could aggravate neuronal ischemic injuries and strength autophagy both in

oxygen-glucose deprivation (OGD)/reoxygenation (R)-treated neurons and peri-infarct

region of mice with middle cerebral artery occlusion (MCAO)/reperfusion (R)-simulated

ischemic stroke. In this study, the role and molecular mechanism of IL-17A in autophagy

were further explored under ischemic condition. We found that exogenous addition of

rmIL-17A remarkably (P < 0.001) decreased cell viability, which companying with the

increases of LC3 II accumulation (P < 0.05 or 0.01) and Beclin 1 levels (P < 0.05

or 0.001), and reduction of p62 levels (P < 0.01 or 0.001) in OGD/R-treated cortical

neurons (n = 6). The levels of P-mTOR (Ser 2448) (P < 0.001) and P-S6 (Ser 240/244)

(P < 0.01) significantly decreased without the involvement of Akt, ERK1/2 and AMPK

in cortical neurons under rmIL-17A and OGD/R treatments (n = 6). Interestingly, the

co-IP analysis exhibited that PP2B and mTOR could be reciprocally immunoprecipitated;

and the addition of rmIL-17A increased their interactions, PP2B activities (P < 0.001),

P-Src (P < 0.001), and P-PLCγ1 (P < 0.01) levels in OGD/R-treated neurons (n = 6 or

5). The PP2B inhibitor Cyclosporin A blocked the induction of excessive autophagy (P

< 0.05 or <0.001) and increased cell viability (P < 0.001) after OGD/R and rmIL-17A

treatments (n = 6). In addition, the ICV injection of IL-17A neutralizing mAb could

attenuate autophagy levels (P< 0.01 or 0.001, n= 6) and improve neurological functions

(P < 0.01 or 0.001, n = 10) of mice after 1 h MCAO/R 24 h or 7 d. These results

suggested that IL-17A-mediated excessive autophagy aggravates neuronal ischemic

injuries via Src-PP2B-mTOR pathway, and IL-17A neutralization may provide a potential

therapeutic effect for ischemic stroke.
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INTRODUCTION

As the leading cause of death, ischemic stroke (>80% of stroke) is a medical emergency with
high morbidity and mortality (1, 2). It causes multiple pathophysiological events including
mitochondrial response, excitotoxicity, protein misfolding and immune response, which lead
to the delayed neuronal loss (3). These evidences providea range of molecular mechanisms
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that are potential targets for intervention. Interleukin (IL)-17A, a
potent proinflammatory cytokine, is believed to have a specific
role in the delayed phase of the post-infarct inflammatory
response (4). We have reported that the astrocyte-derived IL-17A
reached the peak at 12 h or 3 d reperfusion (R) in peri-infarct
region/cerebrospinal fluid (CSF) and serum of mice after 1 h
middle cerebral artery occlusion (MCAO), respectively (5).
In addition, the injection of IL-17A neutralizing monoclonal
antibody (mAb) could reduce the infarct volume and improve
neurological outcome of mice with ischemic stroke (6, 7).
However, how this intervention functions still remain unclear.

Autophagy is a self-protecting cellular process, through
which misfolded proteins, protein aggregates, and dysfunctional
organelles are degraded into metabolic constituents and recycled
for maintaining cellular homeostasis. Current reports indicate
that autophagy is controlled by a complicated signaling
network (8). The mechanistic target of rapamycin (mTOR)
is involved in the negative regulation of autophagy, and
its major upstream regulators are Akt, extracellular signal-
regulated kinase (ERK) and adenosine 5’-monophosphate-
activated protein kinase (AMPK) (9). Autophagy is closely related
with inflammatory responses and the relationship between them
is extraordinarily complicated (10). Following engagement of
the IL-17RA/C receptor complex in neurons by IL-17A, non-
receptor tyrosine kinases could be recruited to the SEFIR domain
in the receptor complex, resulting in the consecutive recruitment
of downstream signaling pathways. IL-17A could induce
autophagy via Janus kinase/signal transducer (JAK2/STAT3) and
c-Jun N-terminal kinase (JNK) signaling pathway in human
SMMC-7721 cells and osteoclast precursors (OCPs), respectively
(11, 12). On the contrary, IL-17A inhibited autophagy via
TAB2/TAB3-p38 mitogen-activated protein kinase pathways and
mTOR signaling in Hepatocellular carcinoma (HCC) cells and
keratinocytes (13, 14).

The activation of autophagy was witnessed in neurons
after oxygen-glucose deprivation (OGD)/reoxygenation (R) and
MCAO/R treatments (15–17). However, the role of autophagy
and IL-17A in ischemic stroke are still ambiguous. In this study,
we explored the exact role and molecular mechanism of IL-17A
in neuronal autophagy after ischemic stroke both in vivo and
in vitro.

MATERIALS AND METHODS

All animal procedures were performed strictly in accordance
with the recommendations in the guide for the care and use
of Laboratory Animals of the National Institutes of Health and
approved by the Experimental Animal Ethics Committee of the
Capital Medical University (SCXK2016-0006).

MCAO-Induced Ischemic Stroke Mouse
Model
Adult male C57 BL/6 J mice (6–8W, 18–22 g) were purchased
from the Jackson Laboratory (Bar. Harbor, ME, USA) and
maintained in the Experimental Animal Center of Capital
Medical University, PR China. They were housed under constant

temperature (23 ± 2◦C), humidity (40–70%) and maintained on
a 12-h light/dark cycle with food and water available.

Sixty-Four C57 BL/6 J mice were randomly divided into four
groups as follows: Sham (n = 16), MCAO (n = 16), IgG
isotype (n = 16) and MCAO + IL-17A neutralizing monoclonal
antibody (mAb, n = 16). After 1 h MCAO/R 24 h, the mice
from Sham (n = 6), MCAO (n = 6), IgG isotype (n = 6),
and MCAO + IL-17A mAb (n = 6) groups were used to
examine the expressions of autophagy-related proteins by using
immunoblotting. The left mice from Sham (n = 10), MCAO (n
= 10), IgG isotype (n= 10), and MCAO+ IL-17AmAb (n= 10)
groups after 7 days’ reperfusions were designed to evaluate the
neurological outcome.

The MCAO/R-induced ischemic stroke mouse model
was prepared as previously described (7, 18, 19). Mice
were anesthetized with sodium pentobarbital (60 mg/kg)
intraperitoneally (i.p.), and the body temperature was
maintained at 36.5–37.5◦C by using a heating pad during
the surgery. Then the left common carotid artery (CCA), the
left external carotid artery (ECA), and the internal carotid artery
(ICA) were surgically exposed via a ventral midline incision.
Next, the CCA and ECA were ligated, and the ICA was clipped
by using microvascular aneurysm clips. After an arteriotomy
was made in the ECA, a soft silicone coated surgical nylon
monofilament suture (0.23mm in diameter; 3.0 cm in length,
RWD Life Science, China) was gently inserted into the ICA
through the ECA to occlude the middle cerebral artery (MCA,
a point approximately 12.0mm distal to the carotid bifurcation).
After 1 h occlusion, the suture was carefully withdrawn to
restore blood supply and the ECA was permanently ligated to
prevent the incision from bleeding. Finally, reperfusion was
achieved by loosening the temporary ligation on the CCA.
Post-operative mice were placed in a temperature controlled
cage with regular observation for 24 h. Laser Doppler flowmetry
(Perimed PeriFlux system 5000, Jarfalla, Stockholm, Sweden) was
employed to monitor cerebral blood flow (CBF) during MCAO
surgery and IL-17A mAb injection and to ensure that the blood
circulation was occluded completely. Regional CBF decreased
by 80% in mice after MCAO and restored totally after the suture
was removed 1 h later. In the Sham group, mice received the
same procedure, without inserting the nylon monofilament to
occlude the MCA.

Intracerebroventricular Injection of IL-17A
Neutralizing mAb
The IL-17A neutralizing mAb (2.0 µg, #560268; Becton
Dickinson, New Jersey, USA) or mouse IgG isotype (2.0
µg) was injected into the intracerebroventricle (ICV) of mice
at 3 h after MCAO. The ICV injection was performed as
previously described (20). Briefly, the anesthetized mice (sodium
pentobarbital, 70 mg/kg, i.p.) were placed upon a stereotaxic
frame. The cannula (28-G, inner diameter 0.18mm; outer
diameter 0.36mm) was lowered into the right cerebral ventricle
according to the following coordinates: 0.5mm posterior and
1.0mm lateral to bregma, and 3.2mm below the skull surface.
The total volume of IL-17A neutralizing mAb and IgG isotype
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are 2 µl. The injection was operated at the rate of 0.2 µl/min for
10 mins, then retained the needle for another 10 mins.

Evaluation of Neurological Functions
The neurological functions of MCAOmice after 7 d reperfusions
were evaluated by an observer who was blinded to the
experiment design. Neurobehavioral scores were measured
according to the neurological disability status scale (NDSS)
reported by Rodriguez et al. (21), which has 10 progressive
steps from 0 (normal) to 10 (death). The detailed criteria
were as follows: 0, no neurological dysfunction; 2, slight
dysfunction in mobility and presence of passivity; 4, moderate
neurological dysfunction; 6, more handicapped animals
with more marked hypomobility, circling, tremor, jerks
and/or convulsions, forelimb flexion and moderate motor
incoordination; 8, respiratory distress and total incapacity to
move/coordinate; and 10 represents death due to 1 h MCAO/R
7 d. In all cases, where criteria for the precise score were not
met, the nearest appropriate number was recorded: 1, 3, 5, 7,
and 9.

Neurological deficits were evaluated on a modified scoring
system suggested by Ding et al. (22) as follows: 0, no neurological
deficit; (1) Difficulty in fully extending the contralateral forelimb;
(2) Failure to extend contralateral forelimb; (3) Mild circling to
the contralateral side; (4) Severe circling; and (5) Falling to the
contralateral side.

Corner test was examined as described by Li et al. (23). The
mouse was placed into a corner of 30◦ that was formed by
moving two cardboard pieces in front of its nose. When both
sides of the vibrissae were stimulated by the two boards, the
mouse reared forward and upward, then turned back to face the
open end. Twenty trials were performed and the laterality index
was calculated using the formula (number of left turns -number
of right turns)/10. Only turns involving full rearing along either
board were counted.

Beam balance test was employed to evaluate motor
coordination and balance. Mice were trained to traverse a
horizontal beam 0.7 cm wide, 120 cm long and 40 cm above the
floor within 15 s, and the test was performed at 1 h MCAO/R
7d. Those mice fail to pass through the rod within 15 s were
eliminated from the experiment after 3 days of training. The
score criteria were as follows: 0, mice can’t stay on the beam;
1, mice can stay on the beam, but can’t move; 2, mice tried to
pass through the beam but failed and dropped midway; 3, mice
passed through the beam with more than 50% foot slips; 4, mice
traverse the beam successfully with fewer than 50% foot slips; 5,
mice passed the beam successfully with only one foot slip; 6, the
rat traverse the beam without foot slips.

To evaluate motor coordination and balance, rotarod test
from 4 to 40 rpm over a time course of 5min was operated at
1 h MCAO/R 7d. In brief, mice were placed on an automated
accelerating rotating rod (LE8200, Panlab Harvard Apparatus,
USA) and their latency to fall off the rod was recorded.
Preoperative training was carried out for 3 days with 3 daily
trials; only those mice able to remain on the rod for 5min at 40
rpm were subjected to MCAO surgery. Postoperative testing was
performed at 7 days after MCAO, the mice was given 3 trials at 40

rpm per day and the average time (in seconds) spent on the rod
was calculated for analysis.

Primary Cortical Neuron Culture
The newborn 24 h C57 BL/6 J mice were rapidly decapitated
and the cerebral cortices were separated. After removing the
meninges and blood vessels, the cortices were cut into pieces of
0.2 cm3. Cortical neurons were dissociated with 0.25% trypsin-
EDTA (25200-056, Gibco, Grand Island, USA) and seeded onto
six-well plates at a density of 1 × 106 cells/well. Cortical
neurons were cultured in Dulbecco’s Modified Eagle Medium
(G11995500BT, Gibco, Beijing, China), which contained 10%
horse serum (16050-122, Gibco, Grand Island, NY, USA), 10%
fetal bovine serum (10099-141, Gibco, Grand Island, USA), 1%
penicillin-streptomycin solution (15070063, Life Technologies,
Carlsbad, ON, Canada), and 0.25% L-glutamine (25030-081,
Gibco, Grand Island, USA). The medium was replaced by
Neurobasal Medium (21103-040, Gibco, Grand Island, USA)
containing 2% B27 supplement (17504-044, Gibco, Grand Island,
USA) after 4 h. Half of the medium was changed every 72 h.

OGD/R Model
The 1 h OGD/24 h R model was employed to simulate
ischemia/reperfusion injury in vitro. When the neurons were
cultured for 7 days, the medium was changed to glucose-free
DMEM (11966-025, Gibco, Grand Island, USA) and placed in
a 37◦C hypoxia incubator (Thermo Scientific, Marietta, OH,
USA) under hypoxic conditions (2% O2/5% CO2/93% N2) for
1 h. After that, glucose-free DMEM was replaced by Neurobasal
Medium, which contained 2% B27 supplement under normoxic
condition 5% CO2/21% O2/74% N2 for 24 h reoxygenation.
Recombinant mouse (rm) IL-17A (250 ng/mL, 421-ML-025/CF,
R&D System, MN), 3-MA (5mM, S2767, Selleck Chemicals),
Bafilomycin A1 (BafA1) (100 nM, S1413, Selleck Chemicals) and
CsA (100 nM, S2286, Selleck Chemicals) dissolved in 4mMHCL,
H2O or DMSO, respectively, were added into the medium during
OGD/R treatment. rmIL-17A dissolved in 40µM HCL was used
as vehicle group.

Cell Viability Assay
To estimate the effect of rmIL-17A and autophagy inhibitors
(3-MA and Baf A1) on the survival rate of primary cortical
neurons after OGD/R treatment, the cells were planted at a
density of 1 × 104 cells/well on a 96-well plate. The cell
culture and OGD model were same as above mentioned. After
1 h OGD/24 h R, Cell Titer 96 Aqueous One Solution Cell
Proliferation Assay (G3580, Promega, Madison, WI, USA) was
employed according to the manufacturer’s instructions to detect
the overall survival rate of the cells.

PP2B Activity
PP2B Cellular Activity Assay Kit (BML-AK816, Enzo Life
Sciences, Farmingdale, NY, USA) was used to measure cellular
PP2B phosphatase activity. After 1 h OGD/24 h R, cells planted
on six-well plates were washed in ice-cold TBS (20mM Tris, pH
7.2, 150mM NaCl). Cells were dissociated in 500 ul Lysis buffer
with protease inhibitors and centrifuged at 100,000 g for 45min
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at 4◦C. To remove free phosphate, the high-speed supernatant
extracts were desalted by gel filtration. The extract samples were
estimated using PP2B phosphatase assay kit (BML-AK804, Enzo
Life Sciences) as described in the instruction manual. PP2B
activity was assessed by measuring absorbance at 620 nm and
normalized using the controls.

Immunoprecipitation Assays
Cells were lysed in IP buffer A (50mM Tris–HCl (pH
7.5) containing 2mM EDTA, 2mM EGTA, 5 µg/µL each
of leupeptin, aprotinin, pepstatin A and chymostatin, 50 nM
okadaic acid, 5mM sodium pyrophosphate, 100µM sodium
vanadate, 1mM DTT, 50mM KF, 5M iodoacetamide) and then
incubated with 4 µg antibody against mTOR/PP2B or IgG in
a spin column from Protein G Immunoprecipitation Kit (IP50,
Sigma-Aldrich, St. Louis, MO, USA) at 4◦C overnight with
constant rotation. After incubation, 30 µl washed Protein G
Agarose were transferred to the lysate and incubated at 4◦C
overnight with constant rotation. The immunoprecipitates was
resolved in buffer [100mMGlycine, 1.5MTris-HCl (pH 8.0), 1×
loading buffer] and centrifuged. The flow-through was collected
and heated at 95◦C for 5min and proceed for immunoblotting.

Immunofluorescent Staining
After OGD treatment, neurons were fixed in 4%
paraformaldehyde for 30min at 25◦C, washed four times
with PBS, and then blocked with buffer (8% goat serum +

0.2% Triton X100 (101875278, Sigma-Aldrich, St. Louis, MO,
USA) in PBS) for 1 h at 37◦C. Neurons were incubated with
mouse anti-LC3 (SAB1305552, Sigma-Aldrich) at 4◦C overnight.
After washing, the secondary Alexa Fluor 488-conjugated goat
anti-mouse IgG (Invitrogen, Carlsbad, CA, USA) was added
and incubated for 2 h at 37◦C. Finally, cells were mounted with
ProLong Gold antifade Mountant with DAPI (P36934, Life
Technologies, Carlsbad, ON, Canada) and imaged using a Leica
SP8 microscope with 63 × 1.4 Numerical Aperture (NA) oil
objective lens (Leica, Wetzlar, Germany).

Immunoblotting
After 1 h OGD/24 h R, Cells in six-well plates were rinsed three
times with PBS and homogenized in Buffer C (50mM Tris–HCl
(pH 7.5) containing 2mM EDTA, 2mM EGTA, 5 µg/µL each
of leupeptin, aprotinin, pepstatin A and chymostatin, 50 nM
okadaic acid, 5mM sodium pyrophosphate, 100µM sodium
vanadate, 1mMDTT, 50mMKF, 2% sodium dodecyl sulfate) and
sonicated. Protein concentration was quantified via BCA protein
assay kit (23225, Pierce Company, Rockford, IL 61101, USA),
using albumin diluted in Buffer C as standard.

Samples loaded with equal amount of proteins (30 µg)
were electrophoresed on 8–10% sodium dodecyl sulfate
polyacrylamide gel (SDS-PAGE) and transferred onto
polyvinylidene difluoride (PVDF) membrane (10600021,
GE Healthcare, Buckinghamshire, UK). Blocking was performed
in 10% non-fat milk in Tween/Tris-buffered salt solution(TTBS,
20mM Tris-Cl, pH 7.5, 0.15M NaCl, and 0.05% Tween-
20) for 1 h and membranes were incubated with primary
antibodies overnight at 4◦C. Membranes were incubated in

Horseradish peroxidase-conjugated goat anti-mouse or anti-
rabbit IgG (1:4,000, Thermo Scientific, Marietta, OH, USA) for
1 h. Chemiluminescencent HRP substrate (90719, Millipore,
Billerica, MA 01821, USA) was employed to detect the signals
and proteins were visualized using Fusion-Capt Advance
software on FUSION FX (Vilber Lourmat, Collégien, France).
The primary antibodies used were LC3A/B (12741, Cell Signaling
Technology, Danvers, MA, USA), Beclin 1(1:1,000,11306-1-AP,
Proteintech, Rosemont, IL, USA), p62 (1:1,000, 5114, Cell
Signaling Technology), P-mTOR (Ser 2448, 1:1,000, 5536,
Cell Signaling Technology), mammalian target of rapamycin
(mTOR) (1:1,000, 2983, Cell Signaling Technology), P-S6 (Ser
240/244, 1:1,000, 2215, Cell Signaling Technology), S6 Ribosomal
Protein (1:1,000, 2317, Cell Signaling Technology), P-Akt (Thr
308,1:1,000, 9275, Cell Signaling Technology), Akt (1:1,000,
4691, Cell Signaling Technology), P-ERK (Tyr 202/Tyr 204,
1:1,000, 9101, Cell Signaling Technology), ERK (1:1,000, 9102,
Cell Signaling Technology), P-AMPK (Thr 172, 1:1,000, 2535,
Cell Signaling Technology), AMPK (1:1,000, 07-350, Millipore,
St. Louis, MA, USA), P-Src Family (Tyr 416, 1:1,000, 6943,
Cell Signaling Technology), Src (1:1,000, 2109, Cell Signaling
Technology), P-PLCγ1 (Tyr 783, 1:1,000, 2821, Cell Signaling
Technology), PLCγ1 (1:1,000, 2822, Cell Signaling Technology),
β-actin (1:10,000, 60008-1-Ig, Proteintech, Rosemont, IL,
USA), β-tubulin (1:20,000, 66240-1-Ig, Proteintech, Rosemont,
IL, USA).

Statistical Analysis
Data were represented as mean ± SEM. Immunoblots were
quantified using Image J. GraphPad Prism version 7.0 (GraphPad
Software, La Jolla, CA, USA) was used for data analysis. Statistical
analysis was performed using one-way or two-way analysis of
variance (ANOVA) followed by all pairwise multiple comparison
procedures using Bonferroni test. P < 0.05 was considered
statistically significant. For the in vitro experiments, the N
number represents 6 times of primary neuronal preparation
under the same culture conditions; while for the in vivo
experiments, the N number represents 6 mice under the
same conditions.

RESULTS

rmIL-17A Aggravates OGD/R-Induced
Neuronal Ischemic Injuries Through
Enhancing Autophagy Levels
To determine the effect of IL-17A on autophagy after OGD/R
treatment, the LC3 conversion (LC3 I to LC3 II), p62 and Beclin 1
protein levels were observed in 1 h OGD/R 24 h-treated neurons.
As shown in Figure 1, rmIL-17A could significantly increase the
conversion ratio of LC3 II/total LC3 and Beclin 1 protein levels in
1 h OGD/R 24 h-treated primary cultured cortical neurons (A, B,
and D) when compared with that of normoxic groups. Similarly,
rmIL-17A could strengthen the degradation of p62 in cortical
neurons (A and C) after 1 h OGD/R 24 h treatment. In line with
this, IL-17A increased the number of LC3 puncta in neurons after
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FIGURE 1 | Effect of rmIL-17A on autophagy levels in primary cortical neurons after OGD/R treatment. The representative image and quantitative analysis results of

Western blot analysis showed that rmIL-17A could significantly increase the ratio of LC3 II/LC3 (I+II) and Beclin 1 protein levels in 1 h OGD/R 24 h-treated primary

cortical neurons (A,B,D) compared with normoxia groups. In addition, rmIL-17A could strengthen the degradation of p62 in cortical neurons (A,C) after 1 h OGD/R

24h treatment (n = 6 per group). *P < 0.05, ***P < 0.001 vs. corresponding Normoxia group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. corresponding vehicle

group.

OGD treatment (Figure 5H). These results suggested that IL-17A
could enhance the autophagy levels in ischemic neurons.

To further explore the role of IL-17A-enhanced autophagy
levels in neuronal ischemic injuries, two autophagic inhibitors
3-methyladenine (3-MA) and Bafilomycin A1 (Baf A1)
were applied. Both two inhibitors pretreatment could
significantly improve the survival rates of neurons when
compared with their corresponding OGD/R or OGD/R+IL-

17A, respectively (Figure 2A). 3-MA treatment, which
blocked the nucleation stage of autophagy by specifically

inhibiting vacuolar protein sorting (VPS) 34 of class III
phosphatidylinositol-3-kinase (PI3K) (24), could significantly
decrease LC3 II accumulation in neurons exposed to OGD/R
or OGD/R+IL-17A (Figure 2B). In contrast, Baf A1 could
significantly increase LC3 II accumulation in neurons with

OGD/R or OGD/R+IL-17A due to the blockage of the late
stages of autophagy via directly inhibiting the vacuolar H+-
ATPase (25) (Figure 2B). These results suggested that IL-17A
aggravates neuronal ischemic injuries through enhancing
the autophagy levels by modulating upstream targets of
autophagy pathway.

Effects of rmIL-17A on Phosphorylation
Status of Positive Autophagic Pathways
and Negative Regulator in OGD/R-Treated
Primary Neurons
Induction of autophagy was inhibited by interaction between
ULK1 and mTOR (26), but mTOR suppression could lead
to the dissociation of ULK1, thus stimulating autophagy
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FIGURE 2 | Effects of autophagic inhibitors on cell viability and the ratio of LC3

II/LC3(I+II) in OGD/R and rmIL-17A-treated cortical neurons. The autophagic

inhibitors 3-MA and Baf A1 pretreatment could significantly improve the

survival rates of neurons (A) compared with their corresponding OGD/R or

OGD/R+IL-17A (n = 6 per group). The typical and quantitative analysis results

of Western blot showed that 3-MA and Baf A1treatments could significantly

decrease and increase LC3 II accumulation in neurons (B) exposed to OGD/R

or OGD/R+IL-17A, respectively (n = 6 per group). **P < 0.01, ***P < 0.001 vs.

corresponding Normoxia group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs.

corresponding OGD/R group; +P <0.05, +++P < 0.001 vs. corresponding

OGD/R+IL-17A group; &P < 0.05 vs. corresponding OGD/R+Baf A1 group.

(27). To determine whether autophagy was induced upon
IL-17A treatment, we evaluated the phosphorylation status
of mTOR and its downstream target S6 ribosomal protein.
As shown in Figures 3A,B, rmIL-17A could significantly
promote the decrease of P-mTOR (Ser 2448) (A) and P-S6
(Ser 240/244) (B) levels in OGD/R-treated cortical neurons,

suggesting that IL-17A causes the enhanced autophagy through
mTOR dephosphorylation-mediated reduction of P-S6 (Ser
240/244) level.

To explore the underlying mechanism of IL-17A-induced
mTOR dephosphorylation, the effect of rmIL-17A on mTOR
upstream kinases of three classic autophagy pathways
were determined in OGD/R-treated neurons, including
phosphorylated (P-) Akt, P-ERK1/2 and P-AMPK. As previously
shown that Akt could negatively regulate AMPK, the results
showed that 1 h OGD/R 24 h treatment could obviously reduce
the levels of P-Akt (Figure 3C) and P-ERK1/2 (Figure 3D), but
increase the P-AMPK level (Figure 3E). However, the addition
of rmIL-17A did not alter the status of P-Akt, P-ERK1/2 and
P-AMPK in OGD/R-treated neurons (Figures 3C–E). Thus,
neither positive regulation pathway (PI3K-Akt and ERK1/2)
nor negative regulator, AMPK participated in IL-17A-induced
excessive autophagy during OGD/R exposure.

rmIL-17A Induces Excessive Autophagy via
Src-PP2B-mTOR Pathway in OGD/R
Treated Neurons
Given that PI3K-Akt, ERK1/2, and AMPK signal pathways
didn’t involve in IL-17A-induced dephosphorylation of
mTOR during OGD/R exposure, suggesting certain type of
serine (Ser)/threonine (Thr) phosphatase downstream of
IL-17A signaling may be responsible. The Calcineurin/Protein
Phosphatase (PP)2B is a Ca2+-associated Ser/Thr phosphatase,
and has been proved physically binding to mTOR (28). In this
study, the co-immunoprecipitation (co-IP) analysis exhibited
that PP2B and mTOR could reciprocally immunoprecipitated in
neurons under normoxic or OGD/R conditions, and the addition
of rmIL-17A could increase their interactions (Figure 4A) and
PP2B activities (Figure 4B) in OGD/R-treated cortical neurons,
indicating the participation of PP2B inmTOR dephosphorylation
upon IL-17A stimulation.

As an ubiquitous Ser/Thr phosphatase, PP2B can be activated
by elevated Ca2+ levels and subsequent activation of calmodulin
(CaM) (29). Previous studies demonstrated that phospholipase
(PL) Cγ1 induced the release of Ca2+ from endoplasmic
reticulum (ER) stores (30, 31). Given the involvement of
Src protein tyrosine kinase in IL-17A signaling (32) and the
interaction between PLCγ1 and Src kinase (33), we hypothesized
that IL-17A-mediated T cell receptor (TCR) signaling induced
Src to activate PLCγ1. In line with this, P-Src and P-PLCγ1
levels were significantly increased in neurons exposed to OGD/R
upon IL-17A treatment (Figures 4C,D). These results suggested
that IL-17A induces the elevated autophagy via Src-PP2B-mTOR
pathway in neurons exposed to OGD/R.

PP2B Inhibitor CsA Suppressed
rmIL-17A-Induced Excessive Autophagy
and Alleviates Neuronal Injuries
After OGD/R
CsA, a potent immunosuppressant, inhibited the phosphatase
activities of PP2B by competitive binding to cyclophilin A
(34). The PP2B Cellular Activity Assay results confirmed
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FIGURE 3 | Effects of rmIL-17A on phosphorylation status of positive autophagic pathways and negative regulator in OGD/R-treated neurons. The typical and

quantitative analysis results of Western blot showed that rmIL-17A could significantly promote the decrease of P-mTOR (Ser 2448, A) and P-S6 (Ser 240/244, B).

However, the addition of rmIL-17A did not alter the phosphorylation status of mTOR upstream kinases P-Akt (T308, C), P-ERK (Y202/Y204, D), and P-AMPK (T172,

E) in OGD/R-treated primary neurons (n = 6 per group). *P < 0.05, **P <0.01, ***P < 0.001 vs. corresponding Normoxia group; ##P < 0.01, ###P < 0.001 vs.

corresponding vehicle group.
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FIGURE 4 | IL-17A enhances autophagy levels via Src-PP2B-mTOR pathway in neurons exposed to OGD/R. The co-immunoprecipitation (co-IP) analysis showed

that PP2B and mTOR could reciprocally immunoprecipitated in neurons under normoxic or OGD/R conditions, and the addition of rmIL-17A could increase their

interactions (A) and PP2B activities (B) in OGD/R-treated cortical neurons (n = 5 per group). In addition, the representative and quantitative analysis results

demonstrated that P-PLCγ1 (C) and P-Src (D) levels were significantly increased in neurons exposed to OGD/R upon IL-17A treatment (n = 6 per group). **P < 0.01,

***P < 0.001 vs. corresponding Normoxia group; ##P < 0.01, ###P < 0.001 vs. corresponding vehicle group.

that the phosphatase activities of PP2B were obviously
inhibited by CsA (Figure 5A). The P-mTOR (Ser 2448)
(Figure 5B) and P-S6 (Ser 240/244) (Figure 5C) levels were
restored by CsA treatment, indicating that suppression of
PP2B activity reversed the dephosphorylation of mTOR at
Ser 2448. To determine the effect of PP2B inactivation on
the cell survival rate, the cell viability assay was applied.
As shown in Figure 5D, CsA could improve neuronal

cell viability after OGD/R and rmIL-17A treatments. In
addition, LC3 II accumulation (Figure 5E) and Beclin 1
expression (Figure 5G) levels were decreased upon CsA
treatment, meanwhile, CsA decreased the degeneration of p62
levels (Figure 5F). Consistent with this, decreased numbers
of LC3 puncta can be seen upon CsA treatment. Thus,
CsA suppressed IL-17A-induced excessive autophagy via
PP2B inactivation.
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FIGURE 5 | PP2B inhibitor CsA suppresses IL-17A-induced excessive autophagy and alleviates neuronal injury in primary neurons after OGD/R. The PP2B Cellular

Activity Assay results confirmed that the phosphatase activities of PP2B were obviously inhibited by CsA (A, n = 5 per group). CsA could restore P-mTOR (Ser 2448)

(B) and P-S6 (Ser 240/244) (C) levels, and improve neuronal cell viability (D) after OGD/R and rmIL-17A treatments (n = 6 per group). In addition, LC3 II accumulation

(E), p62 degeneration (F), and Beclin 1 expression (G) levels were decreased upon CsA treatment (n = 6 per group). Immunofluorescent staining results showed that

LC3 puncta decreased upon CsA treatment in cortical neurons (H) *P < 0.05, **P < 0.01, ***P <0.001 vs. corresponding Normoxia group; #P < 0.05, ##P < 0.01,
###P < 0.001 vs. corresponding OGD/R group; +P < 0.05, +++P < 0.001 vs. corresponding DMSO group.
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FIGURE 6 | Effect of IL-17A neutralization on autophagy levels in the

peri-infarct region of mice with ischemic stroke. The representative and

quantitative analysis results of Western blot showed that IL-17A neutralization

could significantly decrease the conversion of LC3 I to LC3 II (A,B) and Beclin

1 protein levels (D), as well as inhibit the degradation of p62 (C)

(Continued)

FIGURE 6 | in the peri-infarct region of mice after 1 h MCAO/R 24 h (n = 6 per

group). Data were presented as mean ± SEM, and One-way ANOVA followed

by Bonferroni test was performed. **P < 0.01, ***P < 0.001 vs. corresponding

Sham group; ##P < 0.01, ###P < 0.001 vs. corresponding IgG isotype

group.

Neutralization of IL-17A Reduces
Autophagy Levels and Improves the
Neurological Outcome of Mice With
Ischemic Stroke
To determine the effect of IL-17A neutralizing mAb on the
autophagy levels, the microtubules associated protein 1 light
chain 3-β (LC3) conversion (LC3 I–LC3 II), sequestosome (p62)
and Beclin 1 protein levels were detected in the peri-infarct region
of mice after 1 hMCAO/R 24 h. As shown in Figures 6A,B,D, the
ratio of LC3 II/total LC3 and Beclin 1 protein levels were higher
than that of Sham group, but neutralization of IL-17A could
significantly decrease the accumulation of LC3 II and Beclin 1
protein levels in the peri-infarct region of mice following 1 h
MCAO/R 24 h. Conversely, the neutralization of IL-17A could
significantly inhibit the degradation of p62 in the peri-infarct
region of mice after 1 h MCAO/R 24 h (Figures 6A,C). These
results indicated that the autophagy levels were downregulated
by neutralization of IL-17A in the peri-infarct region of mice after
1 h MCAO/R 24 h.

To explore the effect of IL-17A on the neurological outcome
of ischemic stroke, IL-17A neutralizing mAb and mouse IgG
isotype was injected into the ICV of mouse at 3 h after MCAO
injury, after that neurological deficits and motor coordination
were evaluated. Results of the neurological score (Figure 7A),
the Longa score (Figure 7B), corner test (Figure 7C), beam
balance test (Figure 7D), and rotarod test (Figure 7E) showed
that the neurological function obviously decreased in mice
after 1 h MCAO/R 7 d when compared with that of the
corresponding Sham group. However, neutralization of IL-17A
could significantly improve these neurological functions of mice
following 1 h MCAO/R 7 d compared with the IgG isotype group
(n= 10 per group).

DISCUSSION

Accumulating evidence suggest that IL-17A plays a particular
role in the delayed phase of the post-stroke inflammatory
response (4, 6, 35); the neutralization of IL-17A was proved to
be a potential therapeutic measure for ischemic stroke (6). Our
previous results also demonstrated that IL-17A levels in peri-
infarct cortex homogenates, CSF and serum were significantly
increased in mice with ischemic stroke (5); and the blockade
of IL-17A with neutralizing antibody improved the neurologic
outcome of mice after ischemic stroke (7). Consistent with prior
observations, we further demonstrated that IL-17A-mediated
excessive autophagy aggravated neuronal ischemic injuries via
Src-PP2B-mTOR pathway, and IL-17A neutralization could
improve the neurological outcomes of mice with ischemic stroke.
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FIGURE 7 | Effects of IL-17A neutralizing mAb on the neurological outcome of mice with ischemic stroke. The statistical analysis results of neurological score (A),

longa score (B), corner test (C), beam balance test (D), and rotarod test (E) showed that neutralization of IL-17A could significantly improve the neurological functions

of mice following 1 h MCAO/R 7 d when compared with that of IgG isotype group (n = 10 per group). Data were presented as mean ± SEM, and the statistical

analysis was performed by using one-way ANOVA followed by Bonferroni test. **P < 0.01, ***P < 0.001 vs. corresponding Sham group; ##P < 0.01,
###P < 0.001 vs. corresponding IgG isotype group.

Autophagy is a double-edged sword in ischemic stroke.
Basal autophagy helps cells to produce adequate energy against
stressful circumstances and promotes cell survival by controlling
the clearance and reuse of intracellular components. When the
stress is too excessive and exceeds the maximum cellular adaptive
capacity, autophagy induces cell death. Whether autophagy is
beneficial or detrimental depends upon the extent of autophagy
induction and the duration of autophagy activation (36).
Administration of 3-MA or Baf A1 largely protected them from
cell death in primary cultured cortical neurons and significantly
reduced MCAO/R-induced brain infarct volume, brain edema
andmotor deficits, suggesting autophagy contributes to cell death
both in vitro and in vivo (16, 17, 37). In line with this, our
results showed that autophagy was induced in OGD/R-treated
neurons. Moreover, 3-MA and Baf A1 pre-treatment ameliorated

OGD/R-induced cell death. In contrast, neuronal autophagy
upon ischemic injury could be a part of pro-survival signaling
which is associated with the activation of PI3K-Akt-mTOR axis
(38). These conflicting results are attributable to the variation in
dosage and administration routes of pharmacological agents and
different animal models.

In this study, the enhanced autophagy was observed in
peri-infarct region of mice after 1 h MCAO/R 24 h; and
according to our previous report that IL-17A was elevated
in brain homogenates and CSF after 1 h MCAO/R 12 h
(5), the role of IL-17A on neuronal autophagy was further
explored after ischemic stroke. Several lines of evidence
demonstrated that γδ T cells, T helper (Th) 17 cells as well
as CNS-resident cells astrocytes and microglia, rather than
neurons, are responsible for IL-17A production (39–41).
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FIGURE 8 | Schematic diagram of IL-17A induces excessive autophagy via Src-PP2B-mTOR pathway in neurons under ischemic condition. IL-17A stimulates IL-17A

receptor-mediated signaling pathway by binding with IL-17A receptor complex IL-17RA/RC, recruiting and phosphorylating Src kinase. P-Src-mediated PLCγ1

activation could increase PP2B activity, and then the activated PP2B induces excessive autophagy through dephosphorylating mTOR.

Thus, OGD/R treatment with the presence of IL-17A
was employed to simulate in vivo ischemic stroke. We
found that IL-17A aggravated OGD/R-treated ischemic
injuries of primary neurons by modulating the initiation of
autophagic process.

Autophagy is a self-eating cellular catabolic pathway, which
is orchestrated by a complex signaling network (8). The Ser/Thr
protein kinase mTOR is a key negative regulator in autophagy
initiation (42). Our results showed that the phosphorylation
levels of mTOR and its latter downstream target S6 were
obviously decreased in primary neurons following OGD/R.
Moreover, rmIL-17A treatment caused more reduction in P-
mTOR (Ser 2448) and P-S6 (Ser 240/244). Previous studies have

reported that Ser 240/244 phosphorylation of S6 is regulated
predominantly via an mTOR-dependent mechanism (43, 44).
AKT/protein kinase B (PKB) and ERK1/2, two key upstream
kinases of mTOR, can positively regulate mTOR phosphorylation
and thus inhibiting autophagic flux. In addition, mTOR can be
inhibited by AMPK which controls intracellular energy status by
sensing the AMP/ATP ratio. We found that the addition of rmIL-
17A didn’t affect the P-Akt (T308), P-ERK1/2 (Y202/Y204), and
P-AMPK (T172) in OGD/R-treated primary neurons, suggesting
neither PI3K-Akt/ERK1/2 nor AMPK signaling pathways were
involved in IL-17A-induced excessive autophagy during OGD/R
treatment. Thus, we speculated that some type of Ser/Thr
phosphatase participated in the process. It is well-known that

Frontiers in Immunology | www.frontiersin.org 12 December 2019 | Volume 10 | Article 295297

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Liu et al. Src-PP2B-mTOR Axis in IL-17A-Mediated Autophagy

PP2B plays essential roles in various processes including immune
responses, nerve cell signaling and heart activity, and is the
target of several therapeutic drugs that restrains the immune
system (45). Previous results showed that PP2B could physically
bind to mTOR via its PxIxIT motif, further proving mTOR
as a direct substrate for PP2B-mediated dephosphorylation
(28). Furthermore, our co-IP analysis and PP2B activity results
exhibited that the addition of rmIL-17A could increase the
interactions between PP2B and mTOR and PP2B activities in
OGD/R-treated cortical neurons, indicating the participation of
PP2B in mTOR dephosphorylation upon IL-17A stimulation.
Elevation of intracellular calcium caused by ischemia and
activation of CaM could remove an autoinhibitory helix from the
active site of the phosphatase. PP2B plays a key role in activating
Ca2+ signal transduction pathway. In this study, we found
that IL-17A enhances autophagy level through Src-PP2B-mTOR
pathway, which aggravates ischemic neuronal injury (Figure 8).

In conclusion, we firstly reported a newmolecular mechanism
that proinflammatory IL-17A mediated excessive autophagy
to aggravate neuronal ischemic injuries via Src-PP2B-mTOR
pathway. Moreover, IL-17A neutralization could improve the
neurological outcomes of mice with ischemic stroke, which
may provide a potential therapeutic effect for ischemic stroke
in clinic.
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Introduction: Ischemic stroke remains one of the most debilitating diseases and is the

fifth leading cause of death in the US. The ability to predict stroke outcomes within

the acute period of stroke would be essential for care planning and rehabilitation. The

Blood and Clot Thrombectomy Registry and Collaboration (BACTRAC; clinicaltrials.gov

NCT03153683) study collects arterial blood immediately distal and proximal to the

intracranial thrombus at the time of mechanical thrombectomy. These blood samples

are an innovative resource in evaluating acute gene expression changes at the time

of ischemic stroke. The purpose of this study was to identify inflammatory genes and

important immune factors during mechanical thrombectomy for emergent large vessel

occlusion (ELVO) and which patient demographics were predictors for stroke outcomes

(infarct and/or edema volume) in acute ischemic stroke patients.

Methods: The BACTRAC study is a non-probability sampling of male and female

subjects (≥18 year old) treated with mechanical thrombectomy for ELVO. We evaluated

28 subjects (66± 15.48 years) relative concentrations of mRNA for gene expression in 84

inflammatory molecules in arterial blood distal and proximal to the intracranial thrombus

who underwent thrombectomy. We used the machine learning method, Random Forest

to predict which inflammatory genes and patient demographics were important features

for infarct and edema volumes. To validate the overlapping genes with outcomes, we

perform ordinary least squares regression analysis.

Results: Machine learning analyses demonstrated that the genes and subject factors

CCR4, IFNA2, IL-9, CXCL3, Age, T2DM, IL-7, CCL4, BMI, IL-5, CCR3, TNFα, and

IL-27 predicted infarct volume. The genes and subject factor IFNA2, IL-5, CCL11,

IL-17C, CCR4, IL-9, IL-7, CCR3, IL-27, T2DM, and CSF2 predicted edema volume.

The overlap of genes CCR4, IFNA2, IL-9, IL-7, IL-5, CCR3, and IL-27 with T2DM

predicted both infarct and edema volumes. These genes relate to a microenvironment

for chemoattraction and proliferation of autoimmune cells, particularly Th2 cells

and neutrophils.
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Conclusions: Machine learning algorithms can be employed to develop prognostic

predictive biomarkers for stroke outcomes in ischemic stroke patients, particularly in

regard to identifying acute gene expression changes that occur during stroke.

Keywords: ischemic stroke, machine learning, gene expression, cytokines, chemokines

INTRODUCTION

Ischemic stroke is the fifth cause of death in the United States,

accounting for 87% of all strokes (1). Approximately 800,000

individuals are affected per year and ischemic stroke is the

primary cause of severe long-term disability (1). When a major

cerebral artery is blocked by a thrombus, the occlusion causes
deprivation of oxygen, glucose, and other essential nutrients
to the brain which results in necrotic cerebral tissue (2).
Current treatments focused on recanalization of the occluded
cerebral artery for emergent large vessel occlusions (ELVO) via
intravenous administration of tissue plasminogen activator (tPA)
and/or endovascular mechanical thrombectomy (3–5). Stroke
patients must be given tPA within a narrow window of 4.5 h,
while mechanical thrombectomy has an extended window of
intervention up to 24 h post-stroke (6–8). However, ischemic
stroke patients must meet particular imaging or time criteria
to receive either or both treatments, and many patients are out
of the “window of opportunity,” and receive only supportive
medical care (9).

With early reperfusion to the cerebral artery, at risk

tissue in the penumbra may be salvaged (10, 11). Even if

blood flow is restored, neurons in the penumbra face major
challenges to their survival, such as acidosis, ion pump failure,

excitotoxicity, inflammatory response, and the breakdown the

blood brain barrier (BBB) (12–14). Inflammation following

an acute ischemic stroke is multifaceted, and is part of the
normal pathological processes involved in the post-ischemic
brain. Within the first few hours, there is a rapid activation
of resident microglia that start to release proinflammatory
mediators from the ischemic endothelium and brain parenchyma
[including interleukin-(IL)1β, IL-6, IL-12, IL-23, and tumor
necrosis factor-α (TNF-α)] (15–17). Furthermore, there is an
activation of peripheral immune cells including neutrophils and
T-cells that can cross the damaged BBB and accumulate at
the injury site in the microvascular environment. In this acute
phase of ischemic stroke more extensive damage occurs with the
associated increased intracranial pressure leading to malignant
cerebral edema, neuronal death, hemorrhagic transformation,
and mortality (18–21).

Mechanical thrombectomy has greatly improved the ability
to restore blood flow and improve patient outcomes, even
when used in selected patients up to 24 h post-stroke onset
(5, 22). The process of thrombectomy permits us to extract blood
directly in the vicinity of the infarct from a stroke patient to
provide the first glimpse into cellular/molecular events occurring
during an ischemic stroke. Through the standard thrombectomy
process, we can isolate distal blood within the artery immediately
downstream from the clot, peripheral blood that is proximal
to the clot (systemic arterial blood in the cervical carotid

artery), and the thrombus itself upon removal from the human
subject (23).

Understanding of molecular and cellular changes
intraluminally in ischemic stroke may provide develop deeper
insights into the inflammatory pathways involved, and could lead
to the identification of prognostic biomarkers in stroke patients.
This information could potentially provide benchmarks to study
responses to treatment and aid in development of new therapies.
The purpose of this study was to identify inflammatory genes
and important immune mediators at the time of mechanical
thrombectomy and which patient demographics were predictors
for stroke outcomes (infarct and/or edema volume) in acute
ischemic stroke patients.

METHODS

Study Design
This study was developed from the Blood and Clot
Thrombectomy Registry and Collaboration (BACTRAC)
protocol: a prospectively enrolling tissue bank for emergent
large vessel occlusion (ELVO) (clinicaltrials.gov NCT03153683)
(23). The BACTRAC study is a non-probability sampling of
subjects over 18 years old, conducted at a large academic
comprehensive stroke center in central Kentucky, and
who were treated with mechanical thrombectomy for
ELVO ischemic stroke. While the BACTRAC tissue bank
is continuously enrolling, data for this study was collected
from subjects enrolled May 2017 through January 2019.
The Institutional Review Board approved this study, and
informed consent was obtained from all subjects or legally
authorized representatives.

Sample Population
Subjects (≥18 years old) were eligible for inclusion if they
were hospitalized with a diagnosis for an ischemic stroke
and underwent thrombectomy procedure for ELVO. Subjects
were candidates for inclusion if they met criteria: informed
consent was signed and dated by subject or legally authorized
representative within 24 h post-thrombectomy, confirmation of
acute ischemic stroke based on clinical and radiographic imaging
(CT and/or MRI), intra-arterial thrombectomy as determined
by neurointerventional radiology (NIR) physician, an acute
thromboembolus within an intracranial artery and underwent
endovascular thrombectomy procedure. Subjects were excluded
if baseline urine pregnancy test was positive and/or breastfeeding
and/or concurrently participated in treatment studies.

Data Collection
A medical record review was conducted to collect
admission clinical and demographic variables. These
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variables included age, sex, ethnicity, height, weight,
body mass index (BMI), comorbidities, smoking status,
National Institutes of Health Stroke Scale (NIHSS),
baseline computerized tomography (CT) and/or magnetic
resonance imaging (MRI) scan to verify large vessel occlusion
stroke/thrombectomy eligibility and CTA collateral score,
and time of last known normal (LKN) symptom (prior to
ischemic stroke).

Tissue removal and tissue banking protocols were previously
published in detail (23). In brief, this was a collaborative effort
among the NeuroInterventional Radiology (NIR) service line
and our Center for Advanced Translational Stroke Science.
At the beginning of the mechanical thrombectomy procedure,
during initial access through the clot to the distal intracranial
vessels, the NIR physician backbleeds the microcatheter to
determine if they are distal to the distal end of the thrombus.
Through this, 1ml of whole arterial blood from themicrocatheter
(0.021 inch inner lumen diameter) was collected. Simultaneously,
the collection of 7ml of whole arterial peripheral blood was
collected from the cervical parent artery (internal carotid
artery or vertebral artery) during backbleeding while initially
suction for thrombectomy. The distal (intracranial) and proximal
(peripheral) blood samples were handed off to the on-call
research associates who immediately processed the specimens in
the wet laboratory adjacent to the angiography suite.

An additional medical chart review was conducted to
gather post-thrombectomy endpoint variables: last known
normal (LKN) symptom to thrombectomy completion time
(infarct time), thrombolysis in cerebral infarction (TICI)
scores, and NIHSS at discharge. A blinded neuroradiologist
evaluated post-thrombectomy computed tomography (CT)
imaging and/or magnetic resonance imaging (MRI) for
infarct and edema volumes, and hemorrhagic grade. Clinical
and demographic variables, along with post-thrombectomy
endpoints were deidentified and maintained in our institution’s
REDCap software.

RNA Extraction and Amplification
The extraction of total RNA from the cellular pellet/buffy
coat was collected from the stored distal and proximal arterial
blood samples using the Nucleospin Blood Kit (Macherey-Nagel,
Düren, Germany), per manufacturer protocol. Nanodrop Lite
Spectrophotometer (Thermo-Fisher Scientific; Waltham, MA)
estimated the quantity of total RNA based on the A260/A280
ratio. To validate total RNA, RNA integrity numbers (RIN)
values were obtained from the hospital’s Genomics Core facility.
The assessment and analysis of RNA integrity was evaluated
with Eukaryote Total RNA Nano assay on the Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA) and with
associated Agilent 2100 Bioanalyzer expert software. The mean
RIN values (±SD) for distal and proximal arterial blood samples
were 8.89 ± 0.41 (range from 8.30 to 9.60) and 6.98 ± 0.29
(range from 6.60 to 7.50), respectfully. The RIN values indicate
moderate to high quality RNA with minimal degradation (24).
RT2 First Strand Kit (Qiagen) was used to synthesize cDNA
which were analyzed for gene expression using Qiagen RT²
Profiler PCRArray Human Inflammatory Cytokines & Receptors

for 84 genes associated with inflammation and evaluated with
StepOnePlus Real-Time PCR System interfaced with StepOne
software (Applied Biosystems, Foster City, CA). Each gene
array plate had five housekeeping genes (ACTB, B2M, GAPDH,
HPRT1, and RPLP0) to normalize the gene expression data by
using 11CT method. The distal blood data for each gene was
compared to proximal blood data for each subject. Proximal
blood samples were used as an internal control for each patient,
since there is not a true control. Since the cervical segments have
circulating blood, we believe these are equivalent to arterial blood
taken from peripheral arterial location.

Data Analysis
Descriptive and frequency statistics were obtained and used
to characterize male and female ischemic stroke subjects.
Comparisons were made for subject demographics and baseline
characteristics using SPSS, version 26 software (IBM, Armonk,
NY). Statistical significance (p-value of 0.05) for group
differences were assessed by independent t-tests for continuous
variables and Chi-square or Fisher exact tests of associations
based on categorical (ordinal and binary) variables. The gene
expression mean fold change values were assessed with Scikit-
learn Python package (v0.21.2) for machine learning analysis
(25). Statesmodels Python package (v0.10.1) was used for
ordinary least squares (OLS) regression analysis (26).

Machine Learning
For machine learning analysis, the demographics data used
included variables: sex, age, race/ethnicity, BMI, comorbidities
(hypertension, type 2 diabetes, hyperlipidemia, previous stroke,
and atrial fibrillation), and two stroke outcomes (infarct and
edema volumes). The gene expression dataset included 84
inflammatory genes. Any variables in the two stroke outcome
datasets were dropped if the proportion of missing values were
more than 40%. After pre-processing 89 variables were in the
final dataset.

Predicting Infarct Volume
Predictive analysis was performed by using the infarct volume
as the response variable, and all gene expression variables as
predictors. The analysis was adjusted by using demographic
variables as covariates. Regression was used to perform the
predictive analysis task. Since there was a relatively small sample
size with a mild number of predictors (i.e., 28 subjects with 89
predictors), a widely used machine learning method, Random
Forest (RF) (27, 28) was employed to complete the analysis. This
method was used because of the reliable performance on small
sample datasets with mixed categorical and continuous variables.

RF is an ensemble of decision trees, where each internal node
represents a condition, or test, on a single predictor, aiming to
split the dataset into two so that each had a similar response
values. RF provides versatile, accurate, and stable predictions
for supervised machine learning tasks such as regression as well
as measuring the relative importance of each predictor. The
importance score of a predictor is calculated by how much the
variance is reduced or information gain is increased across all
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nodes that were used. The importance scores were scaled so the
sum equals one.

Hyper-parameters of RF were selected in a coarse-to-fine
approach using k-fold cross-validation (CV), which partitions
the training dataset into k parts evenly, then rotationally uses
k-1 parts to train the machine learning model and tests the
model with the remaining one part. The parameters were first
selected using the 5-fold CV, then tuned the parameters around
the selected value using the 10-fold CV. Predicting performance
of RF was optimized in mean squared error (MSE), which is
minimized for the optimal model.

With the selected hyper-parameters, the importance of
features using RF were ranked. Ranking may be affected by
randomness of RF due to the correlations between some features.
Therefore, we programed RF 100 times and collected the mean
values of the feature importance. The number of possible orders
of the features is combinatorically large, this approach can
effectively reduce but cannot fully eliminate the effect of the
correlation between features.

Predicting Edema Volume
Similar to the prediction of infarct volumes, this was a regression
task by using edema volumes as a response variable and the
remaining gene variables as predictors. The analysis was adjusted
using the demographic variables as covariates as done for the
analysis of infarct volumes. Using similar preprocessing and cross
validation with RF, the negative MSE was used as a score and
maximized for optimal RF model. The relative importance of the
predictors were also obtained for this task.

Stroke Outcomes of Infarct and Edema
Volumes
Noncontrast head CT and CTA of the head and neck were
obtained upon presentation to the emergency department during
initial assessment for acute ischemic stroke. Siemens SOMATOM
Definition Edge and SOMATOM Force CT scanners were used
for all CT studies. CTA collateral scores were determined
using maximum intensity projection images from CTA of the
head with a scoring system described in previous work by
Souza et al. (29). MRI and CT of the head without contrast
were obtained following thrombectomy. MRI was performed
using Siemens MAGNETOM Aera and MAGNETOM Skyra
machines at magnetic field strength of 1.5 and 3.0 Tesla,
respectively. Hemorrhage grade, infarct volume, and edema
volume were determined on post-thrombectomy MRI of the
head or CT of the head if MRI was unavailable. Hemorrhage
grade was determined using a grading scale described by
Hacke et al. (30). Infarct volumes and edema volumes were
calculated using post-thrombectomy MRI, or using CT if MRI
was unavailable. Imaging included the entire brain on both
MRI and CT examinations, and all images/slices were visually
assessed for infarction or edema. When MRI was available,
diffusion weighted images (DWI) were used to calculate infarct
volumes, and T2 FLAIR images were used to calculate edema
volumes. The areas of abnormal signal (restricted diffusion
on DWI or hyperintense signal on T2 FLAIR) were manually
segmented and analyzed to determine volume using ITK-SNAP

software (www.itksnap.org) (31). When MRI was unavailable,
CT of the head was used to calculate both infarct and edema
volume. As infarct and edema were indistinguishable on CT,
the same value was used for both after manually segmenting
the area of abnormal hypoattenuation using ITK-SNAP. All
imaging assessment, including hemorrhage grade, CTA collateral
score, infarct volume, and edema volume was performed by an
experienced neuroradiologist in a blinded fashion.

RESULTS

Sample Characteristics
Twenty-eight subjects underwent mechanical thrombectomy
during the study period. The mean age of our subjects were 66
± 15.48 years, primarily female (61%), and the majority were
Caucasian (86%).Table 1 presents baseline subject characteristics
and comparisons based on sex. Similarities were exhibited
between the subjects for BMI, comorbidities (hypertension, atrial
fibrillation, type 2 diabetes, hyperlipidemia, previous stroke,
chronic obstructive pulmonary disease, and coronary artery
disease), smoking status, stroke location, hemorrhagic grade,
CTA collateral scores, infarct and edema volumes. The NIHSS
on average went from admission score of 17 ± 6.56 to discharge
score of 11± 9.54 post-thrombectomy. More males (81.8%) than
females (41.2%) exhibited full perfusion to the occluded artery
post-thrombectomy with a TICI score of 3 (p= 0.034). The mean
infarct time (LKN to thrombectomy completion time) for males
was∼7 h vs. almost 10 h for females (p= 0.093).

Prediction of Infarct Volume With Machine
Learning
For predicting infarct volume, the covariates including all 84
genes and the 10 demographic variables are all ranked in
importance scores. For the ranked top k, k= 1–84, covariates we
perform 5-fold CVs to find the optimal RF model and obtain the
corresponding optimal performance, which is scored in negative
MSE. The importance values of the top 10 covariates, 10 for
predictive analysis of infarct volume are given in Table 2. They
are in descending order as follows: CCR4, IFNA2, IL-9, CXCL3,
age, type 2 diabetes (T2DM), IL-7, CCL4, BMI, IL-5, CCR3,
TNFα, and IL-27.

Prediction of Edema Volume With Machine
Learning
For predictive analysis of edema volume, in a similar way to
the predictive analysis of infarct volume, we obtain the optimal
performance for the top k covariates, k = 1–84. The importance
values of the top 10 most important covariates are shown in
Table 3. They are in descending order as follows: IFNA2, IL-
5, CCL11, IL-17C, CCR4, IL-9, IL-7, CCR3, IL-27, T2DM,
and CSF2.

When using infarct and edema volumes as outcome variables,
we observed selected gene subsets for these two predictive
analysis have a significant overlap. The intersection of the top
10 genes from the two stroke outcomes are seven genes with
T2DM, these include CCR4, IFNA2, IL-9, IL-7, IL-5, CCR3, and
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TABLE 1 | Baseline demographics and characteristics for ischemic stroke

subjects.

Males

(n = 11)

Females

(n = 17)

p-value

Age (years) 68 ± 17.07 64 ± 14.77 0.606

Ethnicity

African-American 2 (18.2) 0 (0.0) 0.072

Caucasian 9 (81.8) 15 (88.2) 0.650

Unknown 0 (0.0) 2 (11.8) 0.254

BMI

Under/normal weight 4 (36.4) 9 (52.9) 0.409

Overweight 6 (54.5) 6 (35.3) 0.333

Obese 0 (0.0) 0 (0.0) –

Morbidly obese 1 (9.1) 2 (11.8) 0.831

Comorbidities

Hypertension 4 (36.4) 11 (64.7) 0.346

Atrial fibrillation 3 (27.3) 5 (29.4) 0.907

Diabetes 1 (9.1) 6 (35.3) 0.127

Hyperlipidemia 3 (27.3) 2 (11.8) 0.313

Previous stroke 2 (18.2) 3 (17.6) 0.973

COPD 1 (9.1) 3 (17.6) 0.545

CAD 3 (27.3) 1 (5.9) 0.123

Smoking status

Never 5 (45.5) 11 (64.7) 0.333

Currently 4 (36.4) 4 (23.5) 0.481

Previously (>6 months) 2 (18.2) 2 (11.8) 0.650

NIHSS on admission 17 ± 8.04 16 ± 5.65 0.732

Minor stroke (1-4) 2 (18.2) 1 (5.9) 0.322

Moderate stroke (5-15) 3 (27.3) 6 (35.3) 0.671

Moderate/severe (16-20) 2 (18.2) 6 (35.3) 0.346

Severe stroke (≥21) 4 (36.4) 4 (23.5) 0.481

NIHSS at discharge 14 ± 14.21 9 ± 7.32 0.249

Minor stroke (1-4) 4 (36.4) 6 (35.3) 0.808

Moderate stroke (5-15) 4 (36.4) 7 (41.2) 0.818

Moderate/severe (16-20) 1 (9.1) 2 (11.8) 0.838

Severe stroke (≥21) 2 (18.2) 1 (5.9) 0.322

TICI score

2A ≤ 50% Perfusion 0 (0.0) 1 (5.9) 0.432

2B ≥ 50% Perfusion 2 (18.2) 9 (52.9) 0.070

3 = Full perfusion 9 (81.8) 7 (41.2) 0.034

LKN to thrombectomy

completion time

(minutes)

416 ± 231.88 582 ± 249.06 0.093

Stroke location

Left MCA 4 (36.4) 8 (47.1) 0.576

Right MCA 6 (54.5) 8 (47.1) 0.699

Basilar 1 (9.1) 1 (5.9) 0.747

Infarct volume (cm3) 87.90 ± 104.58 48.33 ± 62.30 0.219

Edema volume (cm3) 98.60 ± 116.01 48.52 ± 61.23 0.147

Hemorrhagic grade

None

4 (36.4) 4 (23.5) 0.481

HI1 4 (36.4) 7 (41.2) 0.808

H12 1 (9.1) 6 (35.3) 0.127

PH1 1 (9.1) 0 (0.0) 0.220

PH2 1 (9.1) 0 (0.0) 0.220

(Continued)

TABLE 1 | Continued

Males

(n = 11)

Females

(n = 17)

p-value

CTA collateral score

0 3 (27.3) 2 (11.8) 0.650

1 5 (45.5) 11 (64.7) 0.333

2 3 (27.3) 4 (23.5) 0.748

Values are mean ± SD or (%). Comparisons were performed with independent t-tests,

Chi-square, or Fisher exact tests based on distribution of data.

TABLE 2 | Importance values of top 10 variables for predicting infarct volume.

CCR4 0.077

IFNA2 0.063

IL-9 0.053

CXCL3 0.045

Age 0.038

Type 2 diabetes 0.036

IL-7 0.034

CCL4 0.029

BMI 0.028

IL-5 0.027

CCR3 0.023

TNFα 0.022

IL-27 0.021

TABLE 3 | Importance values of top 10 variables for predicting edema volume.

IFNA2 0.074

IL-5 0.070

CCL11 0.057

IL-17C 0.045

CCR4 0.045

IL9 0.044

IL-7 0.036

CCR3 0.035

IL-27 0.033

Type 2 diabetes 0.032

CSF2 0.025

IL-27. This overlapping subset of genes were regarded as themost
important associations at the time of mechanical thrombectomy.

Prediction of Stroke Outcomes With
Multiple Linear Regression
To validate this overlapping subset of genes, we perform ordinary
least squares (OLS) regression analysis with the top seven
covariates. The OLS results for predictors of infarct volume and
edema volume are shown in Tables 4, 5, respectively. To note,
the OLS was a statistical model that assumes a linear relationship
between the predictive outcome and the covariates. In contrast,
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TABLE 4 | OLS regression variables predicting infarct volume (n = 28).

Variable β P-value

CCR4 −0.733 0.740

IFNa2 −0.104 0.793

IL-9 12.146 0.017

Type 2 diabetes 69.942 0.026

IL-7 −5.277 0.217

IL-5 1.205 0.233

CCR3 −0.084 0.855

IL-27 −0.683 0.549

R2 = 0.654, adjusted R2 = 0.533, df = 8, F = 5.396, p = 0.001.

Durbin-Watson = 1.83.

TABLE 5 | OLS regression variables predicting edema volume (n = 28).

Variable β P-value

CCR4 −1.987 0.486

IFNa2 −0.099 0.848

IL-9 13.127 0.040

Type 2 Diabetes 57.469 0.140

IL-7 −8.326 0.134

IL-5 2.109 0.110

CCR3 0.083 0.889

IL-27 −0.729 0.693

R2 = 0.507, adjusted R2 = 0.334, df = 8, F = 2.938, p = 0.028.

Durbin-Watson = 1.69.

the machine learning model was capable of capturing potentially
highly non-linear relationship between the outcome and the
covariates (32, 33). Therefore, OLS may partially capture the
association between the outcomes and the covariates. IL-9 and
T2DM were predictors for infarct volume [F(8,27 = 5.396, p =

0.001). These predictors for infarct volume explained 53% of the
total variance in the model (Table 4). Similarly, we performed the
OLS analysis for predictors of edema volume. IL-9 was a predictor
for edema volume [F(8,27= 2.938, p= 0.028). IL-9 explains 33%
of the total variance found in the model (Table 5).

Gene Expression of Inflammatory Markers
and Ingenuity Pathways Analysis
Ten inflammatory genes (CCR4, IFNA2, IL-9, CXCL3, IL-
7, CCL4, IL-5, CCR3, TNFα, and IL-27) were recognized as
predictors for infarct volume had mean fold change ranging
from 2.56 to 35.06. While the inflammatory genes (IFNA2, IL-
5, CCL11, IL-17C, CCR4, IL-9, IL-7, CCR3, IL-27, and CSF2)
that were identified as predictors for edema volume had mean
fold change ranging from 3.98 to 42.61. The seven important
predictor genes (CCR4, IFNA2, IL-9, IL-7, IL-5, CCR3, and IL-
27) that overlapped both stroke outcomes had mean fold change
ranging from 3.98 to 35.06.

The mean fold changes for the 13 genes were analyzed
through the use of Ingenuity Pathway Analysis (IPA) software
(Qiagen Inc., https://www.qiagenbioinformatics.com/products/

FIGURE 1 | Ingenuity pathway analysis predicts the upstream and

downstream effects of activation or inhibition of the 13 genes from the distal

blood in a network. A red box indicates the gene is more extreme in the

dataset, while different shades of pink mean the gene is measured less in the

dataset. An orange box indicates the gene has more confidence in predicted

activation. Directional orange arrows indicate which gene leads to activation of

another gene. Yellow arrows indicate the findings are inconsistent with

downstream gene.

ingenuity-pathway-analysis) (34). IPA predicts the upstream
and downstream effects of activation or inhibition of the
13 genes from the distal blood in a pathway network. The
overall inflammatory chemokine/cytokine pattern from the distal
blood characterizes amicroenvironment for chemoattraction and
proliferation of immune cells, particularly in Th2 response and
neutrophils (Figure 1).

DISCUSSION

Our results revealed insights to the initial inflammatory response
to ischemic stroke in stroke patients. Arterial blood samples were
collected at one of the earliest timepoints (∼8 h and 35min from
LKN to thrombectomy completion time or infarct time) during
an ongoing stroke. Expression of 13 cytokines and chemokines
were induced over 2-fold in the distal blood relative to levels in
the proximal blood. Machine learning identified 10 genes, along
with age, T2DM, and BMI for predictors of infarct volume and 10
genes with T2DM for predictors of edema volume. In addition,
there was an overlap with seven genes and T2DM as predictors
for both stroke outcomes.

These seven genes are related to the Th2 response, which is a
T-cell response associated with allergy, cancer, and autoimmunity
(35, 36). One study has shown a systemic shift of the immune
system toward Th2 response at the late post-acute phase in
stroke patients after examining their peripheral venous blood
(37). IFNA2 is primarily produced by dendritic cells (38). This
cytokine is targeted as a treatment for the autoimmune disease,
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systemic lupus erythematosus (39). Exposure to INFA2 has
been linked to causing edema and been shown to induce the
production of cytokine IL-7 (40–42). IL-7 is required for T-
cell development and function (43, 44). The expression of IL-
4, a classic marker for Th2 cells, is increased by IL-7 and is
a direct cause of edema (45, 46). This cytokine’s activity is
targeted for diseases related to pathogenic T-cells (47). Th2 cells
express both CCR3 and CCR4 receptors that bind chemokines
to direct their migration to the site of injury or infection (48,
49). CCR3 is a chemokine receptor that has been shown to
mediate neuronal injury after ischemic insult (50). At least eight
different chemokines recognize this receptor and has shown
that its activation enhances choroidal neovascularization and
trafficking of eosinophils (51). Pharmaceutical companies have
targeted this receptor for the treatment of severe asthma (52).
CCR4 is another chemokine receptor and CCL17 and CCL22
are identified as high affinity ligands (53). This receptor is
highly expressed in thymus and peripheral blood leukocytes,
and is targeted for treatment in T-cell leukemia and peripheral
T-cell lymphoma (54). The cytokines, IL-5 and IL-9 are both
expressed and secreted by Th2 cells and are linked to edema
and infarct volume, respectively (55, 56). IL-5 is produced in
female mice express higher levels in the spleen relative to males
(57). Antagonists to IL-5 have been produced for the treatment
of severe asthma (58). Patients suffering from asthma have
higher levels of IL-9 producing T-cells in their peripheral blood
(59). While not targeted in a current treatment, systemically
applied neutralizing antibodies reduces infarct (56). Cytokine,
IL-27 has both pro-and anti-inflammatory effects and the main
source of activation is by antigen-presenting cells (60). IL-27
activates an inflammatory response by inducing CD4+ T-cells
into a Th1 response (61–64). However, IL-27 can also suppress
Th17 differentiation and inhibit inflammation enhancing a
Th2 response (65–68). In an experimental stroke model, mice
were administered IL-27 injections post-intracranial hemorrhage
(ICH) and demonstrated improved behavior tests, mobility, and
reduced edema around the hemorrhage sites (69).

Several limitations to this study should be noted. The sample
for this study was small and subjects were mostly Caucasian
due to hospital location. There was a potential for sampling bias
since this was a non-probability strategy and based on completed
mechanical thrombectomy procedures. A more diverse and
larger sample size is warranted in future studies. Standard
of care imaging for infarct and edema volumes were based
on CT and/or MRI imaging post-thrombectomy. Additional
imaging at discharge for comparison is warranted to understand
how thrombectomy relates to these stroke outcomes. Follow-
up assessment would be helpful to address subject’s long-term
recovery and functional status.

CONCLUSION

The machine learning (ML) algorithm has uncovered a
molecular/cellular signaling pathway that the literature supports

its relationship with the facilitation of infarct volume and edema.
Despite significant funding for stroke drug discovery, tPA and
mechanical thrombectomy are the only treatments. Identifying
the initial activators of the inflammatory response to stroke could
be therapeutic targets for treatment. The inhibition of these early
inflammatory events has the potential to block the inflammatory
cascade that occurs after a stroke that recruits the peripheral
immune system, which is involved in neurodegeneration that
lasts days afterward. The ML method has determined several
related genes are predictors of edema and infarct volume in
acute ischemic stroke patients. Thus, the use of ML to determine
molecular predictors from ischemic blood could initiate a new
approach for drug discovery in the field of stroke. Future studies
will utilize ML methods and examine expression of genes that
predict long-term functional outcomes.
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University School of Medicine, Shanghai, China, 2Departments of Pharmacology and Experimental Neuroscience, University
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Cerebral ischemia induces a robust neuroinflammatory response that is largely

mediated by the activation of CNS resident microglia. Activated microglia produce

pro-inflammatory molecules to cause neuronal damage. Identifying regulators of

microglial activation bears great potential in discovering promising candidates for

neuroprotection post cerebral ischemia. Previous studies demonstrate abnormal

elevation of glutaminase 1 (GLS1) in microglia in chronic CNS disorders including

Alzheimer’s disease and HIV-associated neurocognitive disorders. Ectopic expression

of GLS1 induced microglia polarization into pro-inflammatory phenotype and exosome

release in vitro. However, whether GLS1 is involved in neuroinflammation in acute

brain injury remains unknown. Here, we observed activation of microglia, elevation of

GLS1 expression, and accumulation of pro-inflammatory exosomes in rat brains 72 h

post focal cerebral ischemia. Treatment with CB839, a glutaminase inhibitor, reversed

ischemia-induced microglial activation, inflammatory response, and exosome release.

Furthermore, we found that the application of exosome secretion inhibitor, GW4869,

displayed similar anti-inflammatory effects to that of CB839, suggesting GLS1-mediated

exosome release may play an important role in the formation of neuroinflammatory

microenvironment. Therefore, GLS1 may serve as a key mediator and promising target

of neuroinflammatory response in cerebral ischemia.

Keywords: focal cerebral ischemia, glutaminase 1, microglial activation, brain inflammation, glutaminase

inhibitor, exosome

INTRODUCTION

Ischemic stroke (IS) is one of the most common causes of mortality and disability worldwide,
and an important threat to patient health and quality of life (1). Microglia respond rapidly to
brain injury including ischemia to produce excessive pro-inflammatory and neuro-modulatory
cytokines such as tumor necrosis factor (TNF) and interleukin family members (2, 3). The elevation
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of pro-inflammatory cytokine levels in brain tissue and
cerebrospinal fluid (CSF) exacerbates neuroinflammation,
which eventually causes neuronal damage (4, 5). The activated
innate immune response acts as a hallmark for the progression of
cerebral ischemia injury in whichmicroglia, the resident immune
cells of the central nervous system (CNS), play a key role (6).
Microglia are sensors to detect abnormal alterations in response
to internal and external insults in the brain. The activation of
microglia is the core of neuroinflammation, which forms the first
line of defense for brain injury or disease (7, 8). It is widely known
that microglial activation can be induced by extrinsic factors
such as amyloid peptides (Aβ) accumulation, virus infection,
and lipopolysaccharide (LPS) stimulation, but the intracellular
mechanisms that mediate the activation process remain
controversial (9, 10).

Glutaminase 1 (GLS1) is a mitochondrial enzyme that
catalyzes the hydrolysis of glutamine to produce glutamate in
the CNS (11). We previously observed abnormal elevation of
GLS1 protein levels in activated microglia in the early AD
mouse brains and the HIV-1-associated dementia patient brains
(9, 10). The ectopic expression of GLS1 in neural stem cells
and their differentiated cell causes chronic neuroinflammation,
synaptic dysfunctions, and learning deficits in a transgenic
mouse model (12). Besides, GLS1 induces pro-inflammatory
response and exosome release of primary microglia (10). These
exosomes exhibit pro-inflammatory effects when co-cultured
with resting microglia. Thus, our previous studies demonstrated
the strong association of inflammatory response with the GLS1
expression levels in vitro and in chronic brain injury models.
However, it remains unknown whether GLS1 is involved in
the formation of pro-inflammatory environment in acute brain
damage and how this GLS1-induced neuroinflammatory cascade
progresses in vivo.

In this study, we found that the expression levels of
GLS1 were up-regulated in rat focal cerebral ischemic
brains, positively correlated with increased expression
of pro-inflammatory markers. The inhibition of GLS1
activity by CB839 reduced the infarction volume and
alleviated inflammatory response post cerebral ischemia,
demonstrating the essential roles of GLS1 in mediating the
neuroinflammation in vivo. We next demonstrated that GLS1
modulated neuroinflammation via regulating the release of
pro-inflammatory exosomes, ascertained by the reduction of
exosome release after CB839 treatment and the alleviation
of inflammatory response post exosome release inhibitor,
GW4869, treatment. Our results provide the first direct evidence
for the involvement of GLS1 in acute neuroinflammation in
the brain.

Abbreviations: Aβ, amyloid peptides; AD, Alzheimer’s disease; CCA, common

carotid artery; CNS, central nervous system; CSF, cerebrospinal fluid; ECA,

external carotid artery; Flot1, flotillin-1; GLS1, glutaminase 1; HAND, HIV-1-

associated neurocognitive disorders; ICA, internal carotid artery; IS, ischemic

stroke; LPS, lipopolysaccharide; MCAO, middle cerebral artery occlusion;

NTA, nanoparticle tracking analysis; ROS, reactive oxygen species; RT, room

temperature; TNF, tumor necrosis factor; TTC, triphenyltetrazolium chloride.

MATERIALS AND METHODS

Rats
Sprague Dawley rats were housed and bred in the Comparative
Medicine animal facilities of Tongji University School of
Medicine. All procedures were conducted according to protocols
approved by the Institutional Animal Care andUse Committee of
Tongji University School of Medicine [reference number: SYXK
(HU) 2014-0026].

Focal Cerebral Ischemia and Drug
Administration
Rats were anesthetized with 10% chloralhydrate. Rectal
temperature contralateral to middle cerebral artery occlusion
(MCAO) were monitored continuously and maintained at
37.0 ± 0.5◦C with heating pads. Ischemia was induced by
MCAO with monofilament nylon suture. The right external
carotid artery (ECA) was ligated with 6-0 silk suture, the right
common carotid artery (CCA) and internal carotid artery (ICA)
was isolated and separated from the vagus nerve. 0.26mm
monofilament nylon suture with a kink 19 ± 1mm from its
rounded polylysine-coated tip was introduced from CCA into
ICA, to occlude the origin of the right middle cerebral artery
(MCA). The nylon suture was fixed and the wound was closed.
After 90min of occlusion, the suture was removed to allow
reperfusion. Sham-operated rats underwent identical surgery
except that the suture was not inserted. CB839 and GW4869
were administrated 2 h post reperfusion intraperitoneally. Seven
days after reperfusion, rats were anesthetized and perfused with
4% paraformaldehyde. Brain tissues were removed and sectioned
for immunohistochemical analysis.

TTC Assessment of Infarct Size
Twenty rats were used for assessing infarct size (5 rats for each
group). The rats were killed at 7 days after MCAO and drug
treatment. The brains were rapidly removed, frozen at −20◦C
for 30min. Two millimeters of thick coronal sections of the brain
were then cut in a rat brainmatrix starting at the frontal pole. The
sections were incubated with 2% triphenyltetrazolium chloride
(TTC) in dark for 30min at 37◦C. After this, sections were fixed
in 4% buffered formaldehyde solution for 20min. The cerebral
infarct area was outlined in white in sham and experimental
rats. Infarct areas in each section were measured using Image J
software. Cerebral infarct volumewasmeasured as the percentage
of the total contralateral hemisphere.

Protein Extraction and Western Blot
Rats were euthanized and their brains were removed and
homogenized by a homogenizer in the M-PER Protein
Extraction Buffer (Pierce) containing a protease inhibitor
cocktail (Sigma). Protein concentrations were determined with a
BCA Protein Assay Kit (Pierce). Proteins (5–10 µg) from tissue
lysates or proteins (20–30 µg) from cell lysates were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and electrophoretic transferred to polyvinyldifluoridene
membranes (Millipore and Bio-Rad). Proteins were treated
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with purified primary antibodies for CD86 (rabbit, cat#ab86392,
Abcam, 1:1,000), GLS1 (rabbit, cat#ab156876, Abcam, 1:1,000),
CD206 (mouse, cat#AF2535, R&D Systems, 1:500), CD9
(rabbit, cat#ab223052, Abcam, 1:1,000), Flotillin-1 (mouse,
cat#610820, BD Biosciences, 1:1,000), TNFα (rabbit, cat#ab6671,
Abcam, 1:1,000), Cox2 (rabbit, cat#ab15191, Abcam, 1:100),
or β-actin (Sigma) overnight at 4◦C followed by a horseradish
peroxidase-linked secondary anti-rabbit or anti-mouse antibody
(Cell Signaling Technologies, 1:10,000). Antigen-antibody
complexes were visualized by Pierce ECL Western Blotting
Substrate (Thermo Fisher Scientific, Waltham, MA). For data
quantification, films were scanned with a CanonScan 9950F
scanner; the acquired images were then analyzed on a Macintosh
computer using the free public domain NIH ImageJ program
(at http://rsb.info.nih.gov/nih-image/).

Immunocytochemistry
Immunocytochemistry was done as previously described (13).
Briefly, tissue sections were fixed in 4% paraformaldehyde
(Sigma) for 15min at room temperature (RT), washed 3 times
with PBS (Fisher), and incubated with permeabilizing and
blocking buffer containing 5% goat serum (Vector Laboratories)
and 0.2% Triton X-100 (Bio-Rad) in PBS for 1 h at RT. Fixed
tissue sections were incubated with primary antibody for GLS1
(rabbit, cat#ab156876, Abcam, 1:1,000) or Iba1 (goat, cat#
ab5076, Abcam, 1:500) overnight at 4◦C. The next day, tissue

sections were washed with PBS and incubated with secondary
antibodies (Molecular Probes) for 1 h at RT. Samples were
mounted using Vecta-Shield (Vector Laboratories). Images were
taken using a Zeiss AX10 fluorescence microscope accompanied
with ZEN 2.3 (blue edition) software.

Isolation of Exosomes
Exosomes were isolated from brain extracellular spaces as
previously described (14). Fresh rat brains were dissected and
treated with 20 units/ml papain (Worthington) in Hibernate
E solution (6 ml/brain; BrainBits, Springfield, IL) for 15min
at 37◦C. The brain tissue was gently homogenized in 2
volumes (12 ml/brain) of cold Hibernate E solution. The
brain homogenate was sequentially filtered through a 40µm
mesh filter (BD Biosciences) and a 0.2µm syringe filter
(Thermo Scientific). The filtrate was centrifuged at 300× g
for 10min, then at 3,000× g for 20min, and 10,000× g for
30min. Exosomes were collected through ultracentrifugation at
100,000× g for 2 h. All centrifugation steps were performed
at 4◦C.

Nanoparticle Tracking Analysis (NTA)
The size and number of exosomes isolated from brain
extracellular spaces were determined as previously described
(10). Briefly, 20 µl exosome suspension was diluted into 1ml
solution and then used for NanoSight analysis. NTA was done

FIGURE 1 | Focal cerebral ischemia induces neuroinflammation. (A) Serial coronal slices of sham-operated and MCAO rat brains. TTC staining showed red healthy

zones and pale infarcted regions. (B,C) Focal cerebral ischemic brains and their sham controls were removed after intracranial perfusion and prepared for

immunofluorescence staining. Representative pictures of Iba1 immunoreactivities in the hippocampus (B) and cortex (C) of focal cerebral ischemic rat brain sections

and control rat brain sections were shown. Proportions of cells with Iba1 immunoreactivities were given on the right panel. (D–F) Representative blot and

quantification of CD86 and CD206 protein expression levels in ischemic infarction (D), ischemic penumbra (E), and hippocampus (F). Scale bar: 20µm. Western blot

data were normalized to β-actin and presented as fold change compared with those in sham rat brain. Error bars denote s.d. from triplicate measurements. *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001 by two-tailed t-test (n = 9).
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FIGURE 2 | Up-regulation of GLS1 in focal cerebral ischemic brain. (A–C) Representative blot and quantification of GLS1 protein expression levels in ischemic

infarction (A), ischemic penumbra (B), and hippocampus (C). (D,E) Focal cerebral ischemic brains and their sham controls were removed after intracranial perfusion

and prepared for immunofluorescence staining. Representative pictures of GLS1 and Iba1 immunoreactivities in the hippocampus (D) and cortex (E) of focal cerebral

ischemic rat brain sections and control rat brain sections were shown. Images at the lower panels were high-magnification images of the corresponding small box

area from the upper panels. Quantification of Iba1+/GLS1+ cells among total cells or Iba1+ cells co-expressing GLS1 immunoreactivities was provided on the right

panel. Scale bar: 100µm. Data were normalized to β-actin and presented as fold change compared with those in sham rat brain. Error bars denote s.d. from triplicate

measurements. *p < 0.05, ***p < 0.001, and ****p < 0.0001 by two-tailed t-test (n = 9).

on NanoSight NS300 system (Malvern Instruments, UK) with
a sCMOS camera. The conditions of the measurements were
set at 25◦C, 1 cP viscosity, 25 s per capture frame and 60 s
for measurement time. Three individual measurements were
performed for measuring sizes and concentrations of exosomes.

Statistical Analyses
Data from two groups were evaluated statistically by two-tailed,
unpaired student t-test. Data were shown as mean ± s.d., and
significance was determined as p < 0.05.

RESULTS

Focal Cerebral Ischemia Induces Microglial
Activation and Neuroinflammation
To explore whether focal cerebral ischemia induces microglial
activation, neuroinflammation, rats were subjected to MCAO.
MCAO was validated by TTC staining, where cortical
infarction could be observed 7 days post MCAO (Figure 1A).
Immunohistochemical analysis revealed more Iba1+ cells
in the hippocampus (Figure 1B) and cortex (Figure 1C) of
focal cerebral ischemic brain sections, compared with sham

control, revealing the activation of microglia in ischemic brain.
The levels of the pro-inflammatory marker CD86 and that
of anti-inflammatory marker CD206 were used as indicators
of neuroinflammation. We found that MCAO significantly
enhanced the expression of CD86 and inhibited that of
CD206, in ischemic infarction (Figure 1D), ischemic penumbra
(Figure 1E), and hippocampus (Figure 1F) in the ischemic brain
hemisphere, suggesting neuroinflammation is induced by focal
cerebral ischemia.

GLS1 Expression Is Elevated in Focal
Cerebral Ischemic
The expression of GLS1 was determined by western blot.
The abnormal elevation of GLS1 was observed in all tested
brain regions post cerebral ischemia, displaying a positive
correlation with the increase of pro-inflammatory microglial
phenotype (Figures 2A–C). More importantly, GLS1 was
found evidently co-localized with Iba1+ microglia in the
hippocampus (Figure 2D) and cortex (Figure 2E) of focal
cerebral ischemic brain sections. Quantification results further
suggested an increase of the proportions of GLS1+/Iba1+

cells in total brain cells and activated microglia. Thus,
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FIGURE 3 | GLS1 inhibition by CB839 alleviates neuroinflammation. (A) TTC staining of rat brain serial coronal slices in sham, ischemia, and ischemia with CB839

treatment groups. Infarction volume is given on the right panel. (B,C) Focal cerebral ischemic brains treat with or without CB839 and their sham controls were

(Continued)
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FIGURE 3 | removed after intracranial perfusion and prepared for immunofluorescence staining. Representative pictures of Iba1 expression in the hippocampus (B)

and cortex (C) of all three groups were shown. Proportions of cells with Iba1 immunoreactivities were given on the right panel. (D–F) Representative blot and

quantification of CD86 and CD206 protein expression levels in ischemic infarction (D), ischemic penumbra (E), and hippocampus (F). Scale bar: 20µm. Western blot

data were normalized to β-actin and presented as fold change compared with those in sham rat brain. Error bars denote s.d. from triplicate measurements. *p < 0.05,

**p < 0.01, and ****p < 0.0001 by two-tailed t-test (n = 9). #p < 0.05, ##p < 0.01, and ####p < 0.0001 vs. the ischemia with DMSO treatment group by

two-tailed t-test (n = 9).

FIGURE 4 | Focal cerebral ischemia induces exosome release. Exosomes were collected from ischemic and sham brain tissues for NTA (A) and western blot (B)

analyses. (A) The concentration of exosome suspension was determined by NTA. (B) Representative immunoblots of CD9, Flot1, TNFα, Cox2, and GLS1 were shown

along with quantifications of protein expression levels. Western blot data were presented as fold change compared with those in sham rat brains. Error bars denote

s.d. from triplicate measurements. *p < 0.05 and **p < 0.01 by two-tailed t-test (n = 9).

these data demonstrate an elevation of GLS1 in microglia
after MCAO, implying for the involvement of GLS1
in neuroinflammation.

GLS1 Mediates Neuroinflammation in
Focal Cerebral Ischemic Brain
In order to determine whether GLS1 is involved in
microglial activation and neuroinflammation after MCAO,
we administrated CB839, a commonly used GLS1 inhibitor,
into MCAO rats intraperitoneally 2 h after surgery. After seven
days of continuous CD839 administration, rats were sacrificed
and postmortem TTC staining was performed (Figure 3A). The
infarction ratio is significantly decreased in CB839 treatment
groups vs. controls, suggesting the neuroprotective effects of
CB839 by reducing infarction volume. Immunohistochemical
analysis revealed that CB839 treatment reversed the positive
effects of MCAO on microglial activation, ascertained by the
reduction of cells expressing Iba1 immunoreactivities in both

cortex (Figure 3B) and hippocampus (Figure 3C) of MCAO
rat brain after 7 days CB839 intraperitoneal administration,
compared with MCAO with DMSO treatment group. Protein
analyses revealed that the expression of CD86 decreased and that
of CD206 increased in the infarction region of CB839-injected
MCAO rat brain, compared with MCAO group (Figure 3D).
Similar expression patterns were observed in ischemic penumbra
(Figure 3E) and hippocampus (Figure 3F), when comparing
CB839-injectedMCAO group with corresponding control group.
Thus, our findings demonstrate that GLS1 is involved in the
activation of microglia, formation of neuroinflammation,
and the consequent neuronal damage in focal cerebral
ischemic brains.

Focal Cerebral Ischemia Induces
Pro-Inflammatory Exosome Release
We previously found that exosomes play an essential role in the
activation of microglia and the formation of pro-inflammatory
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FIGURE 5 | GLS1 inhibition by CB839 suppresses exosome release. Seven days post either DMSO or CB839 administration, exosomes were collected from

ischemic and sham brain extracellular spaces for NTA (A) and western blot (B) analyses. (A) The concentration of exosome suspension was determined by NTA. (B)

Representative immunoblots of CD9 and Flot1 were shown along with quantifications of protein expression levels. Data were presented as fold change compared with

those in sham rat brains. Error bars denote s.d. from triplicate measurements. *p < 0.05 by two-tailed t-test (n = 9). #p < 0.05 and ##p < 0.01 vs. the ischemia

with DMSO treatment group by two-tailed t-test (n = 9).

microenvironment in vitro (10, 15). To understand the
involvement of exosomes in post-ischemia neuroinflammation
in vivo, we firstly examined whether or not the release of
exosomes are altered post focal cerebral ischemia. Exosomes
were collected from right hemispherical extracellular spaces of
individual sham and ischemic rats and suspended in constant
volume. NTA revealed that, though the exosome sizes were
similar between sham and ischemia groups, the concentrations of
exosome were significantly higher in ischemia group compared
to the sham control (Figure 4A). Consistent with the data on
NTA, western blot analysis demonstrated that the expression
levels of exosome markers CD9 and Flot1 were significant
higher in ischemia group, compared to sham control, confirming
an increase of exosome release post ischemia (Figure 4B).
We also tested the contents of exosomes released from sham
and ischemia groups. Quantitative results of western blot
demonstrated that the levels of TNFα, a pro-inflammatory
cytokines, and cyclooxygenase-2 (Cox2), a key enzyme that
mediates inflammatory signaling, were significantly higher in
ischemia group vs. control. Interestingly, we found that GLS1
levels in ischemic brain derived exosomes were higher than
that in sham brain derived exosomes. Thus, our observations

suggested that focal cerebral ischemia enhanced the release
of exosomes and the loading of pro-inflammatory molecules
in exosomes.

GLS1 Mediates Pro-Inflammatory
Exosome Release
Because our previous findings indicate that GLS1 is a key
enzyme in exosomes release of glial cells including microglia
and astrocytes in vitro (16, 17), we examined whether or not
the alteration of exosome release in focal cerebral ischemic
brains is mediated by GLS1. NTA demonstrated that GLS1
inhibition by CB839 administration significantly reduced
the concentration of exosome in ischemic rat brains vs. the
DMSO-treated ischemia group (Figure 5A). Western blot
analysis also revealed that CB839 administration significantly
suppressed the release of exosomes, ascertained by the
reduction of CD9 and Flot1 protein levels in ischemia with
CB839 treatment group, compared with that in ischemia
with DMSO treatment group (Figure 5B). Hence, our
results suggested the important role of GLS1 on exosome
release in vivo.
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FIGURE 6 | GW4869 administration inhibits exosome release. Seven days post either DMSO or GW4869 administration, exosomes were collected from ischemic and

sham brain extracellular spaces for NTA (A) and western blot (B) analyses. (A) The concentration of exosome suspension was determined by NTA. (B) Representative

immunoblots of CD9 and Flot1 were shown along with quantifications of protein expression levels. Western blot data were presented as fold change compared with

those in sham rat brains. Error bars denote s.d. from triplicate measurements. *p < 0.05 by two-tailed t-test (n = 9). #p < 0.05, ##p < 0.01, and ###p < 0.001

vs. the ischemia with DMSO treatment group by two-tailed t-test (n = 9).

The Inhibition of Exosome Release by
GW4869 Alleviates Neuroinflammation in
Focal Cerebral Ischemic Brain
As GLS1 associates with the inflammatory response and
pro-inflammatory exosome release in focal cerebral ischemic
brains, we hypothesized that GLS1 might regulate post-
ischemia neuroinflammation via exosome release. To test our
premise, we administrated GW4869, a neutral sphingomyelinase
inhibitor known to suppress exosome release, into MCAO rats
intraperitoneally 2 h after surgery. Rats were sacrificed after 7
days of continuous GW4869 administration. We firstly tested the
effects of GW4869 treatment on exosome release in vivo. NTA
suggested that GW4869 administration significantly reduced
the concentration of exosome in ischemic rat brains vs. the
ischemia with DMSO treatment control (Figure 6A). Similarly,
western blot analysis revealed lower expression levels of CD9
and Flot1 in exosomes collected from GW4869-treated ischemic
hemispheres, compared with DMSO-treated ischemic ones,
suggesting less exosomes were released in rat brain extracellular
spaces post GW4869 administration (Figure 6B). The cerebral
infarction was assessed by TTC staining, which displayed a
significant reduction in the infarction volume in GW4869-
injected group vs. its corresponding controls (Figure 7A).
More importantly, we observed a reduction of cells expressing
Iba1 immunoreactivities in both cortex and hippocampus of
MCAO rat brain after seven days GW4869 intraperitoneal
administration, compared with MCAO with DMSO treatment
group, suggesting that GW4869 administration achieved a
similar effect as CB839-induced GLS1 inhibition in reversing
microglial activation (Figures 7B,C). Furthermore, GW4869

administration also alleviates neuroinflammation post cerebral
ischemia, ascertained by the decrease of CD86 and increase
of CD206 in all test brain regions in GW4869-treated groups
vs. DMSO-treated groups (Figures 7D–F). Thus, our studies
demonstrated the essential roles of exosomes in the induction
of microglial activation and inflammatory response post MCAO,
implying GLS1-mediated pro-inflammatory exosome release as
a novel mechanism in post-ischemia neuroinflammation and
brain injury.

DISCUSSION

Neuroinflammation is one of the key pathophysiological features
of IS, which involves activation of glial cells in the CNS as well
as production and release of large numbers of inflammatory
molecules (18, 19). Blockade of inflammation is considered a
possible approach to the therapy of cerebral ischemia (20).
For example, inhibition of microglial activation by various
molecules, such as minocycline (21) and reparixin (20), was
shown to result in less neuronal damage. Microglia are the
first line of defenders and inflammatory responders against
pathogens, wounds, and injuries. They contribute to ischemic
damage as being capable of expressing potentially harmful
molecules including pro-inflammatory cytokines (7, 8, 10, 19).
Thus, to identify the cell extrinsic and intrinsic factors that
regulate microglial activation are key to prevent or alleviate
neuroinflammation timely and efficiently.

In the current study, we investigated the effects of GLS1
on inflammatory response to brain injury in vivo, using
focal cerebral ischemia as an acute brain injury model. We
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FIGURE 7 | Exosome release inhibition by GW4869 alleviates neuroinflammation. (A) TTC staining of rat brain serial coronal slices in sham, ischemia, and ischemia

with GW4869 treatment groups. Infarction volume is given on the right panel. (B,C) Focal cerebral ischemic brains treated with or without GW48639 and their sham

(Continued)
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FIGURE 7 | controls were removed after intracranial perfusion and prepared for immunofluorescence staining. Representative pictures of Iba1 expression in the

hippocampus (B) and cortex (C) of all three groups were shown. Proportions of cells with Iba1 immunoreactivities were given on the right panel. (D–F) Representative

blot and quantification of CD86 and CD206 protein expression levels in ischemic infarction (D), ischemic penumbra (E), and hippocampus (F). (G) A schematic

representation of GLS1-mediated neuroinflammation: the up-regulation of GLS1 expression in focal cerebral ischemic brain shifts the resting microglia toward

pro-inflammatory phenotype, but against immunomodulatory one. GLS1 then enhances the release of pro-inflammatory exosomes from pro-inflammatory microglia,

leading to the formation of inflammatory microenvironment, which induces neuronal damage. Scale bar: 20µm. Western blot data were normalized to β-actin and

presented as fold change compared with those in sham rat brain. Error bars denote s.d. from triplicate measurements. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p

< 0.0001 by two-tailed t-test (n = 9). #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. the ischemia with DMSO treatment group by two-tailed t-test (n = 9).

demonstrated a significantly heightened expression of GLS1
in focal cerebral ischemic brain tissues, matching with the
observations of Newcomb et al. (22). The GLS1 expression
patterns are positively correlated with the elevation of pro-
inflammatory molecules. The inhibition of GLS1 activity by
CB839 administration reduced infarction volume and alleviated
inflammation. Importantly, the release of pro-inflammatory
exosomes was enhanced post ischemia, which, can be reversed
by GLS1 inhibitor treatment. Furthermore, the inhibition of
exosome release by GW4869 achieved similar anti-inflammatory
effects as CB839. In all, these results demonstrate a causal effect of
GLS1 overexpression on microglia activation in ischemic brain,
via increased release of exosomes with pro-inflammatory content
(Figure 7G).

GLS1, the primary enzyme responsible for the generation of
glutamate in the CNS, is abundantly expressed in neurons (e.g.,
cortical neurons) (23–25). We, together with other groups, also
observed GLS1 expression in glial cells including astroglia (26)
andmicroglia (9), although with lower levels than that in neurons
(27). Our previous studies suggested that HIV-1 infection induces
GLS1 expression in microglia and macrophages, resulting in
abnormal glutamate production (9, 28). Excessive glutamate
causes excitatory neurotoxicity, ultimately leading to neuronal
loss (9). Our recent studies reveal a critical role of GLS1 in
microglial activation in chronic inflammation conditions, such as
neurodegenerative diseases including Alzheimer’s Disease (AD)
(10) and HIV-1-associated neurocognitive disorders (HAND)
(9). The heightened GLS1 expression was observed in activated
microglia in the mouse brain tissues with early onset of
AD and the brain tissues of HAND patients. The ectopic
expression of GLS1 in primary cultured microglia led to the
activation of microglia and the production of pro-inflammatory
molecules (10). It matches with the reports that the inhibition
of glutamine synthetase, an enzyme with opposite function
of GLS1 in glutaminolysis, shifts of resting microglia to pro-
inflammatory states (29, 30). Interestingly, we found that
overexpression of GLS1 in microglia did not facilitate glutamate
secretion and excessive extracellular glutamate did not induce
microglial activation, suggesting that GLS1 does not regulate
microglial activation through releasing glutamate (10). It is
somehow expected since microglia did not express any inotropic
glutamate receptors, or metabotropic glutamate receptors except
mGluR2/3, leaving them insensitive to extracellular glutamate
(10). Hence, GLS1 presumably regulates microglial activation
via intracellular mechanisms (23). A possible one is that GLS1,
as a mitochondrial enzyme having a key role in cellular
bioenergetics and metabolism, may control the generation

of reactive oxygen species (ROS) via regulating the ratio of
α-ketoglutarate and succinate, two metabolites downstream
of glutaminolysis (31, 32). The production of ROS further
inducesmicroglial activation by exacerbating oxidative stress (33)
and activating signaling pathways including HIFα and Nf-kb
pathways (34).

Our current study suggests an essential pathogenic role of
GLS1 in the formation of pro-inflammatory microenvironment
post ischemia, presumably through regulating exosome release.
Exosomes, a key intercellular communication mediator, have
been detected at an elevated level in the CSF of patients
with chronic neuroinflammation, such as AD, Parkinson’s
disease, and amyotrophic lateral sclerosis (35). Mechanisms
regulating exosome release remain poorly investigated. Our
previous studies reveal an increase in exosomes released
from activated macrophages (17) and microglia (10) in vitro,
which, can be regulated by GLS1. Reducing either the
increased release of exosomes or the heightened expression of
GLS1 significantly reversed the activation of primary cultured
macrophages/microglia. The current study revealed that GLS1
overexpression promoted pro-inflammatory exosome release
post ischemia. The inhibition of either GLS1 activity or exosome
release display similar anti-inflammatory effects, providing in
vivo evidence for the involvement of GLS1-mediated exosome
release in neuroinflammation post ischemia. It is worth-noting
that the treatment of CB839 and GW4869 may also inhibit
exosome release from other cell types beside microglia. But
since the majority of pro-inflammatory molecules are secreted
by activated microglia, it is highly likely that pro-inflammatory
cytokines packaged into exosomes are mainly produced and
released by microglia. Thus, the blockage of exosome release
prevented the spread of cytokines, generated by microglia and
other cell types, in the brain and attenuated the initiation and
progression of neuroinflammation in vivo. Besides, we also found
that GLS1 could be transferred intercellularly via exosomes,
ascertained by western blot analysis of brain-derived exosomes.
These results match with our previous observations in vitro that
HIV-1-infected macrophages and immune-activated microglia
secret GLS1-containing exosomes (15). It is remain unknown
that whether or not GLS1 in exosomes remains active. If so,
the elevation of GLS1 levels in recipient cells may induce over-
production of glutamate. Excessive intracellular glutamate causes
abnormal cell metabolic changes such as ATP production (36)
and ROS accumulation (31) in mitochondria, which leads to
neuronal damage (37), microglial activation (38), and exosome
release (17). And superfluous extracellular glutamate causes
continuous hyperactivation of NMDA receptors in neurons that
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results in neurotoxicity (9). These results suggest that, except
enhancing the selective loading of pro-inflammatory cytokines
and miRNAs (10), GLS1 itself may serve as a harmful molecule
in inducing neuroinflammation and other pathological events.

Due to the importance of GLS1 in neuroinflammation and
neurotoxicity, the potential of clinical translation of GLS1
inhibitors (e.g., CB839, Bptes, JHU-083, etc.) in treating CNS
disorders are currently under investigation. For instance, JHU-
083, a prodrug of a classic GLS1 inhibitor L-DON, inhibits GLS1
activity in microglia to block inflammatory response and prevent
depression-associated behaviors induced by chronic social defeat
stress (39). Our study provided strong evidence that the
inhibition of GLS1 by CB839 also alleviated neuroinflammation
in acute brain injury, indicating bright prospects of GLS1
inhibitors in clinical application.

In all, the current study displayed a heightened expression of
GLS1 in cerebral ischemic rat brain tissues, demonstrated a causal
effect of GLS1 on inflammatory response and exosome release,
and revealed the involvement of GLS1 in neuroinflammation
and brain injury via altering the release and content of
exosomes. These results identified a novel mechanism for the
instigation of neuroinflammation and brain injury post IS,
implying a potential candidate for the intervention and treatment
of stroke.
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Acute ischemic stroke (AIS) is common in patients with cancer, and mounting clinical

evidence suggests that it may shorten the survival of cancer patients. But how stroke

affects the progression of cancer remains unclear. We inoculated B16 tumor cells (2

× 105) subcutaneously before distal middle cerebral artery occlusion (dMCAO) or sham

surgery in C57BL/6mice and found that compared to sham operatedmice, dMCAOmice

developed significantly increased tumor volume and were accompanied by lower survival

rate. To explore the underlying mechanism, we performed RNA-sequencing analysis of

the tumor tissue from mice with or without stroke and found prominent upregulation

of lipocalin 2 (LCN2) in the tumor from stroke mice compared to those from sham mice.

Using quantitative reverse transcription-PCR, we confirmed increased mRNA expression

of LCN2 as well as anti-inflammatory cytokines-Arg1, IL-10, and decreased mRNA level

of pro-inflammatory cytokines-IL-6, IL-23 in the tumor of cancer-bearing stroke mice.

Both immunofluorescence staining and flow cytometry analysis revealed that increased

expression of LCN2 was mainly derived from the polymorphonuclear myeloid derived

suppressor cells (PMN-MDSCs) in the tumor. We also found that stroke reduced the

PMN-MDSCs in the peripheral blood, but increased PMN-MDSCs in the tumor of the

cancer-bearingmice after stroke. In conclusion, cerebral ischemic strokemay exacerbate

cancer progression by increasing LCN2 expression in PMN-MDSCs, which turns out to

be a promising therapeutic target to suppress cancer progression after ischemic stroke.

Keywords: stroke, cancer, myeloid derived suppressed cell, lipocalin 2, neutrophil (PMN), myeloid cell

INTRODUCTION

Cancer is the leading cause of death and a major public health threat all over the world (1). There’s
increasing evidence that active cancer increases short-term risk of stroke, and ischemic stroke can
be the first complication of systemic cancer (2). Furthermore, overall survival after stroke in patients
with cancer has been shown to be shorter. The median survival in cancer bearing stroke patients
is only 4.5 months from the diagnosis of stroke (3). Despite of mounting evidence suggesting
exacerbated cancer progression after stroke, it remains largely unknown the underlying mechanism
how the acute ischemic stroke event alters the progression of cancer.
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Myeloid-derived suppressor cell (MDSC) is a specific
immune suppressive cell population that has been acknowledged
to mediate immunologic tolerance in tumor microenvironment
(TME), such as promoting tumor cell survival, angiogenesis,
invasion of healthy tissue by tumor cells, and metastases (4).
There are two major types of MDSC, polymorphonuclear
MDSC (PMN-MDSC) that are similar to neutrophils, whereas
monocytic MDSC (M-MDSC) similar to monocytes in
morphology and phenotype. Despite the fact that MDSCs
share the same origin and differentiation pathways, these cells
have distinct features and biological roles in a large array
of pathologic conditions ranging from cancer to obesity (5).
PMN-MDSCs are pathologically activated in many diseases, such
as renal cell carcinoma (6), colorectal cancer (7), glioblastoma
(8), and etc. These cells are pivotal for the regulation of immune
responses in cancer, and their presence are associated with poor
prognosis and negative responses to immunotherapy (8, 9).
However, their roles in the context of cancer-bearing stroke
remain undefined.

In this study, we found that acute ischemic stroke induced
by distal middle cerebral artery occlusion (dMCAO) in B16
melanoma mice model significantly exacerbated the cancer
progression. Using RNA-sequencing, we found 18 genes were
significantly upregulated in the tumor of cancer-bearing stroke
mice compared to that in the cancer mice without stroke,
among which, LCN2, an adipokine, which was previously
suggested to play important roles in cancer progression exhibited
significant increase in the mRNA level. Both flow cytometry
and immunofluorescence suggested that ischemic stroke induced
LCN2 expression in PMN-MDSC in the tumor and promoted
the recruitment of PMN-MDSC into the tumor, which may
underlie the increased immune suppressive microenvironment
of the tumor after stroke. These findings suggest that PMN-
MDSC derived LCN2 may potentially serve as an immune
modulatory target for the exacerbated cancer progression in
cancer-related stroke.

METHODS

Mice and Tumor Model
All animal experiments were approved by the Renji Hospital
Institutional Animal Care and Use Committee and performed
in accordance with the Institutional Guide for the Care and
Use of Laboratory Animals. To establish tumor model, B16F10
cells (2 × 105/mice) suspended in 100 µL DMEM were injected
subcutaneously in the left flanks of male 6- to 8-week old
C57BL/6J mice (10). Permanent distant middle cerebral artery
occlusion (dMCAO) surgery was performed at 12–14 days when
the average tumor volume had grown to 800–1,300 mm3. The
tumor volume was measured with caliper and calculated by the
formula for ellipsoid (V= length× width2 × π/6).

Mice Model of Cerebral Ischemic Stroke
Male 6- to 8-week old C57BL/6J mice were purchased from
Shanghai SLAC Laboratory. Focal cerebral ischemia was
generated by permanent dMCAO, plus ipsilateral common
carotid artery (CCA) occlusion. To begin with, mice were

anesthetized with 3% isoflurane in 67%:30% N2O/O2

(induction), until they were unresponsive to the tail pinch
test and then fitted with a nose cone providing 1.5% isoflurane
for anesthesia maintenance. Neck skin was incised at the midline
and the left CCA exposed and ligated. After the neck incision was
sutured, the midline of skin incision in left eye and ear was made.
The temporal muscle was dissected, and a bone window opened
to expose the middle cerebral artery (MCA). The dura matter was
then cut and the distal MCA was coagulated with low-intensity
bipolar electrocautery at the immediate lateral part of the rhinal
fissure. Rectal temperature was controlled at 37.0± 0.5◦C during
surgery and MCA occlusion via a temperature-regulated heating
pad. Animals were randomly assigned to sham and dMCAO
groups through the use of a lottery-drawing box. Sham-operated
animals underwent the same anesthesia and surgical procedures
but were not subjected to dMCAO and CCA occlusion (11).

RNA Sequencing and Bioinformatics of
Transcriptomes
RNA samples were prepared from the tumors tissues of cancer-
only, cancer + stroke (3 animals/group). RNA sequencing was
performed using BGISEQ-500. Briefly, we prepared the libraries
starting with 1 µg total RNA for each sample. After cDNA first
strand synthesis, we amplified the product by 15 cycles. We
then carried out the second size selection operation and selected
103–115 bp fragments from the gel. This step was conducted in
order to purify the PCR product and remove any non-specific
products. After gel purification, we quantified the PCR yield
by Qubit (Invitrogen; Cat No. Q33216) and pooled samples to
make a single strand DNA circle (ssDNA circle), which gave
the final miRNA library. DNA nanoballs (DNBs) were generated
with the ssDNA circle by rolling circle replication (RCR) to
enlarge the fluorescent signals at the sequencing process. The
DNBs were loaded into the patterned nanoarrays and single-end
reads of 50 bp were performed on the BGISEQ-500 platform for
the following data analysis study. For this step, the BGISEQ-
500 platform combines the DNA nanoball-based nanoarrays
and stepwise sequencing using polymerase. The new modified
sequencing approach provides several advantages, including
among others, high throughput and quality of patterned DNB
nanoarrays prepared by linear DNA amplification (RCR) instead
of random arrays by exponential amplification (PCR) as, e.g.,
used by Illumina’s HiSeq and longer reads of polymerase-
based cycle sequencing compared to the previously described
combinatorial probe-anchor ligation (cPAL) chemistry on DNB
nanorrays. The use of linear DNA amplification instead of
exponential DNA amplification generates sequencing array
results with lower error accumulation and sequencing bias.

Differentially expressed genes (DEGs) were analyzed to assess
enrichment for GO, KEGG using NOISeq package. By calculating
the average expression of the gene in the Control group
and the treatment group, we obtained the difference multiple
(MA = log2((treaty-avg)/(control-avg)) and the deviation
probability value of the gene, and screened out the differentially
expressed gene according to the default standard of difference
multiple ≥2 and deviation probability value ≥0.8. There are
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three ontologies (ontologies) in GO (Gene Ontology), which,
respectively, describe the molecular function of genes, cellular
component, and biological process. GO function enrichment
analysis gives the GO function items that are significantly
enriched in DEGs compared with the genomic background,
thus indicating which biological functions are significantly
correlated with differentially expressed genes. The analysis first
put all the differentially expressed genes to the Gene Ontology
database of each term mapping, calculate each term number of
genes, then using hypergeometric inspection, find out compared
with the entire genome background, significantly enriched in
the differentially expressed genes GO entries. For pathway
analysis, we identified the major biochemical metabolic pathways
and signal transduction pathways involving DEGs through
pathway significant enrichment based on KEGG Pathway and
hypergeometric test, Q-value ≤ 0.05.

Flow Cytometry
For splenocytes and peripheral blood cells, single cell suspensions
were prepared using RBC lysis buffer (BD) and filtered through
a 70µm nylon membrane. For tumor tissues, single cell
suspensions were prepared using the tumor dissociation kit
(Miltenyi Biotec, 130-096-730) according to the manufacturer’s
recommendations. Antibodies specific for the mouse cell surface
markers CD45-PE-A (catalog: 25-0451-82, ebioscience, USA),
CD11b-APC (catalog: 101212, BD), Ly-6G-BV421 (catalog:
1127628C, BD, USA), Ly6C-PE-Cy7 (catalog: 128018, BD,
USA), LCN2-Alexfluo488 (catalog: ab63929, Abcam, Britain),
NK1.1-PE-A (catalog: 12-5941-81, ebioscience, USA), CD3-
APC-A (catalog: 17-0032-80, ebioscience, USA), CD11c-APC-A
(catalog: 17-0114-82, ebioscience, USA), F4/80 (catalog: 4341619,
Invitrogen, USA).

Immunofluorescence Staining and
Confocal Imaging
Separate animal groups of cancer-only and cancer-stroke mice
were euthanatized at indicated time-points after dMCAO.
Tumors were removed following perfusion with saline and 4%
paraformaldehyde (Sigma-Aldrich, St Louis, MO) in phosphate
buffered saline (PBS) and then cryoprotected in 30% sucrose in
PBS. They were cut on a freezing microtome into 20 µm-thick
sections and subjected to immunofluorescence staining. Primary
antibodies included rabbit anti-LCN2 (catalog: ab63929, Abcam,
Britain), mouse anti-Gr1 (catalog: BE0075, Biocell, USA), mouse
anti-F4/80 (catalog: 123140, BD, USA). Images were processed
with Image J for counting of automatically-recognized cells.

Quantitative Real-Time Polymerase Chain
Reaction
In brief, total tumor RNA was extracted using Trizol. The
first stand of cDNA was synthesized with 1 µg RNA using the
HiScript III RT SuperMix Kit (Vazyme). Quantitative real-time
polymerase chain reaction was performed on the Lighter Cycle
480 II (Roche) using ChamQTM SYBR Color qPCR Master
Mix (Vazyme). Primers used are as follows: LCN2 forward
primer: 5′-TGGCCCTGAGTGTCATGTG-3′, reverse primer: 5′-
CTCTTGTAGCTCA TAGATGGTGC-3′; Arg1 forward primer:

5′-CTCCAAGCCAAAGTCCTTAGAG-3′, reverse primer: 5′-
AGGAGCTGTCATTAGGGACATC-3′; iNOS forward primer:
5′-GTTCTCAGCC CAAC AATACAAGA-3′, reverse primer
5′-GTGGACGGGTCGATGTCAC-3′; IL-6 forward primer:
5′-CCAAGAGGTGAGTGCTTCCC-3′, reverse primer: 5′-
CTGTTGTTCAGACTCT CTCCCT-3′; IL-23 forward primer:
5′-ATGCTGGATTGCAGAGCAGTA-3′, reverse primer: 5′-
ACGGGGCACATTATTTTTAGTCT-3′; IL-10 forward primer:
5′-GCTCTTACTGACTGGCA TGAG-3′, reverse primer: 5′-
CGCAGCTCTAGGAGCATGTG-3′. Expression of β-Actin
mRNA served as an internal control.

Statistical Analysis
Continuous data are presented asmeans± standard error (SEM).
Data with two groups were analyzed using two-tailed Student’s t-
test. Data with three or more groups were analyzed with one-way
ANOVA and Bonferroni post-hoc test was performed for multiple
comparisons. Differences in means across multiple groups with
multiple measurements over time were analyzed using two-way
ANOVA. In all analyses, p ≤ 0.05 was considered statistically
significant. GraphPad Prism software (version 5.0) was used for
statistical analyses.

RESULTS

Acute Ischemia Stroke Exacerbates
Cancer Progression
To examine how acute ischemic stroke affect cancer progression,
we first induced dMCAO in B16 inoculated melanoma mice
model (Figure 1A). We measured tumor volume and weight
at 0, 3, 6, and 9 days after stroke and found that tumors
in stroke mice grew substantially larger than those in mice
without stroke (Figures 1B–D). Besides, we observed that mice
developed tumors at around 10 days after implantation and
stroke mice showed higher visible tumor than control mice
(Figure 1E). Survival analysis demonstrated that cancer-stroke
mice had significantly lower survival rate compared to cancer-
only mice (Figure 1F). These results suggest that ischemia
stroke substantially exacerbates cancer progression and leads to
poor prognosis.

RNA-Sequencing Reveals Transcriptional
Alterations in Tumors After Stroke
To explore whether acute ischemic stroke induces alterations
in the transcriptional profile of the tumor, we performed RNA
sequencing analysis of the tumors collected from cancer mice
3 days after sham or dMCAO surgery. Differential mRNA
expressions between the dMCAO and sham operated mice
were represented in volcano and scatter plots (Figures 2A,B).
As is shown on Figure 2B, 18 genes were significantly up-
regulated and 13 genes were downregulated in melanoma
tissues of dMCAO mice compared to those in sham mice.
Hierarchical clustering of differentially-expressed genes (DEGs)
showed that acute ischemic stroke induced upregulation of
genes included Lcn2, Snord104, Rn7s2, Fam177a, Hbb-bs,
Cdsn, Hbb-bt, Alas2, Hmox1, Pbld1, Fgf21, Mir5136, Hba-
a2, S100a9, Hba-a1, Ier3, Fosb, Trib3 but down-regulation
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FIGURE 1 | Cerebral ischemic stroke accelerates cancer progression. (A) Schematic representation of the experimental design. (B) Representative images of tumors

collected from mice of each group. (C) Tumor volume measured at indicated time points after stroke (n = 4–6 in each group, *P ≤ 0.05). (D) Quantification of tumor

weights of the above tumors collected at 3 days after stroke (n = 6 in each group, * P ≤ 0.05). (E) Percentage of tumor occurrence in mice with visible tumor among

mice inoculated with B16 cell line (n = 6 in each group). (F) Overall survival analysis of mice in the two experimental groups up to 15 days after stroke (n =13 in sham

group, n = 14 in stroke group, *P ≤ 0.05).

of genes included C1qc, Cd74, Mylpf, Atp6v0c-ps2, Acta1,
C1qa, Myl1, Tnnt3, Myh1, Tnnc2, Tmem254c, Hmga1-rs1,
C1qb. (Figure 2C). Gene Ontology (GO) enrichment analysis
was performed with DEGs (Figure 2D). The top 5 enriched
GO biological processes were binding, cell part, single-
organism process, multicellular-organism process, metabolic
process. The DEGs between the dMCAO and sham mice were
enriched to 25 subclasses of pathways in 5 broad categories
(cellular processes, human diseases, organismal systems,
metabolism, and environmental information processing) when
analyzed using the KEGG database (Figure 2E). The top 5
pathways with the greatest enrichment were malaria, African

trypanosomiasis, prion diseases, pertussis and complement
and coagulation cascades, indicating a compromised immune

response in the tumor after acute ischemic stroke. Among
the 18 upregulated genes identified in the RNA sequencing,

lipocalin-2 (LCN2) not only exhibited high expression

level, with the FPKM value of 6.68, but also was increased
by 4.84 folds in the stroke mice compared to the sham

mice. Considering that LCN2 is an important player of the
tumor microenvironment and it has been suggested to be
critical for cancer progression (12), we focused on in our
following experiments.

Stroke Induces Upregulation of LCN2 and
an Immunosuppressive Cytokine
Production in the Tumor
In order to validate our findings in the RNA sequencing
experiment, and examine whether the mRNA level of LCN2
could be altered by stroke, RNA were extracted from tumor
tissues and quantitative real-time polymerase chain reaction
(RT-PCR) was performed. As shown in Figure 3A, the relative
expression of LCN2 was significantly higher in the tumor from
stroke mice than that from sham mice, which is consistent with
the previous RNA-seq results. We next examined the mRNA
expression of some pro-inflammatory and anti-inflammatory
cytokine to evaluate the immune responses in the tumor from
the two mice groups. As is shown in Figures 3B–F, the mRNA
expression of anti-inflammatory cytokines Arg1 and IL-10 were
dramatically increased (Figures 3B,F) whereas themRNAof pro-
inflammatory cytokines IL-6 and IL-23 were significantly down-
regulated (Figures 3D,E). Although the mRNA expression of
iNOS exhibited an increased tendency, there was no statistical
significance (Figure 3C). Together, these results demonstrate that
acute ischemic stroke induces upregulation of the mRNA level
of LCN2 and an immunosuppressive cytokine production in
the tumor.
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FIGURE 2 | Differentially expressed genes between the dMCAO and sham group. (A) DEGs displayed on a volcano plot. Red spots represent genes whose

expression was significantly changed between the dMCAO and sham group. Gray spots represent genes without significant changes. (B) DEGs displayed on a scatter

plot. Blue and orange spots represent genes that were 2-fold decreased or increased in the tumor of dMCAO mice, respectively (n = 3/group, P ≤ 0.05). Brown spots

represent genes without significant different changes. (C) Hierarchical clustering of the DEGs. Green and red represent genes that were 2-fold decreased or increased

in the tumor of dMCAO mice, respectively (P ≤ 0.05). (D) GO enrichment analysis results for all DEGs. (E) KEGG pathway enrichment analysis results for all DEGs.

dMCAO, Distant middle cerebral artery occlusion; DEG, Differentially expressed gene; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.

LCN2 Is Increased in the PMN-MDSCs in
the Tumor After Stroke
In order to elucidate the cellular source of the increased
LCN2 in the tumor, we first performed flow cytometry of
the tumor tissue from mice with or without stroke. We
found that the LCN2+ cells among CD45- cells, which are

mainly tumor cells, did not change significantly after acute
ischemic stroke (Figure 4A). Instead, the percentage of LCN2+

cells among CD45+ cells and the number of LCN2+CD45+

cells were significantly increased in the tumor after stroke,

suggesting that the increased LCN2 were mainly derived from
leukocytes (Figure 4A). Given that tumor microenvironment

Frontiers in Immunology | www.frontiersin.org 5 February 2020 | Volume 11 | Article 299125

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Huang et al. Stroke Exacerbates Cancer Progression

FIGURE 3 | Stroke induces increased mRNA expression of LCN2 and anti-inflammatory Arginase1, and IL-10 in the tumor. (A–C) The mRNA expression of LCN,

Arg1, and IL-10 (A–C) was increased in the tumor 3 days after stroke (n = 4–6, P ≤ 0.05). (D,E) The mRNA expression of IL-6 and IL-23 was decreased in the tumor

from cancer stroke mice compared with cancer sham mice (n = 4–6, P ≤ 0.05). (F) The mRNA expression level of iNOS remained not significantly changed after

stroke in cancer mice (n = 4–6, *P ≤ 0.05, ***P ≤ 0.001, two-tailed Student’s t-test). Data are presented as the mean ± SD. LCN2, Lipocalin 2; Arg1, Arginase 1;

iNOS, Inducible nitric oxide synthase.

(TME) is composed of tumor-associated macrophages (TAM),
polymorphonuclear myeloid-derived suppressor cells (PMN-
MDSC), monocytic MDSC (M-MDSC), and dendritic cells
(DC), and etc., we analyzed the LCN2 expression in the
CD11b+, F4/80+, CD11c+, NK1.1+, and CD3+ cells in the

tumor of the cancer mice with or without stroke. We found
that the LCN2 expression in these cells were not changed

significantly in the tumor after stroke (Figures 4B–E). Since
MDSCs are abundant in tumor and play important roles
in tumor progression (13), we then investigated whether
LCN2 expression in M-MDSC (CD11b+Ly6GlowLy6Chi) and
PMN-MDSC (CD11b+Ly6GhiLy6Clow) were changed in the
tumor after stroke. We found no significant difference in the
percentage of LCN2+ cells among M-MDSCs or the number
of LCN2+CD11b+Ly6GlowLy6Chi cells between the two groups
(Figure 5). However, the percentage of LCN2+ cells among
PMN-MDSCs or the number of LCN2+ CD11b+Ly6GhiLy6Clow

cells were significantly increased in the tumor after stroke
(Figure 5). Next, we confirmed the upregulation of LCN2
expression in the tumor using immunofluorescence staining. We
found that there are significantly more LCN2+ Gr1+ cells in the
tumor of stroke mice than that in the sham mice (Figures 6A,B).
However, the LCN2+F4/80+ cells did not change significantly
between the groups (Figures 6C,D). Collectively, the above data

suggests that ischemic stroke induces increased LCN2 expression
in the PMN-MDSCs in the tumor of cancer-bearing mice.

Stroke Reduced MDSCs in the Peripheral
Blood in the Cancer-Bearing Mice
Using flow cytometry, we also examined the MDSCs in
the peripheral blood in the cancer-bearing mice 3 days
after stroke or sham surgery. We found that compared
to the sham mice, the stroke mice had significantly fewer
LCN2+ CD45+CD11b+Ly6GhiLy6Clow cells and LCN2+

CD45+CD11b+Ly6GlowLy6Chi cells in the peripheral blood
(Figure 7). The percentage of LCN2+ cells among PMN-
MDSCs were also decreased in the stroke mice compared to
the sham mice (Figure 7). However, the percentage of LCN2+

CD45+CD11b+Ly6GlowLy6Chi cells did not change significantly
in the peripheral blood of cancer-bearing mice after ischemic
stroke (Figure 7).

DISCUSSION

This study addressed that ischemic stroke could exacerbate
cancer progression. The gene expression profile could change
significantly in the tumor of stroke mice compared to that in
the sham mice. The increased LCN2 expression in the tumor of
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FIGURE 4 | Increased expression of LCN2 in CD45+ cells in the tumor of stroke mice. (A) Gating strategy of the flow cytometry of the tumor sample from cancer

mice 3 days after stroke or sham surgery. Upper right panels showed increased LCN2+CD45+ cells in the tumor of cancer mice after stroke. Lower panels revealed

no significant difference in the LCN2+CD45− cells (cancer cells) in the tumor of stroke mice. (B,C) LCN2 expression in CD11b+CD45+F4/80+ cells (tumor associated

macrophages, TAMs) and CD11c cells (Dendritic cells) in the tumor. (D,E) LCN2 expression in NK1.1 cells (NK cells) and CD3+ cells (T cells) in the tumor

(n = 3–6/group. *P ≤ 0.05).

stroke mice was derived from PMN-MDSC in the tumor. This
is the first study to explore the gene transcriptional changes of
cancer in the context of ischemic stroke using RNA sequencing.
Our findings suggest that the recruitment of PMN-MDSC and
the increased expression of LCN2 might contribute to the
enhanced immune suppressive tumor microenvironment thus
aggravate cancer progression.

Recently, cancer-related stroke is attracting increasing
attention in clinical research. Mounting epidemiology studies
suggest that cancer-bearing patients may have increased cancer
progression after acute ischemic stroke, which is very common
in cancer patients (14). However, it remains largely unknown

how acute ischemic stroke exacerbate cancer progression in
the cancer-related stroke. Using RNA sequencing, we profiled
the gene expression in the tumor of cancer-bearing stroke mice
compared to that of cancer-bearing sham mice, and found 18
genes were significantly upregulated in the cancer-bearing stroke
mice. Among these genes, we noticed that LCN2 exhibited high
expression level and significant upregulation in the stroke mice
compared to the sham mice.

LCN2 is an adipocyte fatty acid binding protein that can
bind and transport small lipophilic substances such as retinoids,
arachidonic acid, and various steroids (15). Arachidonic acid
metabolism has been considered to play a key role in
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FIGURE 5 | PMN-MDSC may be the major source of the increased LCN2 in the tumor after stroke. (A) Gating strategy of the MDSC populations in the tumor 3 days

after sham or stroke surgery. (B,C) LCN2 expression in M-MDSC (CD45+CD11b+Ly6GlowLy6Chi) and PMN-MDSC (CD45+CD11b+Ly6GhiLy6Clow ) in the tumor

tissues after stroke (n = 6/group. *P ≤ 0.05, **P ≤ 0.01).

carcinogenesis (16). LCN2 has also been shown to promote
malignant progression in many cancer types and can serve as
a biomarker for cancer patients. It has also been suggested
to be involved in the regulation of proliferative cells (17). By
RNA-sequencing of the tumor tissue from cancer mice with
or without stroke, we identified that the mRNA expression of
LCN2 was significantly increased in the tumor after stroke.
We also observed that the increased LCN2 in the tumor were
mostly derived from those recruited PMN-MDSCs in the tumor.
PMN-MDSCs are a subset of MDSCs that can contribute
to tumor malignancy by inhibiting immune responses and

promoting tumor angiogenesis, tumor cell invasion, metastasis,
etc. (18). Mounting evidence has demonstrated that there are
cross-talks between MDSC and T cells, macrophages, dendritic
cells, NK cells in TME (19), all of which may result in
an immunosuppressive tumor microenvironment. Lipocalin-2
also shows increased level in various human diseases such as
inflammation, infection, and ischemia (20). Characterized as
an inflammatory protein and iron regulator, LCN2 is deemed
as a new biomarker in neurodegenerative diseases (21). As is
discovered, LCN2 can be expressed in various components of
the CNS, including neurons, the choroid plexus, microglia, and
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FIGURE 6 | LCN2 expression in Gr1+ and F4/80+ cells in the tumor. Tumor tissue were collected for immunofluorescence staining 3 days after sham or stroke

surgery. (A,B) Representative images and quantification of LCN2 and Gr1 double staining in the tumor after stroke. Scale bar =10µm. N = 6/group. (C,D)

Representative images and quantification of LCN2 and F4/80 double staining in the tumor after stroke. Scale bar = 20µm (n = 6/group. **P ≤ 0.01).

astrocytes in pathological conditions and serves as a “help-
me” signal to activate astrocytes and microglia, facilitating
neurovascular recovery after stroke and brain injury and
mediating anti-inflammatory effects against sepsis-induced brain
damage and behavioral changes (22). Interestingly, LCN2 has
also been found to induce proinflammatory cytokines as well as
inducible nitric oxide synthase, which might trigger secondary
damage and hinder recovery (23). However, the comprehension
of its roles in pathology of stroke, especially in the context of
cancer is far from complete.

Here we observed that acute cerebral ischemic stroke reduced
the number of PMN-MDSC in the peripheral blood and
increased the recruitment of PMN-MDSCs in the tumor. As
we know that the recruitment of immune cells into tumor is
regulated by multiple factors, including the micro-environment
of the tumor (24). Previous studies have investigated that
neutrophils and PMN-MDSC are recruited primarily by CXC
chemokines which incorporate CXCL1, CXCL5, CXCL6, CXCL8,
and CXCL12 while monocytes and M-MDSCs recruited by
CCL2 (25). S100A8 and S100A9 proteins are also regarded
as signals to recruit PMN and PMN-MDSC to pre-metastatic
sites in colon cancer (26). After cerebral ischemic stroke, the

ischemic brain can also release danger-associated molecular
patterns (DAMPs), such as high mobility group box1 [HMGB1;
(27)]. Some of the alarmins could induce profound alterations
of the peripheral immune system, leading to mobilization
and even exhaustion of peripheral immune cells (28, 29).
Blocking the stroke-induced immune disturbance may not
only attenuate ischemic brain injury, but also prevent post-
stroke infection (30). In the context of cancer-bearing stroke
mice, the immune disturbance should exacerbate ischemic brain
injury by paradoxical recruitment of immune suppressive cells
into the tumor (11). As an important immune suppressive
subset, MDSCs have been strongly linked to the immune
suppressive micro-environment and cancer progression. In the
current study, we found that acute ischemic stroke induced
increased expression of LCN2 in the tumor. PMN-MDSC could
be the major source of the increased LCN2 in the cancer-
bearing stroke mice. We further found that the PMN-MDSC
in the tumor was increased, and the PMN-MDSC in the
peripheral blood was decreased. However, the mechanism that
underlies the changes of the PMN-MDSC in the blood and
tumor in the context of stroke and caner still remain to be
further explored.
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FIGURE 7 | Flow cytometry of LCN2 expression in M-MDSCs and PMN-MDSCs from blood. (A) Gating strategy of the MDSC populations in blood 3 days after sham

or stroke surgery. (B,C) LCN2 expression in M-MDSC (CD45+CD11b+Ly6GlowLy6Chi) and PMN-MDSC (CD45+CD11b+Ly6GhiLy6Clow) in the blood after stroke

(n = 6/group. *P ≤ 0.05).

In conclusion, we find that ischemic stroke exacerbates cancer
progression and leads to the upregulation of a number of genes
in the tumor of stroke mice compared to the sham mice.
The expression of LCN2 in the PMN-MDSC in the tumor
were significantly increased in stroke mice compared to that
in sham mice, and it may potentially serve as an immune
modulatory target for the exacerbated cancer progression in
cancer-related stroke.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

ETHICS STATEMENT

The animal study was reviewed and approved by Renji Hospital
Institutional Animal Care and Use Committee.

AUTHOR CONTRIBUTIONS

TH, YL, YZho, BL, and YZha performed the experiments. DT,
YG, ZH, and ZC collected the data and performed the analysis.
TH, YL, and PL wrote the manuscript. YG and PL designed the
experiments. WY and PL supervised the project.

FUNDING

PL was supported by the National Natural Science Foundation
of China (NSFC) grant (81971096, 81722017, 91957111) and the

Frontiers in Immunology | www.frontiersin.org 10 February 2020 | Volume 11 | Article 299130

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Huang et al. Stroke Exacerbates Cancer Progression

Shanghai Municipal Education Commission—Gaofeng Clinical
Medicine Grant Support (20181805). WY was supported by the
NSFC (81971223). ZC was supported by Shanghai Municipal

Natural Science Foundation (16ZR1420700) and the Medical
Guidance Project (19411971200) from Shanghai Science and
Technology Committee.

REFERENCES

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer

statistics. CA Cancer J Clin. (2011) 61:69–90. doi: 10.3322/caac.20107

2. Lee MJ, Chung JW, Ahn MJ, Kim S, Seok JM, Jang HM,

et al. Hypercoagulability and mortality of patients with stroke

and active cancer: the OASIS-CANCER study. J Stroke. (2017)

19:77–87. doi: 10.5853/jos.2016.00570

3. Cestari DM, Weine DM, Panageas KS, Segal AZ, DeAngelis LM. Stroke in

patients with cancer: incidence and etiology. Neurology. (2004) 62:2025–

30. doi: 10.1212/01.WNL.0000129912.56486.2B

4. Condamine T, Ramachandran I, Youn JI, Gabrilovich DI. Regulation of

tumor metastasis by myeloid-derived suppressor cells. Annu Rev Med. (2015)

66:97–110. doi: 10.1146/annurev-med-051013-052304

5. Veglia F, Perego M, Gabrilovich D. Myeloid-derived suppressor cells coming

of age. Nat Immunol. (2018) 19:108–19. doi: 10.1038/s41590-017-0022-x

6. Najjar YG, Rayman P, Jia X, Pavicic PG, Rini BI, Tannenbaum C,

et al. Myeloid-derived suppressor cell subset accumulation in renal cell

carcinoma parenchyma is associated with intratumoral expression of

IL1beta, IL8, CXCL5, and Mip-1alpha. Clin Cancer Res. (2017) 23:2346–

55. doi: 10.1158/1078-0432.CCR-15-1823

7. Wu P, Wu D, Ni C, Ye J, Chen W, Hu G, et al. gammadeltaT17

cells promote the accumulation and expansion of myeloid-derived

suppressor cells in human colorectal cancer. Immunity. (2014)

40:785–800. doi: 10.1016/j.immuni.2014.03.013

8. Gielen PR, Schulte BM, Kers-Rebel ED, Verrijp K, Bossman SA, Ter

Laan M, et al. Elevated levels of polymorphonuclear myeloid-derived

suppressor cells in patients with glioblastoma highly express S100A8/9

and arginase and suppress T cell function. Neuro Oncol. (2016) 18:1253–

64. doi: 10.1093/neuonc/now034

9. Gao W, Zhang X, Yang W, Dou D, Zhang H, Tang Y, et al. Prim-O-

glucosylcimifugin enhances the antitumour effect of PD-1 inhibition by

targeting myeloid-derived suppressor cells. J Immunother Cancer. (2019)

7:231. doi: 10.1186/s40425-019-0676-z

10. Kumar V, Donthireddy L, Marvel D, Condamine T, Wang F, Lavilla-Alonso S,

et al. Cancer-associated fibroblasts neutralize the anti-tumor effect of CSF1

receptor blockade by inducing PMN-MDSC infiltration of tumors. Cancer

Cell. (2017) 32:654–68 e5. doi: 10.1016/j.ccell.2017.10.005

11. Wang L, Zhou Y, Yin J, Gan Y, Wang X, Wen D, et al. Cancer

exacerbates ischemic brain injury via Nrp1 (Neuropilin 1)-mediated

accumulation of regulatory T cells within the tumor. Stroke. (2018) 49:2733–

42. doi: 10.1161/STROKEAHA.118.021948

12. Gomez-Chou SB, Swidnicka-Siergiejko AK, Badi N, Chavez-Tomar M,

Lesinski GB, Bekaii-Saab T, et al. Lipocalin-2 promotes pancreatic ductal

adenocarcinoma by regulating inflammation in the tumormicroenvironment.

Cancer Res. (2017) 77:2647–60. doi: 10.1158/0008-5472.CAN-16-1986

13. Huber V, Vallacchi V, Fleming V, Hu X, Cova A, Dugo M, et al.

Tumor-derived microRNAs induce myeloid suppressor cells and predict

immunotherapy resistance in melanoma. J Clin Invest. (2018) 128:5505–

16. doi: 10.1172/JCI98060

14. Navi BB, Mathias R, Sherman CP, Wolfe J, Kamel H, Tagawa ST, et al. Cancer-

related ischemic stroke has a distinct blood mRNA expression profile. Stroke.

(2019) 50:3259–64. doi: 10.1161/STROKEAHA.119.026143

15. Law IK, Xu A, Lam KS, Berger T, Mak TW, Vanhoutte PM, et al. Lipocalin-

2 deficiency attenuates insulin resistance associated with aging and obesity.

Diabetes. (2010) 59:872–82. doi: 10.2337/db09-1541

16. Yarla NS, Bishayee A, Sethi G, Reddanna P, Kalle AM, Dhananjaya

BL, et al. Targeting arachidonic acid pathway by natural products for

cancer prevention and therapy. Semin Cancer Biol. (2016) 40–1:48–

81. doi: 10.1016/j.semcancer.2016.02.001

17. Devireddy LR, Teodoro JG, Richard FA, Green MR. Induction of apoptosis

by a secreted lipocalin that is transcriptionally regulated by IL-3 deprivation.

Science. (2001) 293:829–34. doi: 10.1126/science.1061075

18. Qu P, Wang LZ, Lin PC. Expansion and functions of myeloid-derived

suppressor cells in the tumormicroenvironment. Cancer Lett. (2016) 380:253–

6. doi: 10.1016/j.canlet.2015.10.022

19. Ostrand-Rosenberg S, Sinha P, Beury DW, Clements VK. Cross-talk between

myeloid-derived suppressor cells (MDSC), macrophages, and dendritic cells

enhances tumor-induced immune suppression. Semin Cancer Biol. (2012)

22:275–81. doi: 10.1016/j.semcancer.2012.01.011

20. Moschen AR, Adolph TE, Gerner RR, Wieser V, Tilg H. Lipocalin-2: a master

mediator of intestinal and metabolic inflammation. Trends Endocrinol Metab.

(2017) 28:388–97. doi: 10.1016/j.tem.2017.01.003

21. Xiao X, Yeoh BS, Vijay-Kumar M. Lipocalin 2: an emerging player

in iron homeostasis and inflammation. Annu Rev Nutr. (2017) 37:103–

30. doi: 10.1146/annurev-nutr-071816-064559

22. Wu L, Du Y, Lok J, Lo EH, Xing C. Lipocalin-2 enhances angiogenesis in

rat brain endothelial cells via reactive oxygen species and iron-dependent

mechanisms. J Neurochem. (2015) 132:622–8. doi: 10.1111/jnc.13023

23. Rathore KI, Berard JL, Redensek A, Chierzi S, Lopez-Vales R,

Santos M, et al. Lipocalin 2 plays an immunomodulatory role and

has detrimental effects after spinal cord injury. J Neurosci. (2011)

31:13412–9. doi: 10.1523/JNEUROSCI.0116-11.2011

24. Chew V, Lai L, Pan L, Lim CJ, Li J, Ong R, et al. Delineation of

an immunosuppressive gradient in hepatocellular carcinoma using high-

dimensional proteomic and transcriptomic analyses. Proc Natl Acad Sci USA.

(2017) 114:E5900–9. doi: 10.1073/pnas.1706559114

25. Kumar V, Patel S, Tcyganov E, Gabrilovich DI. The nature of myeloid-derived

suppressor cells in the tumor microenvironment. Trends Immunol. (2016)

37:208–20. doi: 10.1016/j.it.2016.01.004

26. Kowanetz M, Wu X, Lee J, Tan M, Hagenbeek T, Qu X, et al. Granulocyte-

colony stimulating factor promotes lung metastasis through mobilization

of Ly6G+Ly6C+ granulocytes. Proc Natl Acad Sci USA. (2010) 107:21248–

55. doi: 10.1073/pnas.1015855107

27. Gelderblom M, Sobey CG, Kleinschnitz C, Magnus T. Danger signals in

stroke. Ageing Res Rev. (2015) 24(Pt A):77–82. doi: 10.1016/j.arr.2015.07.004

28. Chamorro Á, Meisel A, Planas AM, Urra X, van de Beek D, Veltkamp

R. The immunology of acute stroke. Nat Rev Neurol. (2012) 8:401–

10. doi: 10.1038/nrneurol.2012.98

29. Liesz A, Dalpke A, Mracsko E, Antoine DJ, Roth S, Zhou W, et al.

DAMP signaling is a key pathway inducing immune modulation after

brain injury. J Neurosci. (2015) 35:583–98. doi: 10.1523/JNEUROSCI.2439-

14.2015

30. Ritzel RM, Al Mamun A, Crapser J, Verma R, Patel AR, Knight BE,

et al. CD200-CD200R1 inhibitory signaling prevents spontaneous bacterial

infection and promotes resolution of neuroinflammation and recovery

after stroke. J Neuroinflammation. (2019) 16:40. doi: 10.1186/s12974-019-

1426-3

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.

Copyright © 2020 Huang, Li, Zhou, Lu, Zhang, Tang, Gan, He, Chen, Yu and Li.

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 Immunology | www.frontiersin.org 11 February 2020 | Volume 11 | Article 299131

https://doi.org/10.3322/caac.20107
https://doi.org/10.5853/jos.2016.00570
https://doi.org/10.1212/01.WNL.0000129912.56486.2B
https://doi.org/10.1146/annurev-med-051013-052304
https://doi.org/10.1038/s41590-017-0022-x
https://doi.org/10.1158/1078-0432.CCR-15-1823
https://doi.org/10.1016/j.immuni.2014.03.013
https://doi.org/10.1093/neuonc/now034
https://doi.org/10.1186/s40425-019-0676-z
https://doi.org/10.1016/j.ccell.2017.10.005
https://doi.org/10.1161/STROKEAHA.118.021948
https://doi.org/10.1158/0008-5472.CAN-16-1986
https://doi.org/10.1172/JCI98060
https://doi.org/10.1161/STROKEAHA.119.026143
https://doi.org/10.2337/db09-1541
https://doi.org/10.1016/j.semcancer.2016.02.001
https://doi.org/10.1126/science.1061075
https://doi.org/10.1016/j.canlet.2015.10.022
https://doi.org/10.1016/j.semcancer.2012.01.011
https://doi.org/10.1016/j.tem.2017.01.003
https://doi.org/10.1146/annurev-nutr-071816-064559
https://doi.org/10.1111/jnc.13023
https://doi.org/10.1523/JNEUROSCI.0116-11.2011
https://doi.org/10.1073/pnas.1706559114
https://doi.org/10.1016/j.it.2016.01.004
https://doi.org/10.1073/pnas.1015855107
https://doi.org/10.1016/j.arr.2015.07.004
https://doi.org/10.1038/nrneurol.2012.98
https://doi.org/10.1523/JNEUROSCI.2439-14.2015
https://doi.org/10.1186/s12974-019-1426-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


REVIEW
published: 26 February 2020

doi: 10.3389/fimmu.2020.00294

Frontiers in Immunology | www.frontiersin.org 1 February 2020 | Volume 11 | Article 294

Edited by:

Lijuan Gu,

Wuhan University, China

Reviewed by:

Anna Fogdell-Hahn,

Karolinska Institutet (KI), Sweden

Hua Su,

University of California, San Francisco,

United States

Midori A. Yenari,

University of California,

San Francisco, United States

*Correspondence:

John H. Zhang

johnzhang3910@yahoo.com

Jianmin Zhang

zjm135@zju.edu.cn

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Multiple Sclerosis and

Neuroimmunology,

a section of the journal

Frontiers in Immunology

Received: 04 October 2019

Accepted: 05 February 2020

Published: 26 February 2020

Citation:

Xu S, Lu J, Shao A, Zhang JH and

Zhang J (2020) Glial Cells: Role of the

Immune Response in Ischemic Stroke.

Front. Immunol. 11:294.

doi: 10.3389/fimmu.2020.00294

Glial Cells: Role of the Immune
Response in Ischemic Stroke
Shenbin Xu 1†, Jianan Lu 1†, Anwen Shao 1†, John H. Zhang 2,3,4* and Jianmin Zhang 1,5,6*

1Department of Neurosurgery, The Second Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, China,
2Department of Physiology and Pharmacology, School of Medicine, Loma Linda University, Loma Linda, CA, United States,
3Department of Anesthesiology, School of Medicine, Loma Linda University, Loma Linda, CA, United States, 4Department of

Neurosurgery, School of Medicine, Loma Linda University, Loma Linda, CA, United States, 5 Brain Research Institute, Zhejiang

University, Hangzhou, China, 6Collaborative Innovation Center for Brain Science, Zhejiang University, Hangzhou, China

Ischemic stroke, which accounts for 75–80% of all strokes, is the predominant cause

of morbidity and mortality worldwide. The post-stroke immune response has recently

emerged as a new breakthrough target in the treatment strategy for ischemic stroke.

Glial cells, including microglia, astrocytes, and oligodendrocytes, are the primary

components of the peri-infarct environment in the central nervous system (CNS) and

have been implicated in post-stroke immune regulation. However, increasing evidence

suggests that glial cells exert beneficial and detrimental effects during ischemic stroke.

Microglia, which survey CNS homeostasis and regulate innate immune responses,

are rapidly activated after ischemic stroke. Activated microglia release inflammatory

cytokines that induce neuronal tissue injury. By contrast, anti-inflammatory cytokines

and neurotrophic factors secreted by alternatively activated microglia are beneficial for

recovery after ischemic stroke. Astrocyte activation and reactive gliosis in ischemic

stroke contribute to limiting brain injury and re-establishing CNS homeostasis. However,

glial scarring hinders neuronal reconnection and extension. Neuroinflammation affects

the demyelination and remyelination of oligodendrocytes. Myelin-associated antigens

released from oligodendrocytes activate peripheral T cells, thereby resulting in the

autoimmune response. Oligodendrocyte precursor cells, which can differentiate into

oligodendrocytes, follow an ischemic stroke and may result in functional recovery. Herein,

we discuss the mechanisms of post-stroke immune regulation mediated by glial cells and

the interaction between glial cells and neurons. In addition, we describe the potential

roles of various glial cells at different stages of ischemic stroke and discuss future

intervention targets.

Keywords: ischemic stroke, neuroinflammation, microglia, astrocytes, oligodendrocytes

INTRODUCTION

Stroke is the primary cause of severe disability and, after coronary heart disease, the second leading
cause of death worldwide (1, 2). Ischemic stroke constitutes the greatest proportion of strokes, and
accounts for 75–80% of all strokes. Several effective treatments for ischemia, such as intravenous
thrombolysis and thrombectomy, which aim to restore blood flow, have emerged in recent decades.
Nevertheless, the progressive neuronal degeneration and loss of function remain difficult-to-solve
issues during treatment and rehabilitation. Ischemia induces cell death and cell dysfunction
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by promoting the production of proinflammatory mediators,
which induce neuroinflammation. Injured and stressed cells from
the ischemic core and the peri-infarct lesion release products,
such as high-mobility group box 1 (HMGB1), heat shock protein
(Hsp), peroxiredoxin (PRX) family proteins, interleukin (IL-)1α,
and IL-33, which bind to pattern recognition receptors (3).
Additional intracellular signaling pathways, such as nuclear
factor-kappa B (NF-κB), are activated, which leads to astrocyte
andmicroglial activation and infiltration of peripheral leukocytes
(4). Neuroinflammationmay reduce tissue damage by scavenging
dead cells and debris; however, excessive inflammation would
be detrimental because of neurotoxin production and cerebral
edema (5).

Glial cells are critical components of the central nervous
system (CNS) (6). Astrocytes account for 19–40% of glial cells,
whereas microglia constitute 10%, oligodendrocytes constitute
45–75% of all glial cells, and the remaining cells are NG2
cells (7). Glial cells provide structural and nutritional support
and are involved in the development of the CNS under
normal physiological conditions. They are also critical in
neuropathogenesis and in pathological conditions, as they
participate in innate and adaptive immune responses. Studies
have shown that glial cells regulate neuroinflammation after
stroke (8–10). These cells can detect and integrate signals of
neuronal damage, release cytokines, attract immune cells to the
site of stroke, and interact with and affect the condition of other
immune cells.

After the onset of stroke, neurons, and glial cells at the
injury site immediately activate astrocytes by releasing products
like damage-associated molecular pattern molecules (DAMPs).
The reactive astrocytes secrete proinflammatory cytokines,
chemokines, and matrix metalloproteinases like MMP-9, which
subsequently disrupt the blood–brain barrier (BBB) and recruit
leukocytes from the peripheral blood (10). This contributes to
secondary brain tissue damage. However, astrocytes also secrete
neurotrophic factors to protect the injured site (10).

As residential immune cells, microglia respond to ischemia
rapidly. Activated microglia have an essential role in regulating
neuroinflammation by secreting various chemokines (5).
Polarization of microglia has been extensively studied in the
recent years. Microglia can express proinflammatory and anti-
inflammatory phenotypes during ischemic stroke. They also
participate in regulating the function and status of neurons,
astrocytes, and oligodendrocytes.

To date, no effective treatment has been established that
targets the immune response after ischemic stroke. In this
review, we analyzed the relationship between glial cells

Abbreviations: BBB, blood–brain barrier; C1q, complement component

subunit 1q; CNS, central nervous system; DAMP, damage-associated molecular

pattern; HMGB1, high-mobility group box 1; IFNγ, interferon-γ; IL-1α,
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growth factor; TIM, T-cell immunoglobulin and mucin domain protein; TLR, toll-
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and neuroinflammation, elucidated their various functions
at different stages of neuroinflammation, and discussed the
potential treatment targets for ischemic stroke.

MICROGLIA

More than 100 years ago, in 1913, Santiago Ramón y Cajal
described microglia as the “third element” of the CNS (11). In
1918, PíoDel Río-Hortega found amethod for stainingmicroglia,
thereby distinguishing them from other cell types (12). Microglia
arise from embryonic yolk sac precursors (13), maintain their
CNS population by self-renewal [microglia constitute 5–12%
of all glia cells in the adult mouse brain and 0.5–16.6%
of all brain cells in the adult human brain (14)], and are
not replaced by bone marrow-derived myeloid cells (11, 13).
Previous investigators have proposed that microglia maintain
their number primarily through self-renewal (15). However,
recent studies have constructed a mouse model of microglial
knockout by using transgenic methods and demonstrated that
microglial replacement is involved with a combination of local
microglial proliferation and infiltration of bone marrow-derived
precursors to repopulate the niche (16). In addition, research
has demonstrated that these infiltrative cells can adopt key
components of the microglia transcriptome but retain large
transcriptional and functional differences, even after long-
term integration into the CNS (16). These findings provide
a theoretical basis for the treatment of CNS diseases in
the future.

Microglia eliminate microbes, dead cells, redundant synapses,
protein aggregates, and other particulate and soluble antigens
that may endanger the CNS. Furthermore, microglia secrete
various soluble factors that contribute to different aspects
of the immune response and tissue repair (17). As resident
macrophages of the CNS, microglia are the first immune
cells to sense ischemia and respond immediately (18). When
microglia in the peri-infarct zone are activated within 30min
to 1 h after middle cerebral artery occlusion (MCAO, an
experimental model of ischemic stroke), the markers CD11b,
CD45, and Iba1 become upregulated (19–21). This activation
status of microglia after MCAO can persist for several weeks
(21, 22). Along with the activation, some changes occur in
the phenotype of microglia, which can be briefly classified
into a proinflammatory or anti-inflammatory type, namely
M1 or M2, respectively (19, 23, 24). This process is called
polarization of microglia, with a temporal feature that changes
dynamically during the pathological process of stroke (24, 25).
It is generally accepted that, in the acute stage (within 1
day), proliferation and activation of microglia cause a strong
inflammatory reaction that is detrimental to the CNS, whereas,
in the chronic stage (several days after onset), microglia can
produce a variety of protective cytokines, such as neurotrophic
factor IGF1, which contributes to neural repair and survival
following ischemic injury (26). In addition, microglia have
extensive interactions with other cells in the CNS. These facts
suggest their importance and complexity in the pathogenesis
of stroke.
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Microglial Activation
Microglial activation is the first step in the inflammatory response
after ischemic brain injury (27). When ischemia occurs, native
microglia are rapidly mobilized to the site of injury where
they undergo morphological changes corresponding to the
reduction of cerebral blood flow and energy deprivation (usually
manifested as hypertrophy of the cell body), the development
of motile branches, or migration of the somata (28–30). These
morphological changes are closely associated with the function
of activated microglia (31, 32).

Microglia are also associated with blood–brain barrier
(BBB) disruption after ischemic stroke. Ischemic insults
lead to junctional protein phosphorylation, translocation,
or degradation, which then increase BBB permeability (33).
Microglia release MMPs, such as MMP-9, which subsequently
promote BBB breakdown (34). In addition, various cytokines,
and chemokines produced by microglia can upregulate
endothelial cell adhesion molecules and promote leukocyte
infiltration (35). Neutrophils, infiltrated leukocytes, are also
a major source of MMPs (36, 37). When reperfusion begins,
activated microglia engulf endothelial cells via phagocytosis,
which allows the entrance of blood serum components (38).
These morphological changes are closely associated with
the function of activated microglia (31, 32). Microglia can
monitor the extracellular space and adjacent cell surfaces,
and most of these can induce microglial activation. Damage-
associated molecular pattern molecules (DAMPs), which include
high-mobility group box 1 (HMGB1) (39), extracellular PRX
family proteins (40, 41), and galectin-3 (42), are the main
factors that activate microglia. Yenari et al. have described
the signaling pathways driving microglial activation and its
related transduction events (43). Several factors influence
ischemia, including toll-like receptors (TLRs), particularly
TLR4, HMGB1, chemokine and cytokine receptors, purinergic
receptors such as P2X7 and P2Y12, glutamate receptors, and
the triggering receptor expressed on myeloid cells 2 (TREM2).
These factors are integrated through several signal transduction
pathways, such as the mitogen-activated protein kinase (MAPK)
cascade, NF-κb, peroxisome proliferator activated receptor
(PPAR), and others. Further studies on microglia activation
signaling pathways after ischemic stroke will help to identify
effective agents for suppressing microglial activation and prevent
the series of microglial activation-mediated CNS injuries,
including neuroinflammation.

Microglial Polarization
Polarization is a process through which macrophages adopt
different phenotypes depending on the stimulus, period, and
environment (44, 45). Like macrophages, microglia also undergo
polarization. As mentioned previously, activated microglia can
be defined as classic (proinflammatory; M1) or alternative
(anti-inflammatory or protective; M2) under pathophysiological
conditions (46).

The main basis for distinguishing between M1 and M2
microglia is their biological function as well as the secreted
cytokines and chemokines. M1 microglia usually have antigen-
presenting and killing effects and secrete various inflammatory

factors to evoke a strong inflammatory response. Inducible
nitric oxide synthase (iNOS) is a commonly used marker for
M1 microglia. By contrast, M2 microglia enhance phagocytic
activity to remove debris and produce many anti-inflammatory
and repair factors. The enzyme arginase 1 is one of the best
characterized markers of the M2 microglia (47). In vitro studies
have successfully used different inducers to regulate and study the
polarization of microglia; stimulation with lipopolysaccharide
and interferon-γ (IFNγ) promotes the differentiation of M1
microglia, whereas interleukin (IL)-4 and IL-10 induce the M2
phenotype (25, 48–50). The interferon regulatory factor (IRF)
family has recently been found to have an important relationship
with the polarization of microglia after stroke (51–53). For
example, IRF4 negatively regulates inflammation and promote
M2 polarization of macrophage (54), whereas IRF5 induces M1
polarization (55). Other IRFs, such as IRF3, IRF7, and IRF8,
have also been shown to participate in the process of microglial
polarization. This finding opens a new perspective for stroke
treatment (53).

The association between M1 and M2 differentiation and
disease progression varies among different diseases. Hu et al. (25),
who used a transient focal ischemia model to reveal the dynamic
changes of microglial polarization, reported a differential shift
from the M2 phenotype to the M1 phenotype in the ischemic
brain. Specifically, soon after ischemic injury, a majority of the
microglia migrated into or infiltrated infarcted areas exhibiting
the M2 phenotype, which represented an endogenous effort to
clear the ischemic tissue and restrict brain damage. However, the
number of M2 microglia gradually decreased within 7 days, and
M1microglia consequently began to dominate the damaged area.
This finding contributes to the ability to effectively determine
possible intervention methods and the optimal intervention time
after ischemic stroke.

In addition to classical typing, various subtypes have emerged
with the deepening of microglia research. For example, M2
microglia can be further divided into three subtypes, including
M2a,M2b, andM2c, based on different stimulation processes and
functions (56–58). Further investigation is required to explore
the role of these cell populations in ischemic stroke or other
CNS diseases.

Microglial polarization is theoretically greatly important in
ischemic stroke; however, investigators have suggested that the
M1/M2 framework is limited (23, 59). Ransohoff et al. (23)
elaborated this perspective on microglial polarization, which is
based on the current understanding of microglial polarization
being influenced by macrophage polarization. This schema was
adopted to simplify data interpretation at a time when the
ontogeny and function of microglia had not been characterized
(23). With the development of new technologies, more in-
depth research on microglia is expected. In this context, the
significance and concept of microglial polarization also needs to
be developed simultaneously.

Function of Microglia in Ischemic Stroke
Microglia activate rapidly after ischemic stroke, as described
previously. However, their role is a double-edged sword because,
during different periods of stroke, they have different and
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sometimes opposite functions. In the acute phase, activated
microglia secrete a range of inflammatory cytokines, including
tumor necrosis factor (TNF), IL-1β, and IL-6 (60), which
contribute to a robust inflammatory response. Investigators have
reported that, after MCAO, infiltrating macrophages are also a
source of inflammatory factors (61). The role of macrophages
and microglia in stroke is similar in many aspects and, therefore,
is often described as microglia/macrophage. However, the types
of major inflammatory factors produced by microglia and
macrophages are different: the former produce relatively higher
levels of reactive oxygen species (ROS) and TNF-α, whereas the
latter produce higher levels of IL-1β (61). The inflammatory
response caused by the inflammatory factors secreted by these
cells is a hallmark of the acute stage of ischemic stroke. It is
generally believed that, in the acute phase, a severe inflammatory
response like this is negatively correlated with prognosis (62, 63).
Therefore, administering anti-inflammatory treatments in the
acute stage is important.

After the acute phase of ischemic stroke, the inflammatory
response gradually decreases, and ischemic stroke enters another
stage during which tissue repair dominates the infarction region
(64). At this stage, microglia function as a “repairer.” Tissue
repair after stroke relies on neurogenesis to replace injured
cells. It has been suggested that microglia actively modulate
neurogenesis via guiding cell migration and influencing synaptic
activity by regulating the number of functional synapses in
the CNS (65). It is worth noting that microglia may have a
controversial effect on neurogenesis at 2 and 16 weeks after
stroke. Therefore, studies with a longer observation time and
multiple time points are needed to clarify when and how
microglia influence neurogenesis (14).

Microglia are the major phagocytic cells in the CNS.
Their phagocytosis, mediated by TREM2, CD36, and other
molecules, is critical in removing degenerating neuronal
cells and debris after ischemia (66, 67). The morphological
changes in microglia within the lesion core were greater
than those of microglia in the periphery, which indicated
a transformation from reactive microglia to dystrophic
microglia. Furthermore, reduced microglial cell numbers
were in the core of the infarction, and the number of
neutrophils was higher in the core than in the periphery of
the lesion. These results suggest that microglia can engulf
and remove neutrophils after brain ischemia, and that this
phagocytic function has a distinct relationship, based on the
internal location of lesions (68). The phagocytic function of
microglia may also be associated with the destruction of the
BBB, which is an important pathological mechanism after
ischemic stroke. Perivascular microglia can phagocytize vascular
endothelial cells, thereby destroying vascular integrity after
stroke (69).

Microglial Interaction With Other CNS Cells
Microglia interact with multiple cell types in the CNS and
regulate numerous developmental and functional processes,
including synaptic pruning and clearance of apoptotic
neurons (70).

Microglia and Neurons
After ischemic stroke, neurons are the primary “victims”; they
are also involved in various regulatory processes closely related
to microglia. The association between microglia and neurons
has been reviewed previously (14). In brief, under a pathological
or physiological condition, neurons can control microglial
activation via “On” and “Off” signals that are released from
neurons, and neurons bind with receptors on microglia (14, 71).

After ischemia, microglial activation is initially triggered by
neuronal death (72, 73). Neurons can also influence microglial
function and injured neurons can stimulate microglia to exert a
neuroprotective function following ischemia (14). Microglia also
have diverse functions in regulating neurons. One of these is the
phagocytosis of neurons. Microglial phagocytosis of neurons is
regulated by neuronal presentation and microglial recognition of
“eat-me” or “do-not-eat-me” signals. When microglia detect the
former signals, rapid recognition and the engulfment of neurons
or parts of neurons expressing such signals follow (74–76).

As previously mentioned, after cerebral ischemia, dead or
degenerating neurons are engulfed by activated microglia, which
is beneficial for recovery. However, existing evidence also shows
that, in the ischemic penumbra where neuronal damage is
reversible (77), reduced microglia phagocytosis, mediated by
Mertk-deficiency or Mfge8-deficiency, helps to reduce ischemia-
induced damage (78). Recent studies have also shown that, in the
penumbra region, complement pathway guides phagocytosis of
stressed but salvageable neurons by microglia (79). This finding
provides potential therapeutic targets for future research.

Studies (80) have also observed the effects of microglia on
neurons by selectively removing microglia from the brain; the
results showed dysregulation of neuronal calcium responses and
network activity, increased calcium accumulation, and neuronal
loss after brain injury. This finding suggests that microglia
promote neuronal protection. Therefore, the interaction between
microglia and neurons after stroke is extensive and complex,
and future research needs to focus on this interaction as well
as the different functions of this interaction at different times
and locations.

Microglia and Astrocytes
Both microglia and astrocytes are major components of the
innate immune system in the brain. Recent studies have
demonstrated the importance of microglia–astrocyte crosstalk.
It was found that microglial activation can induce A1 reactive
astrocytes in vitro and in vivo by releasing three cytokines: IL1α,
TNFα, and the complement component subunit 1q (C1q) (81,
82). A1 astrocytes subsequently contribute to neuronal injury.
Studies (83) have shown that inhibiting microglial activation
andM1 polarization by glucagon-like peptide-1 receptor agonists
can effectively inhibit the conversion to A1 astrocytes, thereby
exerting neuroprotective effects in Parkinson’s disease.

In addition, recent research has found that the release of
fragmented and dysfunctional microglial mitochondria is also
capable of triggering the A1 astrocytic response (84). Microglial
regulation of astrocytes may also involve the gut/brain axis
by which microbial metabolites act directly on CNS-resident
microglia and astrocytes (70). Although A1 astrocytes are
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induced by activated microglia, the cellular and molecular basis
of A2 induction remain unclear (81). Future research needs
to be conducted on the relationship between A2 astrocytes
and microglia.

Furthermore, astrocytes also have a regulatory effect on
microglia. For example, studies have demonstrated that IL-33
derived from astrocytes can serve as a rheostat, thereby helping
to tune microglial synapse engulfment during neural circuit
maturation and remodeling (85). However, current studies on
the crosstalk between microglia and astrocytes are primarily
focused on other CNS diseases. Although these studies have
strong implications, future research on this complex relationship
in ischemic stroke is needed.

Microglia and Oligodendrocytes
Oligodendrocytes provide axons with amyelin sheath (86), which
serves a variety of functions in the brain. Investigators have
found that oligodendrocytes are highly vulnerable to ischemia
(87), and the disruption of the myelin architecture usually
occurs after stroke (88). These injuries are closely associated
with functional impairment in CNS disorders. The disruption
of the ability of proliferating oligodendrocyte progenitor cells
(OPCs) to mature into oligodendrocytes results in failure of
remyelination, which hinders neurological recovery after stroke
(88). Researchers have found that the influence of microglia
on oligodendrocytes as a critical role in remyelination after
stroke. Researchers have demonstrated that inflammatory factors
produced by activated microglia impair oligodendrocytes/OPCs
(14, 89). In a MCAO model, neuroinflammation mediated by
TNF, MMP3, and MMP9 is an important factor in white matter
damage and apoptosis of oligodendrocytes (90, 91). However,
vascular endothelial growth factor C (VEGF-C) produced by the
microglia after ischemia stimulates OPC proliferation via the
VEGFR-3 receptor (92). This finding implies that microglia may
have a dual role in the regulation of oligodendrocytes. Studies
have also shown that the conversion of M1 microglia to the M2
phenotype is associated with remyelination. M2 microglia, which
act as protector cells after stroke, can drive oligodendrocyte
differentiation during remyelination, which is an essential part
of an effective remyelination response (93). In fact, microglia not
only have an important role in pathological conditions, but also
in the homeostatic regulation of OPC during the development
of CNS (94). Future research is needed to explore the specific
mechanism of microglial underlying of oligodendrocytes at
different stages after stroke.

ASTROCYTES

Astrocytes, which are critical components of the CNS, participate
in many aspects of brain functioning, including homeostasis
maintenance, synapse development, neuronal support, cerebral
blood flow regulation, BBB formation and function, and control
of neurotransmitters (95). In addition, their morphological
and functional characteristics are altered under pathological
conditions, a process termed as “reactive astrogliosis,” and
include their proliferation, the formation of a physical barrier to
separate the injury site, the expression of intermediate filament

proteins, cytokines, and chemokines, and regulation of the
immune response (96–98). Studies indicate that astrocytes limit
brain damage, reduce neuroinflammation, and are critical for
BBB reconstruction and maintaining CNS homeostasis in the
acute stages of ischemic stroke (96, 99). In the chronic stages,
these cells facilitate and hinder functional recovery and axon
regeneration. Hence, a better understanding of the mechanisms
and pathways that affect astrocytes’ functions may help promote
the development of stroke treatment strategies.

Reactive Astrocytes
In the acute phase of stroke, injured cells in the lesion and
penumbra release cytokines, including transforming growth
factor (TGF)-α, ciliary neurotrophic factor, IL-1, IL-6, and
Kallikrein-related peptidase 6 (100). In response, reactive
astrogliosis occurs in the peri-infarct region, and a glial scar
is formed to maintain CNS homeostasis and wall off the
lesion (101). The hallmarks of reactive astrogliosis are astrocytic
hypertrophy and overexpression of glial fibrillary acidic protein
(GFAP) (102). After undergoing reactive astrogliosis, astrocytes
produce and release proinflammatory mediators, such as IL-
6, TNF-α, IL-1α, IL-1β, and IFNγ, and free radicals, such as
NO, superoxide, and peroxynitrite (100). By contrast, astrocyte
proliferation and glial scar formation restrict the diffusion
of neuroinflammation (103). Through Affymetrix GeneChip
arrays, Zamanian et al. studied the expression of various genes
upregulated in reactive astrocytes (104). Lcn2, which may
directly promote neuronal death, was induced 228-fold, and
Serpina3n was induced 9.1-fold in reactive astrocytes 1 day after
experimental ischemic stroke (104). Moreover, Liddelow et al.
(82) termed the two subtypes of reactive astrocytes as “A1” and
“A2.” They found that A1 reactive astrocytes were induced by
IL-1α, TNFα, and C1q secreted by activated microglia. These
astrocytes have few physiological functions but contribute to
the death of neurons and oligodendrocytes. One of the most
upregulated genes is C3. By contrast, A2 reactive astrocytes,
which upregulate neurotrophic factors, were postulated as a
neuroprotective subtype. Rakers et al. (105) recently used next-
generation sequencing to investigate transcriptome change after
experimental focal ischemia. The markers of reactive astrocytes,
Lcn2, Gfap, Vimentin, and Timp1, were highly expressed, as
expected. The genes that contribute to inflammation (e.g., Spp1,
Cd52, Lcn2, and Ifi202b), cell division, and migration (e.g., Cdk1,
Myo1f, and Anxa3) were upregulated. A2-specific transcripts
were intriguingly predominant at 72 h after tMACO (105). An
in vitro study (106) showed that IL-1β can induce reactive
astrogliosis, the upregulation of inflammatory mediators, such as
IL-6 and CXCL5, and the elevation of neurotrophic factor levels,
such as brain-derived neurotrophic factor and nerve growth
factor. These transcriptome analyses unraveled that reactive
astrocytes after ischemic stroke exerted both proinflammatory
and neuroprotective functions. In addition, microglia-derived
cytokines are critical for determining astrocyte phenotype.

Function in the Innate Immune Response
Astrocytes participate in innate and adaptive immune responses
after ischemic stroke. Once ischemic stroke occurs, cytokines,
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DAMPs, and ROS are generated and released by injured cells to
stimulate the receptors of astrocytes and alter their phenotype,
thereby inducing “reactive astrogliosis.” Astrocytes synthesize
cytokines and chemokines and interact with other cells via the
activation of their receptors and alteration of their intracellular
signal pathways (Table 1).

The P2Y1 receptors of astrocytes that are stimulated
by adenosine 5′-triphosphate (ATP), which is released by
injured cells in post-ischemic stroke, promote the production
of proinflammatory cytokines and chemokines through the
phosphorylated-p65 subunit (RelA)-mediated nuclear factor-
kappa B (NF-κB) pathway (107). Furthermore, treatment with
P2Y1 receptor antagonists protects astrocytes from ischemic
injury (124). Zheng et al. controversially reported that P2Y1R

TABLE 1 | Astrocyte signaling pathways in post-stroke: innate immune response.

Signaling

pathway

Role in neuroinflammation Outcome References

P2Y1

receptor

Activates the NF-κB pathway,

promotes the production of

proinflammatory cytokines

Increases neuronal

damage

(107)

Regulates mitochondrial

metabolism

Decreases infarct

volume

(108, 109)

TLR2/TLR4 Activates JAK1/STAT1 and

the NF-κB pathway

Increases neuronal

damage

(110–113)

Promotes neuroblast

migration and increases the

number of new cortical

neurons

Promotes

neurogenesis

(114)

CD36 Promotes GFAP expression;

Regulates proinflammatory

cytokines

Reduces infract

volume

(115)

TGF-β Reduces infiltration of immune

cells

Exerts a

neuroprotective

effect

(99)

STAT3 Suppresses the production of

proinflammatory cytokines

Promotes

neurogenesis;

reduces neuronal

damage

(116–118)

Notch1 Promotes reactive

astrogliosis; restrains

infiltration of immune cells

(119)

NF-κB Promotes CD11b+ leukocyte

infiltration; Increases the

production of proinflammatory

cytokines

Increases neuronal

damage

(120)

TWEAK/

Fn14

Activates the NF-κB pathway Increases neuronal

damage

(121, 122)

TIM3 Increases neutrophil

infiltration; increases neuronal

damage

Increases infarct

volume and

neurological

deficits

(123)

CD11b+, cluster of differentiation 11b+; CD36, cluster of differentiation 36; Fn14,

fibroblast growth factor-inducible 14; GFAP, glial fibrillary acidic protein; JAK, Janus kinase;

NF-κB, nuclear factor kappa beta; STAT3, signal transducer and activator of transcription

3; TGF-β, transforming growth factor β; TIM3, T-cell immunoglobulin and mucin domain-

containing protein 3; TLR2/TLR4, toll-like receptor 2/toll-like receptor 4; TWEAK, tumor

necrosis factor-like weak inducer of apoptosis.

stimulation increased ATP production and decreased the
infarction volume via the IP3R-dependent pathway (108, 109).

Toll-like receptors activated by HMGB1, PRX proteins,
and other DAMPs induce the release of proinflammatory
molecules (10). Among the TLR isotypes, TLR2, and TLR4
are crucial inflammatory mediators after stroke. In neurons
and astrocytes, HMGB1 induces MMP-9 upregulation through
activating TLR4 (125). Moreover, astrocytes treated with the
TLR4 activator lipopolysaccharide upregulate the expression
of SOCS-1, CXCL10, TNF-α, VCAM-1, IL-15, and IL-27
through the MyD88-independent Jak1/Stat1 pathway and
the MyD88-dependent NF-κB pathway (110). Suppression of
TLR2 and TLR4 by pharmacological or transgenic approaches
reduces NF-κB activity, lowering the level of proinflammatory
cytokines iNOS and COX2; however, the exact mechanisms
remain unclear (111–113). Growth associated protein-43
inhibits the TLR4/ NF-κB pathway to decrease the production
of IL-6 and TNF-α (126). TLR4 paradoxically promotes
neuroblast migration and neurogenesis after stroke (114).
In addition, ischemic preconditioning stimuli ameliorate the
inflammatory response after stroke via the TLR/cytokine
pathway (127).

The class B scavenger receptor CD36, which is primarily
found in microglia and macrophages, is co-located with
GFAP in the peri-infarct astrocytes at 3–7 days after stroke
(128). The ligands of CD36 produced during ischemia,
such as thrombospondins, oxidized lipids, and apoptotic
bodies, may upregulate its expression (115, 128). In addition,
CD36-mediated neuroinflammation promotes the expression
of intermediate filaments, free radical production, and scar
formation (115, 128). The knockdown of CD36 reduces the
level of proinflammatory factors, such as IL-1, IL-6, and
MCP-1, and reduces infarct volume (115). However, the
pharmacological inhibition of CD36 in hyperlipidemic stroke
worsens the outcome (129). An unexpected finding is that
preconditioning with a CD36 inhibitor can reduce the effects of
stroke (129).

After ischemic stroke, TGFβ signaling is increased in
astrocytes and activated microglia/macrophages after ischemic
stroke (130). Studies have shown that TGFβ exerts antiapoptotic
and neuroprotective effects after stroke (131, 132). Furthermore,
the inhibition of the TGFβ pathway promotes the infiltration
of immune cells in the peri-infarct lesion and does not
change the physical barrier formed by astrocytes (99). To
date, the exact mechanism of its neuroprotective effect is
not fully elucidated. Previous studies suggest that the Smads,
PI3K/Akt, ERK/MAPK, or PKA pathway could be potentially
involved (99, 133–136).

The Janus kinase/signal transducer and activator of
transcription 3 (JAK/STAT3) signaling pathway is one of
the primary regulators affecting the functional and molecular
changes in reactive astrogliosis. Reactive oxygen species and
other molecules produced after ischemic stroke activate STAT3
(137). The regulation of the STAT3 pathway through miRNA-
31 or sinomenine attenuates neuroinflammatory and neuronal
injury (116, 138). The increased p-STAT3 also promotes neuronal
progenitor cell proliferation and functional rehabilitation via
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the STAT3-HIF1α-VEGF axis (117, 139). Investigators have
postulated that IL-6 induces neuroprotection via STAT3 pathway
activation (118, 140). The role of STAT3 signaling in ischemic
stroke requires further exploration.

The Notch-1 pathway, which participates in reactive
astrogliosis and neural stem cell differentiation, is activated
after stroke (119). Activation of this pathway facilitates the
proliferation of reactive astrocytes and restricts infiltration of
immune cells (119).

NF-κB is another well-understood pathway that regulates
proinflammatory cytokine expression. By using transgenic mice,
Dvoriantchikova et al. elucidated how NF-κB is involved in
proinflammatory and redox-active pathways and has a pivotal
role in neurotoxicity (120). The inhibition of the NF-κB pathways
may reduce the expression of proinflammatory genes, including
Tnf-α, Icam1,Ccl2 (Mcp1),Cxcl10 (IP10), andVcam1, and reduce
the infiltration of CD11b+ leukocytes (120). Tumor protein
53-induced glycolysis reduces the degradation of IκBα and
inhibits NF-κB translocation in astrocytes, thereby ameliorating
neuroinflammation (141).

Tumor necrosis factor-like weak inducer of apoptosis
(TWEAK) and its receptor fibroblast growth factor-inducible
14 (Fn14), expressed in neurons (142), may also be a
proinflammatory factor. TWEAK/Fn14 can activate NF-κB
pathways and increase the expression of the chemokine
monocyte chemoattractant protein-1, which leads to leukocyte
infiltration into the infraction lesion (121). TWEAK stimulation
also contributes to reactive astrogliosis through the TGF-
α/EGFR signal pathway (122). TWEAK/Fn14 inhibition
therefore protects the integrity of the BBB and reduces infarct
volume (143, 144). However, the TWEAK/Fn14 pathway
activation in hypoxia preconditioning results in hypoxic and
ischemic tolerance (145).

Hypoxia-induced glial T-cell immunoglobulin and mucin
domain protein (TIM)-3 is highly expressed in astrocytes and
microglia. Targeting TIM-3 for treatment decreases the infarct
volume and improves neurological deficits (123).

The cytoplasmic protein, NLR family pyrin domain
containing 2, which is expressed in astrocytes, forms an
inflammasome with apoptosis-associated speck-like protein
containing the caspase recruitment domain and caspase-17
(146, 147). Its expression is significantly increased after stroke
(148). In vitro, apoptosis signal-regulating kinase 1 inhibition
contributes to the reduction of proinflammatory cytokines (149).

In addition to scar formation and cytokine production,
astrocytes also have a beneficial role in increasing
extracellular glutamate uptake and sodium/potassium-ATP
activity (150), releasing neurotrophic factors (151), and
rebuilding the BBB (152). In addition, Morizawa et al.
(153) reported that some reactive astrocytes transform
into phagocytic cells in the penumbra after ischemic
stroke. The phagocytic markers galectin-3 and LAMP-2
increased and peaked at 7 days after stroke. The ATP-
binding cassette transporter ABCA1 and its pathway
molecules MEGF10 and GULP1 have a critical role in
the phagocytic transformation, contributing to tissue
recovery (153).

Interaction With the Complement System
The complement system, which is a major effector of the innate
immune system, prevents the invasion of pathogens and regulates
brain function in physiological and pathological conditions.
Astrocytes express complement receptors for C1q, C3a, C5a, and
CR3 (8).

C1q participates in the classical pathway of complement
activation as a pattern recognition molecule. C1q secreted by
microglia promotes A1 phenotype transformation. This process
is potentially mediated by Megf10, a scavenger receptor that is
predominantly expressed by astrocytes (154, 155). C1q deficiency
is neuroprotective in neonatal mice suffering from hypoxic-
ischemic injury (156). A C1q inhibitor reduced leukocyte
infiltration and exhibited a neuroprotective effect in an adult
mice ischemic injury model; unfortunately, this effect is C1q-
independent (157).

C3, a component of the complement cascade and precursor
of C3a, was recently considered a marker of A1 astrocytes
because of its high expression (82). Mice deficient in C3
manifested with a reduced infarction volume and decreased
granulocyte infiltration (158). C3a, a derivate of C3, mediates
cerebral endothelial cell activation and leukocyte recruitment
(159). In previous studies, the pharmacological inhibition of
the C3a-receptor promoted anti-inflammatory neuroprotection,
ameliorated neurological deficits, and improved the outcome
after stroke (158, 160). Oxygen-glucose deprivation unexpectedly
increased the expression of the C3a-receptors of astrocytes
in vitro, and C3a administration protected astrocytes from cell
death in response to ischemic stress by reducing ERK signaling
and caspase-3 activation (161). This protective effect was reversed
by C3a-receptor deficiency (161). Analogously, C3a expressed in
astrocytes exerted a neuroprotective effect in neonatal hypoxic-
ischemic brain injury (162). C3a overexpression or intranasal
administration stimulates neural plasticity, increases the number
of the new neurons in the peri-infarct area, and promotes
neuronal survival (126, 163).

C5 apparently contributes little in the response to ischemic
stroke because the infarction volume of C5- deficient mice
was no different from that in wildtype mice (158). However, a
neuroprotective effect has been observed in C5aR1-deficientmice
or in mice treated with a C5aR1 antagonist after ischemic stroke
(164, 165).

Interaction With T Cells
Astrocytes also interact with other immune cells after stroke.
Adaptive immune cells, particularly T cells, participate in
neuroinflammation in response to ischemic stroke. Peripheral
T-cell infiltration is significantly increased in the ischemic
hemisphere compared with that in the contralateral hemisphere
at 3 days and at 1 month after stroke (166). Most invading T
cells may be a proinflammatory phenotype based on the elevated
levels of activation markers, such as CD44 and CD25, and
proinflammatory cytokines, such as IFN-γ, IL-17, IL-10, TNF-α,
and perforin (166).

Astrocytes can secrete IL-15, which increases the level of
CD8+ T cells and nature killer cells and promotes their
function, thereby aggravating brain injury (167, 168). The use

Frontiers in Immunology | www.frontiersin.org 7 February 2020 | Volume 11 | Article 294138

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Xu et al. Microglia, Astrocyte, Oligodendrocyte in Stroke

of IL-15 neutralizing antibody reduces brain damage caused
by invading peripheral T cells (167). As mentioned previously,
TLR4 activation by lipopolysaccharide increased the level of
IL-15 (110).

In addition to γδT cells, astrocytes have been reported as
a partial source of IL-17, another cytokine that is assumed to
be a proinflammatory factor in the acute stage of ischemic
stroke (169). In addition, IL-17A interacts with TNF-α and
leads to neutrophil invasion in vivo and the expression of other
proinflammatory molecules, such as CCL20, CCL2, CXCL9,
CXCL10, and CXCL11 (170, 171). Interleukin-17A-neutralizing
antibody treatment improved neurological function (172). The
secretion of IL-17A via the NF-κB pathway paradoxically
contributes to post-stroke neurogenesis (173, 174).

Treg cells accumulate after ischemic stroke (175). Astrocytes
increase the level of IL-33 and CCL1 in response to stroke. IL-33
is thought to promote the proliferation of Treg cells because their
numbers in the CNS after stroke is decreased in IL-33-deficient
mice (175). The administration of CCL1, which binds to CCR8,
increases the amount of Treg cells and promotes recovery after
stroke (175). Furthermore, the level of amphiregulin (a VEGF
ligand) secreted fromTreg cells is elevated in the chronic stages of
stroke; it regulates the IL-6 and STAT3 pathways and ameliorates
neurological deficits (175). This collective evidence indicates that
astrocytes promote the proliferation of Treg cells in the late
phase of ischemic stroke, and that Treg cells influence neuronal
recovery. However, some researchers have found that Treg cells
can exacerbate brain injury by inducing BBB disruption (176).

OLIGODENDROCYTES

Oligodendrocytes, which are the primary components of the
CNS, are vulnerable in acute stage ischemia and form myelin
sheaths on sprouting axons in the chronic stage (177). A large
number of oligodendrocytes die within 3 h after stroke (9).
Oligodendrogenesis is a major brain repair process after ischemic
stroke (177). Oligodendrocytes unfortunately do not have a self-
renewal capacity and are mostly derived from OPCs located in
the corpus callosum, striatum, and the subventricular zone (86).
Ischemic stroke induces OPC proliferation and migration, which
contribute to the generation of mature oligodendrocytes, thereby
facilitating neuronal recovery (178). In this study, we integrated
oligodendrocytes and OPCs together to review their effect during
post-stroke neuroinflammation (Table 2).

Neuroinflammatory Influence
After ischemic stroke, several mechanisms mediate axonal
degeneration, including energy and metabolite deficiency,
calcium-regulated cell apoptosis and degeneration, and myelin-
associated inhibitors of regeneration (196). Oligodendrocytes
undergo a complement attack and undergo apoptosis and
necroptosis induced by the toxicity of the released glutamate
and ATP (9, 179). Glutamate also activates the AMPK/kainate
receptors in the neighboring microglia, thereby promoting the
release of proinflammatory cytokines, such as IL-1β and IFN-
γ (179). Investigators have shown that inflammatory cytokines
have a critical role in demyelination diseases. Tumor necrosis

TABLE 2 | Oligodendrocytes and oligodendrocyte progenitor cells in post-stroke

neuroinflammation.

Outcome References

Inflammatory

cytokine

IFN-γ Induces apoptosis, delays

remyelination, inhibits OPC

proliferation and differentiation,

(179)

TNF-α Induces apoptosis, delays

remyelination

(180)

IL-6 Promotes differentiation and

survival

(181)

IL-11 Promotes survival (182)

IL-17 Promotes OPC differentiation (183)

IL-1β Promotes the survival of

oligodendrocytes;

Promotes death of

oligodendrocytes and OPCs

(179, 184, 185)

Interaction with

other cells

T cells Activates specific T cells,

increases infarct volume; induces

proliferation of OPC

(186, 187)

Neuron Oligodendrocytes enhance

axonal repair via IGF-1;

Suppresses axonal axonal

generation via Nogo-A

(188, 189)

Microglia Enhances oligodendrocytes

injury;

Reduces demyelination

(190–192)

Endothelial Promotes OPC proliferation;

Oligodendrocytes regulate BBB

integrity.

(193–195)

BBB, blood–brain barrier; IFN-γ, interferon gamma; IGF-1, insulin-like growth factor-1;

IL-11, interleukin 11; IL-17, interleukin 17; IL-1β, interleukin 1β; IL-6, interleukin 6; Nogo-

A, neurite outgrowth inhibitor A; OPC, oligodendrocyte progenitor cell; TNF-α, tumor

necrosis factor-alpha.

factor-α induces oligodendrocyte apoptosis, delays myelination,
and inhibits OPC proliferation and differentiation (180). In
addition, IFN-γ induces oligodendrocyte apoptosis and reduces
OPC proliferation (181). However, IL-6 combined with IL-6R
enhances the differentiation and survival of oligodendrocytes
(182). IL-11 promotes oligodendrocyte survival via IL-11R. IL-
17A also potentiates OPC differentiation through the ERK1/2
signaling pathway (183). Treatment with IL-4 promotes the
regeneration and remyelination of oligodendrocytes via the IL-
4/PPARγ signaling axis (197). IL-1β intriguingly promotes the
survival of oligodendrocytes and the death of oligodendrocytes
and OPCs via the ciliary neurotrophic factor and glutamate
excitotoxicity, respectively (184, 185). Dying oligodendrocytes
release HMGB1, which combines with TLR2 and exerts autocrine
trophic effects (198).

The number of OPCs increases in the penumbra after
ischemic stroke but decreases in the core lesion (199). In addition,
they became hypertrophic (200), with altered potassium channel
permeability (201), and undergo death induced by excitotoxicity
(202, 203). The overexpression of the Nertin-1 or CXCL12 gene
leads to OPC migration, proliferation, and remyelination (204,
205). Furthermore, NeruoD1 expression in OPC alters their
phenotype toward glutamatergic and GABAergic neurons (206).
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Interaction With Other Cells
Peripheral lymphocytes also participate in post-stroke
inflammation and are interactive with OPCs and
oligodendrocytes. During a stroke, BBB breakdown induces
the leakage of oligodendrocyte antigens, such as myelin
oligodendrocyte glycoprotein (MOG), and myelin basic protein
(MBP) into the periphery (186). The immunoreactivity of
MBP increases much more significantly in the core lesion
than in the peri-infarct lesion (207). These antigens activate
a rapid adaptive immune response (208). A previous study
claimed that the activation of MBP-specific T cells in stroke
was similar to that seen in multiple sclerosis (209). Myelin
oligodendrocyte glycoprotein can could promote MOG-reactive
splenocytes to infiltrate into the lesion, which increases the
infarct volume and worsens the outcome (186). Jin et al. also
postulated that these specific T cells exacerbate Th1/Th17
responses and stroke severity (187). The effect of these specific
T cells in ischemic stroke unfortunately remains in debate
(187, 210–212). Choi et al. reported that VEGF-A secreted
by activated T cells can promote OPC proliferation through
VEGFR2 activation (213). Zarriello et al. have evidenced

that Tregs secrete IL-6 and fibroblast growth factor beta, and
promote OPC differentiation after stroke-induced white matter
injury (214). Some researchers using experimental autoimmune
encephalomyelitis models have recently illustrated that OPCs
can participate in neuroinflammation via LRP1 (215), and that
oligodendrocytes can express antigen presenting molecules
(216). This finding suggests that oligodendrocytes may be
antigen-presenting cells.

That oligodendrocytes communicate with neurons via
myelin-axon interactions is well-illustrated (217). The
products of oligodendrocytes, such as IGF-1, a glial cell-
derived neurotrophic factor, enhance axonal generation (188).
However, neurite outgrowth inhibitor A (also called “Nogo-A”),
an inhibitory protein expressed by oligodendrocytes, suppresses
axonal repair in ischemic stress (189). By contrast, neurons/axons
also regulate the differentiation of OPCs through Neuregulin-1,
Wnt, and Notch signaling pathways (217–219).

As shown previously, microglia are activated in response
to ischemic stroke and release ROS and proinflammatory
cytokines, thereby exacerbating oligodendrocyte injury; they
even ingest OPCs (190, 191). Activated microglia subsequently

FIGURE 1 | Possible crosstalk between glial cells in ischemic stroke. (1) Microglial activation is an important process in inflammatory response after ischemic brain

injury. The release of cellular contents and debris from dead cells, such as other glial cells and neurons, can cause microglial activation. These fragments will also be

engulfed by microglia. (2) The M1 and M2 microglia have significantly different biological functions. In short, M1 microglia have a stronger proinflammatory phenotype,

whereas M2 microglia are anti-inflammatory and have a robust function in phagocytosis. M1 and M2 microglia described in this paper are the two most widely studied

types. Other types of microglia and their biological function need to be further explored. (3) Activated microglia induce the activation of astrocytes by releasing

cytokines such as IL1α, TNFα, and C1q. (4) Astrocytes have a regulatory effect on microglia by releasing cytokines such as IL-33. (5) Activated microglia and

astrocytes can damage neurons. (6) Astrocytes may have neuroprotective functions by producing several types of neurotrophic factors. (7) Activated astrocytes have

damaging effects on oligodendrocytes. (8) Microglia may have a dual role in the regulation of oligodendrocytes: inflammatory factors produced by activated microglia

cause impairment of oligodendrocyte/OPCs, whereas VEGF-C produced by microglia stimulates OPC proliferation and M2 microglia can drive oligodendrocyte

differentiation during remyelination.
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reduce neuroinflammation or demyelination by phagocytosis of
debris (192).

Post-ischemic stroke, cerebral endothelial cells in the peri-
infarct lesion secrete stromal-derived factor 1α and VEGF,
thereby promoting OPC migration (220, 221). Endothelial
cells also secrete brain-derived neurotrophic factor and basic
fibroblast growth factor to promote OPC proliferation (222).
By contrast, oligodendrocytes enhance BBB tightness during
development through TGF-β (193). Oligodendrocyte-derived
MMP-9 exerts vascular remodeling or BBB disruption effects
under different conditions (194, 195).

CONCLUSION

Microglia are important immune cells in the CNS, and they
are rapidly activated after ischemic stroke. Activated microglia
were previously considered to have an adverse effect after
stroke because they secrete various inflammatory cytokines (223).
Inhibition of neuroinflammation by regulating the activation
of microglia has long been considered an effective way to
reduce stroke injuries (224). However, in addition to the
detrimental effects of inflammation, microglia also exert varying
neuroprotective effects after stroke, including phagocytosis of
cell debris and secretion of growth factors. Further research is
required to determine how these mechanisms can be applied
effectively in future stroke treatment.

Microglial polarization is another important factor to
consider. Further research is required to explore the mechanisms
of the activation and polarization of microglia and determine
how these mechanisms can be applied effectively in future
stroke treatment.

Furthermore, microglia interact with most cells in the CNS,
and regulate the functioning of these cells and produce a wider
range of effects. Studies on these crosstalk pathways will help
improve the understanding of the pathological mechanisms of
stroke and other CNS diseases.

Astrocytes have also become a potential treatment target for
stroke because a large number of these cells survive after stroke
and exert a regulative effect in response to ischemic stroke. Anti-
inflammatory agents or astrocyte modulators, such as ONO-
256, have been investigated in previous studies (225, 226);
however, none of them exhibited an advantage over the placebo.
Owing to the dualistic functions of the receptors, the signaling
pathways and cytokines reviewed previously, including TLR, NF-
κB, and others that block post-ischemic stroke inflammation,

may erase the beneficial effects. In addition, astrocytes also
comprise different subsets, A1 and A2, and, after stroke, the
expression of the gene characterized as A2 predominates that of
A1 (105). The STAT3 pathway is also a pivotal mediator of the
outcome (105). The effects of all these molecules and pathways
need to be validated in future studies. Utilizing transcriptome
analysis may help to determine the heterogeneity of reactive
astrocytes post-stroke, understand their functions, and precisely
screen for potential key regulators in neuroinflammation.

Oligodendrocytes significantly influence the recovery of
patients, as they are major components of the CNS glial
cells. These cytokines and intracellular signaling pathways
mentioned previously regulate the migration, proliferation,
and differentiation of oligodendrocytes and OPCs. Their
functions could be influenced by peripheral immune cells,
such as Tregs and activated T cells. They also interact with
endothelial cells and microglia and regulate remyelination.
Oligodendrocytes do not have a role as critical as that of
microglia in post-stroke neuroinflammation. Therefore, finding
a method to promote their survival in the acute stage post-
stroke and enhance axonal regeneration in the chronic stage
post-stroke will be the most important targets for stroke
treatment. However, based on the findings that myelin-associated
proteins can activate the adaptive immune response, and
antigen-specific T cells are a new target for therapeutics, the
immune role of oligodendrocytes and OPCs post-stroke need
further consideration.

In summary, the present review describes the role of glial
cell activation and the involvement of immune responses
mediated by them in the pathogenesis of ischemic stroke
(Figure 1). This review indicates new horizons for future
research such as an in-depth study of the pathological process
of ischemic stroke and the exploration of potential clinical
intervention targets.
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Hypoxia and ischemia are the main underlying pathogenesis of stroke and other

neurological disorders. Cerebral hypoxia and/or ischemia (e.g., stroke) can lead to

neuronal injury/death and eventually cause serious neurological disorders or even

death in the patients. Despite knowing these serious consequences, there are limited

neuroprotective strategies against hypoxic and ischemic insults in clinical settings.

Recent studies indicate that microRNAs (miRNAs) are of great importance in regulating

cerebral responses to hypoxic/ischemic stress in addition to the neuroprotective

effect of the δ-opioid receptor (DOR). Moreover, new discovery shows that DOR can

regulate miRNA expression and inhibit inflammatory responses to hypoxia/ischemia. We,

therefore, summarize available data in current literature regarding the role of DOR and

miRNAs in regulating the neuroinflammatory responses in this article. In particular, we

focus on microglia activation, cytokine production, and the relevant signaling pathways

triggered by cerebral hypoxia/ischemia. The intent of this review article is to provide a

novel clue for developing new strategies against neuroinflammatory injury resulting from

cerebral hypoxia/ischemia.

Keywords: brain injury, hypoxia, ischemia, microRNAs, δ-opioid receptor (DOR), neuroinflammatory response

INTRODUCTION

Neurons in the mammalian central nervous system are extremely vulnerable to deprivation of
oxygen and blood supply. Once the neurons are deprived of oxygen or blood supply, many
pathological events are triggered including inflammatory changes in the brain. In addition, local
accumulation of metabolic wastes also leads to local/regional tissue dysfunction and/or damage
(1). Moreover, the reestablishment of blood flow and/or oxygen supply further enlarges the area of
cell death and/or tissue damage secondary due to the activation of immune responses and cell death
programs (2). Although the past studies have identified numerous events/molecules that are critical
determinants of neural survival/death under hypoxic/ischemic conditions, there is still a paucity of
neuroprotective strategies against hypoxic/ischemic insults in the clinical settings. Therefore, there
is an urgent need to advance our understanding of hypoxic/ischemic process and explore various
novel therapies against the cerebral injury caused by hypoxia/ischemia.

Thus far, microRNAs (miRNAs) and DOR have been identified as key factors in regulating
neuroinflammatory and other biological processes under cerebral hypoxia and ischemia.
MicroRNAs are short RNA molecules (a class of ∼21- to 25-ribonucleotide single-strand non-
coding RNA molecules) and can be found in all eukaryote cells (3). They bind to target messenger

148

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.00421
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.00421&domain=pdf&date_stamp=2020-03-25
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:y55738088@gmail.com
mailto:czyyhxz@sina.com
https://doi.org/10.3389/fimmu.2020.00421
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00421/full
http://loop.frontiersin.org/people/425892/overview
http://loop.frontiersin.org/people/428754/overview


Chen et al. DOR, microRNAs, and Neuroinflammation

RNAs (mRNAs) through base pairing with the 3′ untranslated
regions (3′-UTRs), modulating direct cleavage and/or
translational repression of target mRNAs (4). Up to now,
more than 2,000 human miRNAs have been identified (5). These
miRNAs are found to play important roles in a wide spectrum of
processes under both physiological and pathological conditions,
for example, hypoxia and ischemia. The spatiotemporal
properties of miRNA expression provide complex regulatory
networks in the mammalian cells. Thus, a better understanding
of miRNAs and their roles in repression of target mRNA and
gene silencing is warranted to unveil the potential therapeutics
against hypoxic/ischemic injury by targeting specific miRNA
molecules in the brain.

Opioid receptors belong to the large family of seven
transmembrane G protein–coupled receptors. There are three
major types of opioid receptors, the µ-, κ-, and δ-opioid
receptors (known as MOR, KOR, and DOR) (6). Although there
exists only one DOR gene, two DOR subtypes, namely, DOR1
and DOR2, are identified according to their pharmacological
attributes (7). High levels of endogenous DOR mRNA are
expressed in the brain (especially in cortex and striatum) and
dorsal root ganglion (6, 8–10). Our previous studies have
shown that DOR activation and/or overexpression induce a
protective effect against neuronal injury in hypoxic/ischemic
conditions (11, 12). Such observations were made through
serial studies on primary cultured neurons under hypoxia (13–
15), brain slices in oxygen–glucose deprivation (OGD) (16–
20), and in vivo brain exposed to cerebral hypoxia/ischemia
(21–24). Our observations on DOR neuroprotective effect
have been confirmed by other independent laboratories (25–
32). δ-opioid receptor neuroprotection is mediated by several
important pathways, including an increase in cellular antioxidant
activity and inhibition of cell death signaling. Moreover, there
is growing evidence suggesting that the DOR neuroprotection
against hypoxic/ischemic injury may be achieved by modulating
miRNAs because DOR regulates miRNA expression in different
organs such as brain, kidney, heart, and liver in hypoxia
(33–36). Therefore, it is possible to protect organs against
hypoxic/ischemic injury by targeting specific miRNA molecules
directly or indirectly through DOR signaling.

In this article, we reviewed the effects of DOR activation on
miRNAs and neuroinflammatory responses to hypoxic/ischemic
insults. First, we discussed the effect of hypoxia/ischemia on the
expression of cerebral miRNAs. Second, we summarized
the miRNA-mediated neuroinflammatory events under
hypoxic/ischemic conditions. Third, we indicated various
miRNAs involved in microglia activation, cytokine production,

Abbreviations: 3′-UTRs, 3′ untranslated regions; AD, Alzheimer disease; BBB,

Blood–brain barrier; ChIP, chromatin immunoprecipitation; DGCR8, DiGeorge

syndrome critical region 8; DOR, δ-opioid receptors; GPD1L, glycerol-3-

dehydrogenase-like 1; HIF-1, hypoxia inducible-factor 1; HRE, hypoxia-response-

element; IR, Ischemia–reperfusion; IRAK1, interleukin-1 receptor-associated

kinase 1; KOR, kappa-opioid receptor; MCAO, middle cerebral artery occlusion;

miRNAs, microRNAs; MOR, mu-opioid receptor; mRNA, messenger RNA;

OGD, oxygen–glucose deprivation; PD, Parkinson disease; pre-miRNAs, precursor

miRNAs; pri-miRNAs, primary miRNAs; RISC, RNA-induced silencing complex;

TLR4, Toll-like receptor 4; TRAF6, TNF receptor associated factor 6.

and cell signaling under hypoxia and ischemia. Fourth, we
discussed the effect of DOR activation on the miRNA expression.
Finally, we briefly commented on the potential use of circulating
miRNAs as biomarkers and possible targets for clinical treatment
against hypoxic/ischemic injury.

EFFECTS OF HYPOXIA/ISCHEMIA ON
CEREBRAL miRNA EXPRESSION

The biogenesis of miRNA in mammalian cells required multistep
process that begins with transcription of the primary miRNAs
(pri-miRNAs) by RNA polymerase II in the nucleus. MicroRNA
genes are transcribed either from introns of protein-coding
genes or by intergenic miRNAs under the control of their own
promoters (37). Primary miRNAs are cleaved bymicroprocessors
including DROSHA and DiGeorge syndrome critical region
8 (DGCR8), to produce the ∼60- to 70-nucleotide stem-
loop precursor miRNAs (pre-miRNAs). The pre-miRNAs are
then exported to the cytoplasm via exportin-5 and further
processed by Dicer. One strand of the mature miRNA is loaded
into the RNA-induced silencing complex (RISC), whereas the
remaining strand is released and degraded. Mature miRNA
guides RISC to target transcripts by sequence complementary
binding and mediates gene suppression (38). Current literature
suggests that hypoxia/ischemia can regulate miRNA expression
at various steps throughout its biogenesis pathway. For
instance, transcriptional activities of miRNA genes can be
affected by epigenetic modifications (e.g., DNA methylation and
histone modification) and/or binding of different transcriptional
factors [e.g., HIF, nuclear factor (NF-κB), and p53] that are
involved in various biological and inflammatory responses.
Hypoxia/ischemic condition also affects the expression of some
enzymes, e.g., Drosha, Dicer, and AGO2, which participate in
the regulation of pri-miRNA processing and the maturation of
various miRNAs. Finally, miRNA–RISC complex configurations
are modulated under hypoxic/ischemic conditions (39, 40).

Current research has shown that miRNAs play an important
role in response to the hypoxic/ischemic insults to the
brain, a hypoxia/ischemia–sensitive organ (34, 39–42). Indeed,
cerebral hypoxic/ischemic stress regulates miRNA expression
and significantly affects neuronal functions and survival
(Table 1). In addition, clinical studies also showed that stroke
patients had a dysregulation in global miRNA profiles several
months after the original hypoxic/ischemic insults (76, 77). It is
reported that mild/moderate hypoxic/ischemic stress may induce
cell proliferation, migration, and angiogenesis (78, 79), whereas
a severe/prolonged hypoxia/ischemic stress causes apoptosis and
necrosis. The differential cellular signaling is partially mediated
by the miRNA-induced repression of gene expression (62, 80).

Hypoxia-inducible factor 1 (HIF-1) lies at the epicenter of the
complex regulatory network that involves hundreds of protein-
coding genes and directly regulates the expression of certain
miRNAs via its transcriptional factor activity in the brain. It
is a key transcriptional factor for cerebral hypoxic/ischemic
responses (81, 82). MiR-210 was one of the first hypoxia-sensitive
miRNAs discovered as a direct transcriptional target of HIF (83).
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TABLE 1 | Hypoxia/ischemia–induced miRNA changes in the brain with defined targets.

Hypoxia/ischemia

regulated miRNAs

Species Target genes Function References

UP-REGULATED BY HYPOXIA/ISCHEMIA

miR-1 Mouse HSP70 Induce DNA fragmentation and neuronal cell apoptosis (43)

miR-27a Rat LAMP2 Influence lysosomal clearance and autophagy (44)

miR-29a Rat PUMA Maintain mitochondrial function (45)

miR-106b-5p Human, rat MCL1 Promote apoptosis and oxidative stress (46)

miR-130a Rat HOXA5 Regulate cerebral ischemia–induced blood–brain barrier permeability (47)

miR-200b Rat KLF4 Regulate microglial M1/M2 polarization (48)

miR-200c Mouse RELN Induce oxidative injury and neuronal death (49)

miR-210 Rat GR Promote hypoxia/ischemia–induced neuronal death (50)

Mouse NP1 Glutamate-mediated excitotoxicity to cortical neurons (51)

Mouse ISCU1/2 Control mitochondrial metabolism (52)

miR-215 Human KDM1B Angiogenesis, glucose metabolism, and chondroitin sulfate modification (53)

miR-365 Rat PAX6 Modulate astrocyte-to-neuron conversion (54)

miR-497 Mouse BCL2 Proapoptosis and ischemic neuronal death (55)

miR-3473b Mouse SOCS3 Promote neuroinflammation (56)

DOWN-REGULATED BY HYPOXIA/ISCHEMIA

miR-7 Mouse HERP2 Modulate astrocytic inflammatory responses (57)

Rat SNCA Improve motor and cognitive function (58)

miR-9 Mouse BCL2L11 Antineuronal apoptosis (59)

miR-21 Mouse PDCD4 Modulate oxygen–glucose deprivation and apoptotic cell death (60)

Rat FasL Modulate neuronal apoptosis and microglia activation (61)

miR-23b/27b Mouse APAF1 Antineuronal apoptosis (62)

miR-29b Human, mouse AQP4 Edema and blood–brain barrier disruption (63)

miR-122 Human G6PC3, ALDOA, CS Regulate glucose and energy metabolism (64)

miR-124 Human TEAD1, MAPK14, SERP1 Counteract prosurvival stress responses in glioblastoma (65)

miR-125b Rat TP53INP1 Inhibit neuroinflammation and apoptosis (66)

miR-135a/199a-5p Human FLAP Increase leukotriene formation (67)

miR-139-5p Rat HGTD-P Inhibit neuronal apoptosis (68)

miR-181c Rat TLR4 Modulate NF-κB activation and neuroinflammation (69)

miR-374a Human ACVR2B Modulate immune response (70)

miR-377 Rat VEGF, EGR2 Modulate cerebral inflammation (71)

miR-424 Human, mouse CDC25A, CCND1, CDK6 Neuronal apoptosis and microglia activation (72)

miR-592 Mouse NTR Antiapoptotic cell death (73)

let-7c-5p Human, mouse Caspase 3 Inhibit microglia activation (74)

let-7i Human CD86, CXCL8, HMGB1 Regulate leukocyte activation, recruitment, and proliferation (75)

These changes are summarized from the existing literature. As we indicated in the text, their changes in response to hypoxia and/or ischemia may vary, depending on the duration and

severity of stress, types of tissues, experimental objects, and so on.

HSP70, heat shock protein-70; LAMP2, lysosomal associated membrane protein 2; PUMA, BCL2 binding component 3; MCL1, myeloid cell leukemia-1; HOXA5, homeobox A5; KLF4,

Krüppel-like factor 4; RELN, reelin; GR, glucocorticoid receptor; NP1, neuronal pentraxin 1; ISCU1/2, iron–sulfur cluster assembly enzyme 1/2; KDM1B, lysine demethylase 1B; PAX6,

paired box 6; BCL2, BCL2 apoptosis regulator; SOCS3, suppressor of cytokine signaling 3; HERP2, HERPUD family member 2; SNCA, α-synuclein; BCL2L11, BCL2 like 11; PDCD4,

programmed cell death 4; FasL, Fas ligand; APAF1, apoptotic protease activating factor-1; AQP4, aquaporin-4; G6PC3, glucose-6-phosphatase catalytic subunit 3; ALDOA, aldolase,

fructose–bisphosphate A; CS, citrate synthase; TEAD1, TEA domain 1; MAPK14, MAP kinase 14; SERP1, stress-associated endoplasmic reticulum protein; TP53INP1, tumor protein

p53 inducible nuclear protein 1; FLAP, 5-lipoxygenase activating protein; HGTD-P, human growth transformation dependent protein; TLR4, Toll-like receptor 4; ACVR2B, activin-A

receptor type IIb; VEGF, vascular endothelial growth factor; EGR2, early growth response gene 2; CDC25A, cell division cycle 25A; CCND1, cyclin D1; CDK6, cyclin dependent kinase

6; NTR, neurotrophin receptor p75; CXCL8, C-X-C motif chemokine ligand 8; HMGB1, high-mobility group box 1.

Upon hypoxic exposure, miR-210 transcription is dynamically
induced through HIF-1α interaction with the hypoxia-response
element (HRE) located within its promoter region (40, 52).
Evidence indicates that HIF-1 may also contribute to the
transcriptional activation of other hypoxia-sensitive miRNAs
(e.g., miR-26, miR-181, and miR-26) through direct binding
to HREs in their respective promoter regions (83, 84). The

regulation has been confirmed by experiments including
luciferase-based promoter-reporter assays and chromatin
immunoprecipitation (ChIP) assays (83).

Several studies have attempted to summarize the complex
hypoxia/ischemia–induced miRNA alternations in the brain and
found that the hypoxic/ischemic miRNA changes are highly
variable following the different durations of hypoxia/ischemia,
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the level of oxygen concentration, and the types of cell/animal
models. Different miRNAs exhibit diverse responses to different
durations of hypoxic/ischemic insults in the same brain region.
Our previous study examined the effects of hypoxia on
miRNA expression in the rat cortex. The expression of miR-
29b, miR-101b, miR-298, miR-324-3p, miR-347, and miR-466b
were significantly down-regulated following 1-day exposure to
hypoxia. However, some other miRNAs were more tolerant to
hypoxic insult. For instance, a down-regulated expression of
miR-31 and miR-186 was observed only following a continuous
5-day hypoxia exposure. The expression of miR-29a, let-7f, and
miR-511 remain unchanged until a continuous 10-day exposure
of hypoxia (34). These findings suggest that cortical miRNAs
respond differently to hypoxic stress, depending on the durations
of exposure.

Thus, the combinatorial and coordinated regulation of

miRNAs forms a complex network to regulate target genes in
response to hypoxic/ischemic insult. As illustrated in Figure 1,

many miRNAs regulate neuroinflammation events such

as microglia activation, cytokine production, and immune
cell development, as well as other biological processes
such as apoptosis, oxidative/mitochondrial reaction, and
energy balance in responding to cerebral hypoxia/ischemia
(Figure 1). For instance, the hypoxia-sensitive miR-210
is potently induced by hypoxia via an HIF-1–dependent
manner and in turn stabilizes HIF-1 by targeting glycerol-3-
dehydrogenase-like 1, forming a positive feedback regulatory
loop (85). Table 1 summarizes miRNA changes in cerebral
hypoxia/ischemia with defined target genes based on both
animal and clinical studies.

THE miRNA-MEDIATED
NEUROINFLAMMATORY EVENTS UNDER
HYPOXIA/ISCHEMIA

Hypoxic and/or ischemic injuries are well-documented entities in
the pathogenesis of cerebrovascular diseases such as stroke, and
neurodegenerative diseases, including Alzheimer’s disease (AD)
and Parkinson’s disease (PD). The effects of hypoxia/ischemia on
miRNA expression in the brain have been widely investigated in
different animal models and clinical settings. Khoshnam et al.
(86) reviewed the interplay of miRNAs in the inflammatory
processes following ischemic stroke.

Cerebral hypoxia/ischemia greatly affects key inflammatory
transcription factors including NF-κB (87). It also induces
the synthesis and release of inflammatory mediators, enzymes,
and cytokines (87, 88). On the other side, hypoxia/ischemia
can greatly alter miRNA expression. A brief summary of
hypoxia/ischemia–sensitive miRNAs and their targeting genes
involved in neuronal inflammatory and immune responses is
shown in Table 1.

MicroRNAs regulate inflammatory response by affecting
microglia activation in cerebral hypoxia/ischemia. A significant
reduction of miR-424 expression was discovered in circulating
lymphocytes of patients with ischemic stroke (72). Similar
findings are also observed inmouse plasma and brain tissues after
ischemia. In contrast, miR-424 overexpression caused G1 phase
cell-cycle arrest by translational suppression of key activators
of G1/S transition (e.g., CDC25A, cyclin D1, and CDK6)
in microglia cells, thus attenuating ischemic brain injury by
inhibiting neuronal apoptosis andmicroglia activation (72). In an

FIGURE 1 | The diverse functions of the miRNAs involved in hypoxic/ischemic responses.
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animal model of middle cerebral artery occlusion (MCAO), there
is an elevation of miR-200b expression after brain ischemia. MiR-
200b up-regulation was able to induce proneuroinflammatory
cytokine production and microglia M1 polarization via directly
targeting KLF4 (48). Similarly, let-7c-5p was significantly altered
in the plasma of patients with ischemic stroke and inMCAOmice
(74). The ischemic induction of proinflammatory mediators [e.g.,
inducible nitric oxide synthase (iNOS), cyclooxygenase 2 (COX-
2), tumor necrosis factor α (TNF-α), and interleukin 6 (IL-6)]
in the ischemic cortex were attenuated by the overexpression of
let-7c-5p (74). The neuroprotective effect is likely achieved by
the direct regulation of let-7c-5p on caspase 3 levels, which is
an important regulator of microglia M1/M2 polarization (89–
91). MiR-377 plays a proinflammatory role following ischemic
stroke by modulating the anti-inflammation effect of EGR2 and
the proangiogenesis effect of vascular endothelial growth factor
(VEGF) (71). Fan et al. (71) found that the level of miR-377
decreased in the rat brain after MCAO and cultured microglia
cells exposed to OGD. Furthermore, they found that miR-377
knockdown could attenuate microglia activation and the release
of proinflammatory cytokines after OGD. In addition, miR-21
can induce neuronal protection via suppression of FasL and
inhibition of microglia activation (61), whereas OGD down-
regulates miR-21 expression in rat primary microglial cells,
suggesting an up-regulation of miR-21 may induce a protective
effect against ischemic injury.

Hypoxia/ischemia–sensitive miRNAs can alter the production
of inflammatory cytokines through direct or indirect pathways.
For instance, miRNA-181c suppresses the expression of TNF-
α, a key inflammatory cytokine, by binding to the 3′-
UTR (92). Toll-like receptor 4 (TLR4) was confirmed to be
another direct target of miR-181c. Down-regulation of miR-181c
expression in primary microglia under hypoxia promoted TLR4
expression and NF-κB activation, increasing the downstream
production of proinflammatory mediators (69). MiR-125b was
also found to activate the NF-κB signals by targeting a
negative NF-κB regulator, for example, the TNF-α-induced
protein 3. On the other hand, miR-125b is a direct NF-κB
transcriptional target. Thus, there is a positive self-regulatory
loop of miR-125–NF-κB for strengthening and prolonging NF-
κB activity (93).

Ischemia–reperfusion injury resulted in a reduction of miR-
125b in rat brain and increase in protein levels of TP53INP1,
p53, cytokines IL-1β, and TNF-α (66). Two hypoxia-related
miRNAs, miR-146a and miR-155, are found to play an
important role in NF-κB–mediated inflammatory responses
following hypoxia (40, 42). Tumor necrosis factor receptor–
associated factor 6, IL-1 receptor–associated kinase 1, and TLR4
are direct target genes of miR-146a/b (94–96). Hypoxia can
promote miR-146a expression, thus down-regulating expression
of proinflammation targets (97). In rat ischemic model,
the brain and circulation miR-155 was down-regulated (98).
Reducing miR-155 facilitates the downstream proinflammatory
signaling via multiple targets including inositol phosphatase
SHIP1, MyD88, and SOCS1 required for TLR/IL-1R signaling
(99–102). In the endotoxin mouse model, Alexander et al.
(103) further confirmed the importance of exosome-delivered

miR-155 and miR-146a in regulating the immune responses;
for example, miR-146a reduced, whereas miR-155 enhanced
the inflammatory responses. There are several examples for
the miRNA-modulated production of inflammatory cytokines,
including the miR-3473b-SOCS3-iNOS/COX-2/TNF-α/IL-6 axis
in stroke pathology (56), miR-374a-ACVR2B-IL-6/IL-8 axis in
the infants with hypoxic/ischemic encephalopathy (70), and
endoplasmic reticulum stress-related miR-7-HERP2-TNF-α/IL-
1β axis in mouse astrocytes exposed to OGD insult (57).

Various studies have demonstrated that miR-210 serves
as a key mediator of hypoxia/ischemia–dependent responses.
Thus far, a complex spectrum of target genes for miR-210
has been identified. These genes are involved in angiogenesis,
cell proliferation, mitochondrial metabolism, inflammatory
response, and so on (52, 104–107). MiR-210, through HIF-
1α-dependent pathway, can modulate T-cell differentiation
in hypoxia, limit inflammatory cytokine production, and
decrease the severity of disease (108). MiR-210 also mediates
immunosuppression and immune escape under hypoxic
conditions in cancer cells (109, 110). Elevated miR-210 in
oxygen-deprived regions of tumors decreases cell susceptibility
to lysis by antigen-specific cytotoxic T lymphocytes (109). In
addition, miR-210 was shown to enhance myeloid-derived
suppressor cell–mediated T-cell suppression by targeting Arg1,
CXCL12, and IL-16 expression, thus facilitating tumor growth
by increasing arginase activity and nitric oxide production (110).
Interestingly, germline deletion of miR-210 in mice resulted
in the development of autoantibodies, whereas overexpressing
miR-210 exhibited impaired class-switched antibody responses,
expanding the immune regulatory function of miR-210 to B cell
activation and autoantibody production (111). Taken together,
these findings underscored a key regulatory role for hypoxia-
induced miR-210 in immune cell development. Apart from
well-studied miR-210, decreased expression of let-7i and miR-
17-5p were discovered in patients with acute ischemic stroke
and in animal post–hypoxia/ischemia models. Let-7i regulates
several signals involved in leukocyte activation, recruitment,
and proliferation involving of CD86 signaling in T helper cells,
high-mobility group box 1 (HMGB1) signaling, and CXCL8
signaling (75). MiR-17-5p regulates NLRP3 inflammasome
activation, caspase 1 cleavage, and IL-1β production in the rat
model of brain damage (112).

The NF-κB signaling is a key factor in inflammatory responses
and functions to modulate several hypoxic/ischemic–sensitive
miRNAs. This phenomenon has been observed in both acute
and chronic hypoxic conditions (113, 114). Systematic screening
approach was applied in identifying several NF-κB–regulated
miRNAs, including miR-146a, miR-155, miR-21, miR-130, miR-
210, and so on (94, 115–117). Researchers have discovered the
NF-κB binding sites located at the promoter regions of miR-
21, miR-130, and miR-210. Using ChIP and luciferase reporter
assays, direct interactions between NF-κB and promoters of
miR-21, miR-130, and miR-210 have been confirmed (116, 117).

In conclusion, multiple miRNAs and transcriptional
factors form positive or negative feedback regulatory
loops that actively participate in hypoxia/ischemia–induced
neuroinflammatory responses.
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δ-OPIOID RECEPTOR–INDUCED
ALTERATIONS IN miRNA EXPRESSION IN
THE BRAIN UNDER HYPOXIC CONDITION

Our recent studies and those of others have provided a strong
evidence supporting DOR-mediated neuroprotection in the
brain, especially in the cortex (7). An important aspect of the
DOR-mediated neuroprotection is its ability in maintaining
cellular ionic homeostasis. Specially, DOR activation attenuates
Na+ influx through the membrane, reduces the increase in
intracellular Ca2+, and decreases the excessive leakage of
intracellular K+ (12, 16–20). δ-opioid receptor activation reduces
hypoxic/ischemic disruption of ionic homeostasis by inhibiting
the Na+ channels and N-methyl-D-aspartate receptors (19) and
activating a PKC-dependent signaling pathway (16, 20). Another
aspect of DOR-mediated neuroprotection is the reduction of
glutamate-induced excitotoxic neuronal injury by enhancing
antioxidant ability and inhibiting caspase signaling (15, 21,
118, 119). δ-opioid receptor activation can also inhibit the
production of inflammatory cytokines in hypoxic/ischemic
conditions. In a rat model, DOR activation improved rat
survival, which is associated with a significant decrease in
release of proinflammatory molecules (e.g., TNF-α, IL-1β, and
HMGB1) (120). δ-opioid receptor activation suppressed TNF-
α expression and retinal ischemia-induced cell death (121).
Our studies discovered that DOR activation has an inhibitory
effect on hypoxia-induced increase in TNF-α in cultured rat
astrocytes (122). Moreover, DOR plays an important role in
neuroprotection against hypoxic/ischemic stress by regulating
the expression of inflammatory and anti-inflammatory cytokines
in the neonatal brain (123). The underlying mechanism is
partially mediated by Nrf-2/HO-1/NQO-1 signaling (123) and,
at least partially, involved in DOR-mediated miRNA regulation.

Recent studies demonstrated that DOR activation modulates
the expression of miRNAs in multiple organs in response
to hypoxic stress. Our serial studies demonstrated that DOR
activation has a positive or negative impact on different miRNAs
in the brain, kidney, heart, and liver in hypoxia. Usingmicroarray
and quantitative real-time polymerase chain reaction (PCR)
analysis to measure miRNA expression and applying UFP-
512, a potent and specific DOR agonist, to activate DOR in
Sprague–Dawley rats (33–36), we found that some miRNAs
significantly change their expression upon DOR activation in the
brain under normoxic condition, and such modulation becomes
more profound in hypoxic/ischemic conditions, especially after
a prolonged period. For instance, DOR activation did not alter
the brain miR-31 expression under normoxic condition, but
it led to a 50% increase in miR-31 levels after 1-day hypoxic
exposure, suggesting that DOR activation up-regulates miR-
31 in hypoxia (34), thus inhibiting proinflammatory TH1 cells
and cell glucose metabolism (124, 125). In the same animal
model, DOR activation reduced the levels of miR-347 and miR-
466b in the cortex after prolonged hypoxia as compared to
DOR activation in normoxic animals (34). Moreover, 5-day
hypoxia had no significant effect on cortical miR-21 and miR-
370 expression. However, the combination of hypoxia and DOR
activation produced a dramatic 70% suppression in both miR-21

and miR-370 levels. Moreover, cortical miR-21 and miR-370
expression remained unchanged when DOR agonist was applied
under normoxic conditions, and the regulatory effect of DOR
was shown when the animals were exposed to prolonged hypoxia
(34). Similarly, many other cortical miRNAs had a sensitive
response to DOR activation and changed their expression in
hypoxic condition, including miR-20-5p, miR-29a, miR-29b,
miR-101b, miR-186, miR-212, miR-298, miR-351, and miR-363∗

(34). The effects of DOR activation on miRNA expression after
pronged hypoxia are summarized in Figure 2.

Therefore, DOR activation can affect miRNA-mediated
neuroinflammatory responses under hypoxic/ischemic
conditions through direct or indirect pathways. The expression
of miR-21, miR-29a, and miR-29b are directly regulated
upon DOR activation and thus affecting cellular events
mediated by target genes. On the other side, DOR activation
modulates some key molecules and transcriptional factors and
affects miRNA biogenesis or cellular inflammatory responses,
eventually affecting neuronal survival/death. We have found
that DOR activation up-regulates extracellular-signal-regulated
kinase (ERK) activity, and ERK signaling mediates DOR
neuroprotection (14). ERK is found to suppress pre-miRNA
export from the nucleus to cytoplasm through phosphorylation
of exportin-5, resulting in a global reduction of pre-miRNA
loading and miRNA synthesis in cancer cells (126, 127).
The similar regulatory mechanism may exist in the brain
tissue. Besides ERK signaling, DOR activation also reduces
caspase 3 expression (21). Mounting evidence suggests that
caspase 3 is an important regulator of microglia activation
and inflammation-mediated neurotoxicity independently
from its apoptotic activity. Indeed, activated caspase 3 in
microglia was found in several neurodegenerative disease
models including PD and AD (91), partially accounting for
neuroinflammation in the neurodegenerative brains. Caspase
inhibitors can hinder microglia activation and consequently
reduce neuroinflammation (91, 128, 129). Interestingly, caspase
3 is a direct target of let-7c-5p (74), suggesting a potential
regulatory network among DOR, let-7c-5p, caspase signaling,
and microglia-mediated neuroinflammation.

POTENTIAL CLINICAL APPLICATIONS
AND THERAPEUTIC TARGETS

MicroRNAs have been implicated as an important player
in response to brain hypoxia/ischemia. Emerging evidence
shows that multiple hypoxia/ischemia–sensitive miRNAs may
serve as potential clinical biomarkers for brain injury and
the progression of neurological disorders (130). In addition,
certain circulatory miRNAs are proved to correlate with their
changes in the brain with pathological alterations (131). These
specific circulatory miRNA(s) may serve as a biomarker(s) for
neuropathological changes and the prognosis. For example, a
positive correlation between blood and brain levels of miR-
210, a master and pleiotropic miRNA sensitive to hypoxia,
was reported in patients with ischemic stroke and ischemic
mouse models. Moreover, the levels of miR-210 in stroke
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FIGURE 2 | Influences of DOR activation on miRNA expression in prolonged hypoxia.

patients with good outcomes were significantly higher than
those in patients with poor outcomes (132). Tiedt et al. (133)
identified circulating miR-125a-5p, miR-125b-5p, and miR-
143-3p as potential biomarkers for acute ischemic stroke by
RNA sequencing followed by real-time PCR validation. Liu
et al. (98) also performed brain and whole-blood miRNA
expression profiles in rat models with different neurological
disorders and identified a set of blood miRNAs (e.g., miR-298,
miR-155, and miR-362-3p) that are correlated with different
disease statuses. All these studies strongly suggest that certain
blood miRNAs can serve as biomarkers for hypoxia/ischemia–
relevant neurological diseases. Further studies on miRNAs that
respond to hypoxia/ischemia and their regulatory mechanisms
may lead to major improvements in diagnostic medicine and
disease prognosis.

A large number of mediators and intracellular signaling
are actively participating in neuroinflammatory responses to
hypoxia/ischemia. Targeting selected miRNAs that have the
capacity tomodulate these inflammatorymediators and signaling
may be potentially used to develop new therapies. For instance,
IL-10 is an anti-inflammatory molecule participating in tissue
repair and cytoprotective effects in ischemic brain tissue
(134). Interleukin 10 can be directly regulated by several
miRNAs, for example, miR-106a, miR-4661, miR-98, miR-27,
let-7, and miR-1423 post-transcriptionally (135). Moreover,
miR-21 can indirectly regulate IL-10 via down-regulation of
the IL-10 inhibitor PDCD4 [Table 1; (136)]. An interaction
between miRNAs and IL-10 has been implicated to play a
vital role in inflammatory and autoimmune diseases (137, 138).
Moreover, inhibition of miR-155 can trigger IL-10–mediated
anti-inflammatory responses, resulting in improved post-stroke
recovery (139). Furthermore, modulating miR-210 and miR-107

can result in VEGF-associated post-stroke angiogenesis and
neurogenesis, suggesting that miR-210 and miR-107 may serve
as a potential strategy for stroke treatment (140, 141).

Because DOR is neuroprotective and has a broad influence
on miRNA expression in hypoxia, it is likely to develop
new protective strategies against hypoxic/ischemic brain injury
by directly or indirectly targeting certain miRNAs. There is
a high level of endogenous DOR expression in the cortex,
striatum, temporal lobe, putamen, and caudate nucleus (6,
8–10, 142). All these brain regions are commonly attacked
by stroke and other neurodegenerative diseases. A short-term
attack, for example, acute hypoxia, may up-regulate DOR
expression (7), but prolonged hypoxia largely reduced the level
of DOR in the brain (7, 11, 14). An increase in the DOR
expression and/or activity may greatly render these brain regions
more tolerant to hypoxic/ischemic insults. Unfortunately, this
is a difficult, if not impossible, strategy for the patients at
present. Alternatively, applying specific DOR agonist, through
miRNA- and non–miRNA-mediated neuroprotection, may be
a more reliable clinical approach. However, there are still
some limitations in the clinical application of DOR agonists
because of opioid addiction/tolerance and other issues such
as low specificity of opioid ligands (6, 143). Also, chronic
opioid administration has an inhibitory effect on immune
ability, for example, immunosuppression, including antibody
production, natural killer cell activity, cytokine expression,
and phagocytic activity (144). More in-depth research on the
molecular mechanisms of DOR-mediated miRNA regulation,
including the effects of DOR on miRNA splicing and maturation
process, may lead to an alternative and reliable way for the DOR-
miRNA–mediated neuroprotection against hypoxic/ischemic
brain injury.
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Stroke is one of the major causes of chronic disability worldwide and increasing

efforts have focused on studying brain repair and recovery after stroke. Following

stroke, the primary injury site can disrupt functional connections in nearby and remotely

connected brain regions, resulting in the development of secondary injuries that may

impede long-term functional recovery. In particular, secondary degenerative injury

occurs in the connected ipsilesional thalamus following a cortical stroke. Although

secondary thalamic injury was first described decades ago, the underlying mechanisms

still remain unclear. We performed a systematic literature review using the NCBI

PubMed database for studies that focused on the secondary thalamic degeneration

after cortical ischemic stroke. In this review, we discussed emerging studies that

characterized the pathological changes in the secondary degenerative thalamus after

stroke; these included excitotoxicity, apoptosis, amyloid beta protein accumulation,

blood-brain-barrier breakdown, and inflammatory responses. In particular, we highlighted

key findings of the dynamic inflammatory responses in the secondary thalamic injury

and discussed the involvement of several cell types in this process. We also discussed

studies that investigated the effects of blocking secondary thalamic injury on inflammatory

responses and stroke outcome. Targeting secondary injuries after stroke may alleviate

network-wide deficits, and ultimately promote stroke recovery.

Keywords: inflammatory responses, ischemia, secondary injury, stroke, thalamic injury, degeneration

INTRODUCTION

Stroke is a disease with high prevalence and incidence (1). In the USA,∼795,000 people experience
a new or recurrent stroke every year (1). Although stroke mortality has decreased in the recent
years, a large population of stroke patients still suffers long-term disabilities (1). Increasing efforts
have been geared toward understanding brain repair and recovery mechanisms after stroke. In
ischemic stroke, the initial cerebral blood flow interruption causes local brain infarct at the acute
phase. This damaged primary injury can disrupt network-wide functions, resulting in progressive
development of secondary injuries in connected brain regions that can interfere with long-term
recovery (2). Thalamus is a key brain region that is particularly affected after cortical stroke (3–5).
The secondary injury in the connected ipsilesional thalamus can be detected as early as 3 days
after stroke and is still detectable at least after 6 months in rodent and 12 months in patients
(6–8). Evidence suggests that this secondary remote injury results in the anterograde/retrograde
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degeneration after the disruption of functional connections
between cortex and thalamus (10, 11) (Figure 1A). The axonal
degeneration and dysfunction of the myelin clearance in the
distal affected regions also contribute to the secondary lesion
development (12). We aimed to present a systematic review
of the current understanding of the secondary thalamic injury
after ischemic stroke. We summarized the pathological changes
associated with secondary thalamic injury and highlighted the
findings of the cellular and molecular changes of inflammatory
response in the secondary thalamic injury. We also discussed
the studies that have investigated the outcome after blocking
secondary thalamic injuries in ischemic stroke.

LITERATURE SEARCH AND REVIEW
CRITERIA

All data are publicly available in the National Center for
Biotechnology Information (NCBI) PubMed database. We
screened publications in PubMed up to December 31, 2019
for full-text articles in English, using (“ischemic stroke” or
“cerebral ischemia” or “middle cerebral artery occlusion” or
“middle cerebral artery injury”) AND (“thalamic degeneration”
or “thalamic injury” or “thalamic diaschisis” or “secondary
degeneration” or “secondary neurodegeneration”). An additional
23 full-text articles from PubMed were also included based
on relevant content. We included studies that focused on
secondary thalamic degeneration after cortical ischemic stroke.

FIGURE 1 | Secondary injury in the connected thalamic nucleus after primary cortical stroke. (A) The schematic diagram illustrates neural circuit connections between

cortex and thalamus. Left, intact cortico-thalamic and thalamo-cortical circuit connections under normal condition. Right, primary injury in the cortex disrupts

cortico-thalamic and thalamo-cortical circuit connections, resulting in secondary injury in the connected thalamus. (B) Nissl-stained images show a darkly stained

region (arrow) in ipsilesional thalamus at 1-month post-stroke. C, contralesional side; I, ipsilesional side. Scale bar = 1mm. Adapted from Cao et al. (9), under the CC

BY license. (C) Left: Enlarged image highlights the degenerative neuronal damage in the ipsilesional thalamus (outlined by a solid line); scale bar = 500µm. Right: The

well-defined boundary between degenerating and healthy neurons in thalamus at 1-month post-stroke. Black arrows indicate normal neurons and red arrows indicate

typical injured neurons, scale bar = 50µm. Adapted from Cao et al. (9), under the CC BY license.

The following studies were excluded: where the primary injury
was not limited in cortex, such as global hypoxia stroke
or generated by intraluminal suture model or cardiac arrest;
duplicate publications; considering the secondary thalamic injury
is a delayed injury at chronic stage of stroke, 1 study with
the maximum observation time point at Day 7 post-stroke
was also excluded. A total of 1,026 articles were screened,
and 67 articles were included in this review (Figure 2).
No registered review protocol was used in this systematic
review. Guidelines from the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses were followed in this
review (13).

SECONDARY THALAMIC INJURY

The degeneration of remote but functionally connected brain
regions is originally termed “diaschisis” by Constantin von
Monakow in the early twentieth century (14). By the 1990’s,
computed tomography (CT) and magnetic resonance imaging

(MRI) detect thalamic atrophy in patients with cerebral
infarction caused by an occlusion of the middle cerebral artery

(MCAO) (3, 4). Concurrently, several groups describe secondary

degeneration in the thalamus following rodent models of cortical
lesion (15–17). Kataoka et al. first report ipsilesional thalamic
injury following ischemic stroke in a rat model of MCAO (10).
They observe decreased succinate dehydrogenase activity and
massive silver staining of degenerated synaptic terminals in the
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FIGURE 2 | The systematic review progress under Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidance.

ipsilesional thalamus at Day 5 post-stroke when compared with
sham-operated rats. Their findings suggest a delayed ipsilesional
thalamic degeneration after cortical ischemic stroke (10). In
another rodent study, electron microscopic analysis shows that
the cytolytic nerve cell degeneration is somatodendritic without
central chromatolysis in the secondary thalamic injury at Day
7 post-stroke (18). Since then, this phenomenon of secondary
injury has gradually attracted attention in the field of ischemic
stroke. Increasing efforts have focused on understanding the
pathological changes of secondary thalamic injury using cellular
and molecular biology tools, and modern imaging techniques.

Methods and Strategies to Identify
Secondary Thalamic Injury
Secondary thalamic injury can be induced in most animal models
of cortical stroke, such as transient (9) or permanent MCAO
(6), photothrombotic models (19), middle cerebral artery (MCA)
embolizationmodel (20) and endothelin 1-induced strokemodel.
Traumatic injury to the cortex can also cause secondary thalamic
injury (21). Depending on the site of initial cortical lesions and
the connected cortico-thalamic projections, secondary injuries
can develop in different sub-divisions of thalamus (7). For
example, the primary somatosensory cortex (S1) predominantly
projects to the ventral posterior medial nucleus (VPM) and
the posterior medial nucleus (PoM) of thalamus (22). When
a primary ischemic injury is generated in S1, we observe a
secondary thalamic injury in VPM and PoM at Day 30 after
stroke (9). In other studies, a primary injury in the motor cortex
can lead to a secondary thalamic injury in thalamic posterior area
and ventral posterolateral nuclei (VPL) area (7, 23). In a bilateral
endothelin-1-induced infarct in the pre-frontal cortex, secondary
degeneration is observed in dorsomedial nucleus of the thalamus
and retrosplenial cortex (24).

Histological methods have been commonly used to detect
neuronal changes and injuries in both primary and secondary

injury sites after stroke, including Fink-Heimer silver staining
(6), Nissl staining (5, 9), Fluoro-Jade staining (25), and
immunostaining with neuron specific antibodies such as
neuronal nuclei (NeuN) and microtubule-associated protein 2
(MAP2) (9, 26). Darkly stained, shrunken nuclei and atrophic
perikaryal are presented by Fink-Heimer silver staining in the
ipsilateral thalamic nuclei at Day 7 after cortical stroke (6).
Degenerating neurons stained by Fluoro-Jade appear in the
secondary thalamic injury site starting as early as Day 3 after
focal ischemic stroke, peaking at Day 5 and decreasing by Day
16 (25). Nissl-stained brain sections show increased staining in
the ipsilateral thalamus at one-month post-stroke. Significant
pyknotic stained debris and loss of normal neuronal structure
are present in the ipsilesional thalamus at Day 30 post-stroke
in a MCAO model (Figures 1B,C) (9). Immunostaining of
NeuN indicates neuronal loss in the degenerative thalamus,
shown by the significantly reduced numbers of NeuN-positive
neurons in the ipsilesional thalamus (9). With the progression
of the secondary thalamic injury, severe shrinkage of the
ipsilateral thalamus starts from 2 weeks up to several months
after focal cortical ischemia detected by hematoxylin and eosin
staining or Nissl staining (27, 28). In addition to changes
in neuronal pathology, changes in neuronal function are also
detected in affected thalamic nuclei. For example, the average
firing rate of neurons located at secondary injury-affected VPL
area is significantly reduced 1 day after MCAO but can be
partially recovered at the later time points (29). Another study
reports that primary somatosensory cortical injury induces long-
term reduction in intrinsic excitability and evokes synaptic
excitation of inhibitory reticular thalamic nucleus cells (30).
Besides neuronal injuries, inflammatory responses, amyloid beta
protein (Aβ) depositions, apoptosis, and blood-brain-barrier
(BBB) breakdown are other pathological features that have been
detected by histological methods in secondary thalamic injury.
We will discuss these features in more details in the later sections.
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More recently, modern imaging methods such as CT (3,
31), positron emission tomography (PET) (7, 32, 33) and
MRI (4, 8, 34) have been used to dynamically track the
changes in secondary thalamic injury in vivo (35). Kuhl et al.
report metabolism dysfunction in the ipsilesional thalamus,
with reduction in glucose utilization and perfusion by emission
computed tomography (ECT) after cerebral stroke. Meanwhile
no structural damage is detected by x-ray (XCT) imaging in
the same region (31). In a focal cortical stroke rat model using
microPET imaging, a 10% reduction in glucose metabolism in
the ipsilateral thalamus is observed after initial cortical stroke
at Day 1 post-stroke, but return to normal at Day 8 (36).
Another PET tracer study using the amino acid, cis-4-18F-
fluoro-D-proline (D-cis-18F-FPro) demonstrates that the uptake
of D-cis-18F-FPro tracer begins as early as Day 3 post-stroke
and is congruent with microglia/macrophage activation in the
ipsilesional thalamus (positive immunostaining of cluster of
differentiation 11b, CD11b and cluster of differentiation 68,
CD68), suggesting a secondary thalamic injury after cortical
infarct (7). A case study using PET imaging reports a patient
with cerebral ischemic infarction in the territory of MCA
exhibiting decreased ipsilesional thalamus blood flow at Week
3 post-stroke (37). MRI has also been broadly used to
study secondary thalamic injury after stroke. Using MRI in
a rat MCAO model, hyperintensities of T2-weighted signals
transiently appear in the ipsilesional thalamus at Week 3
after cortical stroke but disappear at Week 7. This increased
extracellular water content suggests the presence of edema
in the ipsilesional thalamus (8). In the same study, T2∗-
weighted imaging shows intense hypo-intensity in the ipsilesional
thalamus, beginning at Week 7 and lasting up to Week 24
after stroke. The MRI changes correspond with histological
validation of reactive microglia/infiltrating macrophages and
chronic accumulation of iron (8), indicating MRI as a potential
tool to detect longitudinal changes in the secondary thalamic
injury. Similarly, van Etten et al. report hypointense signals
in ipsilesional thalamus on T2∗-weighted MRI of unilateral
ischemic stroke patients, suggesting accumulation of toxic
iron in secondary thalamic injury (38). In patients with focal
cortical infarction, a delayed shrinkage in the thalamus is
detected by MRI scanned at late phase (31.6 ± 16.6 months
after the initial stroke) (39). Another MRI study also reports
similar reduction in thalamic volume in patients after acute
MCA territory stroke (40). We have used diffusion tensor
imaging (DTI) in our secondary thalamic injury study and
demonstrated that decreased loss of fiber tract density is
associated with decreased volume of secondary thalamic injury
after stroke (9). Together these advanced imaging methods
combined with traditional histological methods have advanced
our understanding of the secondary thalamic injury after
ischemic stroke.

Secondary Thalamic Injury Is Associated
With Functional Behavioral Deficits
The thalamus is an integrative hub for functional brain
networks and is involved in multiple cognitive functions (41).

Patients with focal thalamic lesions exhibit disruptions in the
cortical functional network (41). Preservation of the thalamic
circuitry is one of the major determinants for the quality of
hand motor recovery following acute brain ischemia in the
adult (42). Therefore, it is expected that secondary thalamic
injury may affect brain function and impede stroke recovery.
Clinical studies in stroke patients support this hypothesis.
Patients with thalamic lesions after stroke reveal disrupted
threshold detection to vibrotactile stimuli in the presence
of a concurrent competing contralateral input (43). Santos
and colleagues also demonstrate that secondary degeneration
of thalamic nuclei via diaschisis can be associated with
verticality misperception after stroke (44). In another study
that evaluates patients at 3 months after stroke, the thalamic
microstructural abnormalities detected by DTI imaging correlate
with lower verbal fluency performance, suggesting the secondary
abnormalities in thalamus are related to cognitive dysfunction
(45). A prospective cohort study by Kuchcinski and colleagues
demonstrate that the secondary thalamic alteration after focal
cortical injury independently contributes to poor functional,
cognitive and emotional outcome (46). However, the role of
secondary thalamic injury in stroke outcome remains debatable.
On acute ischemic stroke patients, thalamic hypoperfusion is
detected in CT imaging but is not correlated with neurological
deficits evaluated by modified Rankin Scale (mRS) scores (47).
However, the thalamic hypoperfusion is insufficient to determine
the secondary thalamic injury in this study. The authors also state
that the long-term neurological outcome of thalamic changes
is undetermined, since their clinical outcome is evaluated at
Day 90 post-stroke which remains in the subacute phase
after stroke.

In animal studies, some functional behavior tests have been
used to evaluate how secondary thalamic injury influences
stroke outcome. Improved long-term behavioral function
coincides with reduced secondary thalamic injury after stroke
(9, 48). Overall, it remains to be elucidated how secondary
thalamic injury affects long-term behavioral function and
stroke recovery.

PATHOLOGICAL CHANGES IN
SECONDARY THALAMIC INJURY

Emerging studies have shown multiple pathological changes
associated with the secondary thalamic degenerative injury
after cortical ischemic stroke, including excitotoxicity (17, 30),
apoptosis (27, 49), Aβ accumulation, BBB breakdown (50), and
inflammatory responses (5, 25). We will discuss them in detail in
the following sections.

Excitotoxicity
In primary ischemic stroke, glutamate-mediated excitotoxicity
contributes to the spread of damage after cerebral ischemia
(51). Excess glutamate stimulation of the ionotropic N-methyl-
D-aspartate (NMDARs) receptors leads to a massive influx of
Ca2+ and unregulated intracellular signaling, such as nitric
oxide pathway (postsynaptic density protein 95/nitric oxide
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synthases, PSD95/nNOS), calpain pathway and transcription-
dependent death signaling, which are all known to cause cell
death (51). Recently, studies have linked this excitotoxicity
to the secondary thalamic injury after stroke. In a model of
cortical ablation-induced secondary thalamic injury, astrogliosis
and elevation of glutamate decarboxylase levels are shown in
the connected ipsilesional thalamus (17). In the same study,
similar observations is observed after an intracortical injection of
kainic acid, suggesting that excitotoxicity can lead to secondary
thalamic injury (17). Another study further emphasizes the
importance of excitotoxicity in secondary thalamic injury, by
demonstrating that interruption of the interactions between
NMDAR and PSD95 after low oxygen post-conditioning
treatment can reduce secondary thalamic injury (23). Although
these studies suggest that excitotoxicity is associated with
the secondary thalamic injury, the underlying mechanisms of
glutamate-mediated secondary thalamic injury remain to be
further elucidated.

Apoptosis
A few studies have reported apoptosis in the ipsilesional
thalamus after focal cortical ischemic stroke. In rat MCAO
model, the number of terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL)-positive cells is increased
in the ipsilateral VPM at Day 7 and 28 after stroke (52, 53).
Following the same timeline, mitochondrial transmembrane
depolarization is detected with elevated ratio of cleaved
caspase-3/caspase-3 and cleaved caspase-9/caspase-9, indicating
increased caspase activation and apoptosis in the ipsilesional
thalamus post-stroke (53). On the contrary, a study using
mouse focal cortical ischemia model reports the lack of TUNEL-
positive cells in the thalamic neuronal injured area between
6 h up to 90 days post-stroke, suggesting that the thalamic
neuronal injury may not be apoptotic (54). In another study,
mRNA of caspase-3 is increased at Day 7 after MCAO in
the ventral thalamic nuclei, while no change is observed
in the expression of the anti-apoptotic family members (B-
cell lymphoma 2 associated X protein and B-cell lymphoma-
extra-large protein) (55). These findings provide observational
evidence of apoptotic changes in the secondary thalamic injury
but are not necessarily causative.

Tau and Aβ Accumulation
Tau and Aβ proteins are characteristic pathological features
in neurodegenerative diseases such as Alzheimer’s diseases
(56). Interestingly, recent studies also link these proteins with
secondary thalamic injury after stroke (52, 57). Phosphorylated
tau proteins are increased in VPM neurons at Day 7 and Day
28 after cortical ischemic stroke in rats (52). The majority
of the phosphorylated tau-positive neurons are also TUNEL-
positive, suggesting that the hyperphosphorylated tau may be
responsible for the secondary thalamic injury through apoptotic
pathways (52). Aβ precursor protein (APP) and Aβ have also
been reported in the secondary thalamic injuries. APP and
Aβ are detected at the terminal zone of the deafferented
axons in the thalamus at 1 week after transient MCAO in
rats, and last at least up to 9 months (57). Furthermore,

the increased APP and Aβ are correlated with increased β-
amyloidogenic processing of APP and the imbalanced Aβ

degrading enzyme levels (58). In addition, Aβ accumulation
parallels the severity of secondary thalamic injury post-stroke.
When the severity of secondary thalamic injury is exacerbated
by chronic stress, increased Aβ accumulation is observed
in the ipsilesional thalamus (59). Similarly, reduction of Aβ

deposits is accompanied with alleviated secondary thalamic
injury in hypertensive rats (60). All of these findings suggest
a strong association between APP deposit and the secondary
thalamic injury after stroke. Therefore, it is understandable
that APP deposition has been used as a marker to assess
axonal damage in the thalamus after stroke (61). However,
there are contrasting views that report the lack of association
between Aβ deposition and secondary thalamic injury. In
cynomolgus monkeys with neuronal loss in the affected
thalamus, there are no signs of Aβ deposits in the thalamus
and no detectable significant changes of Aβ peptides in the
cerebrospinal fluid or plasma levels after 12 months post-
stroke (62). A clinical study also reports no correlation between
Aβ aggregates and cerebrovascular lesions of various location,
severity, and age (63, 64). Whether the association of Aβ

deposition and secondary thalamic injury is rodent-specific, or
that Aβ is transiently expressed in the secondary thalamic injury
is unclear.

BBB Breakdown
BBB is an amalgamation of the unique traits of brain endothelial
cells. Developed and maintained by the neurovascular unit,
the BBB creates a homeostatic clamp for the central nervous
system (CNS); it ensures the rigorous regulation of molecules,
ions, and cells between the blood and the brain (65, 66). Many
neurological disorders are associated with BBB dysregulation,
including Alzheimer’s disease, epilepsy, multiple sclerosis,
traumatic brain injury and stroke (65, 67). In the context of
secondary thalamic injury after stroke, several studies have
described changes in the BBB structure, permeability and the
associated tight junction proteins. Ling and colleagues report a
neovascularization phenomenon in the degenerative ipsilesional
thalamus after a primary stroke in the somatosensory cortex
(68). Angiogenesis is prevalent at Day 7 post-stroke in the
degenerative thalamus using bromodeoxyuridine (BrdU) co-
staining with laminin, a common blood vessel marker (68).
In other studies, albumin staining in the ipsilesional thalamus
has revealed changes in BBB permeability (50, 69). Increased
albumin extravasation and decreased tight-junction protein
expression, such as zona occludin 1 (ZO-1) and occludin
are shown in the ipsilesional thalamus as early as 24 h after
cortical stroke, and persist through Day 14 after cortical
stroke (50, 69). Aberrant angiogenesis resulting in a loss of
BBB integrity may contribute to inflammatory responses and
injuries in the thalamus after cortical stroke. It is important
to assess BBB dysregulation in the secondary thalamic injury
as it relates to inflammatory responses and neurodegeneration
(50, 69). There have been a few reports of BBB disruption in
the ipsilesional thalamus in chronic post-stroke time points.
Future studies should investigate comprehensive spatio-temporal
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characterization of the BBB leakage and its role in secondary
injury development.

INFLAMMATORY RESPONSES IN
SECONDARY THALAMIC INJURY

Inflammatory responses are one of the main pathogeneses
during the development of secondary thalamic degeneration
(9, 25, 70, 71). Cytokine tumor necrosis factor-α is upregulated
in the ipsilesional thalamus as early as Day 1 after stroke
(72). There are many studies report changes in resident glia
(microglia, astrocytes and oligodendrocytes) in the remotely
connected thalamus after stroke. More recently, peripheral
immune cells have also been reported to participate in the
secondary thalamic injury.

Microglia
Microglia are the principal immune cells responding to the
pathological changes at the primary injury site after ischemic
stroke (73, 74). Accumulated data indicate that microglial
activation is a key feature of the secondary thalamic injury in both
rodents and humans (75, 76). One month after cortical ischemia,
the number of microglial-like cells, as well as putative markers
of microglial structural reorganization (ionized calcium binding
adaptor molecule 1, Iba-1), phagocytosis (CD68), complement
processing (CD11b), and antigen presentation (MHC-II) are all
elevated in thalamic PoM and VPM in mice (76). In rats with
focal cortical infarctions, CD11b positive staining are shown
in the secondary thalamic degeneration from Day 8 to Day
28 post-stroke, suggesting microglial/macrophage activation (7).
Microglia/macrophage activation in the ipsilesional thalamus
occurs at a delayed time point compared to the activation
in the primary cortical injury site. In a time course study
of cortical stroke, microglia/macrophage activation markers
(CD68 and Iba1) increase at Day 7, peak at Day 14 and
28, and persist up to Day 112 in the ipsilesional thalamus
(77). We also observed microglia with dynamic morphologies
and gene expression changes as the secondary thalamic injury
develops (78). Besides histological staining, PET imaging has
also been used to monitor microglial activation after stroke. In
patients with cortical infarct, quantitative PET imaging using
a marker of microglial/macrophage activation ([11C]PK1195P)
show increased uptake in the ipsilesional thalamus between 2
months and 24 months after stroke onset, suggesting activation
of microglial/macrophage in the thalamus (75). In permanent
MCAOmice, ex vivo PET imaging also detects increased binding
of translocator protein (TSPO) in the ipsilesional thalamus from
Day 3 up to Week 3 post-stroke, suggesting microglia and
astrocyte activation in thalamic injury (33). However, current
strategies used for detecting microglial activation in secondary
thalamic injury are with poor specificity. For example, TSPO is
also presented in astrocyte and endothelial cells. The markers
that have been used in secondary thalamic injury are incapable
of differentiating between resident microglia and peripheral
macrophages, as these cell populations derive from the same
lineage and share many common markers. Future studies with

specific markers that can distinguish microglia from other
glia and macrophages are required for elucidating the role of
microglia in secondary thalamic injury.

Recently, a spatio-temporal analysis study reports differential
process extension response of microglia in the secondary
thalamic injury than in the primary injury (79). As a highly
conserved response to localized damage, microglia rapidly
extend their fine processes toward the site of injury. These
processes promptly respond to injury through binding of ATP
released from the damaged cells to P2Y12 receptors expressed on
microglia. In Kluge and colleagues’ study, laser damage is applied
to the incubated brain sections as external stimulus, and the
microglia/macrophages are labeled with GFP in Cx3CR1GFP/WT

mice (79). Microglia/macrophages in the degenerative thalamus
lose the process extension feature upon laser damage but show
an increase in the phagocytic function during the late phase after
photothrombotic cortical stroke. These features are distinct from
the microglia in the primary injury site, where microglia retain
their ability of directed process extension after laser damage (79,
80). A follow-up study suggests the failed microglial responses
to laser damage in the secondary injured thalamus is associated
with P2Y12 receptor distribution changes and a disruption of ATP
gradient required for sensing and detection (79).

All of these studies reveal a tight link between microglia
activation and the progression of secondary thalamic injury
after stroke. Some studies have attempted to explore the roles
of microglia in the secondary thalamic injury. For example,
Justicia et al. show that the expression of heme oxygenase (HO-
1), a heat shock protein, is increased in cells co-expressed with
microglial markers in the ipsilesional thalamus 3 weeks after
stroke. The induction of HO-1 can be interpreted as an index of
microglial and macrophage stress response to injury (8). Another
study shows increased engulfed NeuN pixels by microglia in
the ipsilesional thalamus at Day 56 after stroke (79), suggesting
microglia may play a role in phagocytosis after secondary
thalamic injury. However, the role of microglia in the secondary
thalamic injury and their effects on long-term behavioral
function are still unclear; whether microglia/macrophages are
causes or consequences of the secondary thalamic injury
are unknown.

Astrocytes
Astrocytes are the most abundant glial cells in the brain that
control many functional aspects of the CNS in both health and
disease. Astrocytes respond to changes and injuries initiated
by ischemic stroke. Activated astrocytes are characterized by
hypertrophy of their cellular processes with altered gene
expression, such as upregulated astrocyte-specific cytoskeletal
protein, glial fibrillary acidic protein (GFAP) (Figure 3). In
the primary stroke injury site, reactive astrocytes play both
beneficial and deleterious roles at different stages after stroke;
this has been well-summarized by previous reviews (81, 82).
Astrocytes are strongly activated in the secondary thalamic injury
area in multiple ischemic cortical stroke models (9, 83–86).
In a photothrombotic occlusion of somatosensory/motor cortex
mouse model, the intensity of GFAP expression showed 63.75%
increase in ipsilesional thalamus at Day 28 post-stroke when
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FIGURE 3 | Inflammatory responses in the secondary thalamic injury after

primary cortical stroke. (A) Immunostaining shows neuronal loss and reactive

astrocytes clustered in the ipsilesional thalamic area (indicated by arrows) at 1

month post-stroke. Note that sham animals exhibit healthy neurons in the

thalamus and reactive astrocytes were not detected. Anti-NeuN stains

neurons, anti-GFAP stains astrocytes, and DAPI stains nuclei. Scale bar =

500µm. CA, cornu ammonis; LV, lateral ventricle. A red square marks the

posteromedial complex (PoM) and a white square marks the ventral

posteromedial nucleus (VPM) area on thalamus. (B) Enlarged images from

PoM and VPM from ipsilesional thalamus. Scale bar = 100µm. Adapted from

Cao et al. (9), under the CC BY license.

compared to sham animals, suggesting strong astrogliosis in the
secondary thalamic injury (86). Similarly, GFAP mRNA and
immunoreactivity are significantly increased in the ipsilesional
thalamus after focal cortical stroke in rat (84). In a secondary
thalamic injury induced by cortical excitotoxic lesion, astroglia
hypertrophy, and increased GFAP expression transiently appear
in the thalamus, whereas the astrocyte changes can last up to 30
days in cortex after injection of N-methyl-d-aspartate (87). It is
unclear if this differential profile of astrocyte activation between
the primary cortical injury and secondary thalamic injury also
exists after ischemic stroke. Similar to microglia, the role of
astrogliosis in secondary thalamic injury is still uncertain. It
is noted in an aging study that the severity of the secondary
thalamic injury is exacerbated in aged mice, despite similar levels
of microglia and astrocyte activation between young and aged
stroke mice (88).

Oligodendrocytes
Oligodendrocytes are key glial cells responsible for producing
myelin sheaths that wrap around neuronal axons in CNS.
Myelin is essential to propagate action potentials rapidly

and to support axons metabolically (89). Oligodendrocytes
have been shown to crosstalk with microglia and astrocytes
to mediate demyelination and remyelination (90), which are
important processes in stroke recovery. Excitotoxicity, oxidative
stress, and inflammation cause oligodendrocyte cell death and
demyelination in primary ischemic stroke (91–93). At present,
very few studies report the involvement of oligodendrocytes
and myelination in secondary thalamic degeneration. Myelin
basic protein (MBP) is detected as early as Day 14 in the
ipsilesional thalamus after cortical stroke (94), suggesting that
changes in myelination (demyelination and/or remyelination)
occurs in the secondary thalamic injury. In another study,
Wang and colleagues show that the oligodendrocyte marker RIP
(Rip-antigen), is significantly increased in the ipsilateral VPM
in the first week after cortical injury, suggesting activation of
oligodendrocytes in the secondary thalamic injury. Also, Nogo-A
persistently increases in RIP labeled oligodendrocytes through
4 weeks (61). However, it is unknown if oligodendrocytes
release Nogo-A as a response to the secondary thalamic
injury. Currently, what is known about the involvement of
oligodendrocytes in secondary thalamic injury is very limited;
more studies are needed in this field given the importance of
oligodendrocytes and their interaction with other types of glia
in myelination.

Peripheral Immune Cells
Peripheral infiltrating immune cells are pivotal in the
inflammatory responses in primary infarct area after stroke
(95–98). At present, only one study reports the involvement of
peripheral infiltrating immune cells in the secondary thalamic
injury. In a photothrombotic cortical stroke model, flow
cytometry analysis indicates that CD4+ and CD8+ T cells are
significantly increased when compared to the contralesional
thalamus at Day 14 after stroke; conversely no changes are
detected in B cells, neutrophils, and monocytes (19). Positive
immunostaining of CD3+ (a common component of all T
cells) in the ipsilesional thalamus also supports this finding
(19). However, the authors only test a single time point, Day
14 post-stroke and which is relatively early. Further studies are
needed to confirm the significance of peripheral immune cells in
the secondary thalamic injury.

INTERROGATION STUDIES IN
SECONDARY THALAMIC INJURY AFTER
STROKE

As the secondary thalamic injury progressively and chronically
develops after stroke, this delayed characteristic provides an
optimal and longer time window for treatment. Recent efforts
have been made to interrogate the role of various molecules
and processes in the development of secondary thalamic injury
after ischemic stroke. Some studies have shown that interventions
to prevent secondary thalamic injury may be beneficial for
recovery of function after stroke. Below is a summary of studies
that investigate the role of secondary thalamic injury through
manipulating specific molecules involved in inflammatory
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responses, autophagy, Aβ deposition, and neuronal apoptosis
(5, 26, 50, 59, 60, 99–101).

Osteopontin (OPN) is a major secretory product of activated
macrophages known to have pro-inflammatory and anti-
inflammatory effects. It also downregulates iNOS expression to
reduce inflammation (5). OPN-knockout mice exhibit a robust
increase in retrograde degeneration in the thalamus without
changes in cortical infarct size (5). Interestingly, the observed
increase in thalamic neurodegeneration at Day 14 post-stroke
is accompanied by a robust surge in microglia activation as
well as increased mRNA expression of several pro-inflammatory
genes (5). Another intervention to manipulate secondary
thalamic injury is to target the autophagic processes (100,
101). A shRNA-induced knockdown of beclin1, a regulator of
autophagy, reduces autophagy, astro/micro-gliosis, and neuronal
cell death in the ipsilesional thalamus (100). In another study,
cathepsin-B (CathB), a lysosomal marker that increases as
a result of autophagosome degradation, has been shown to
progressively increase in the thalamus through 28 days after
stroke, and its expression corresponds with the increased
astroglia/microglia activation and neuronal cell loss (101).
Pharmacological inhibition of CathB reduces inflammation and
prevents neuronal injury and apoptosis in the ipsilesional
thalamus (101), indicating the importance of this gene and
the autophagy process in secondary thalamic injury after

stroke. Other treatments such as the non-selective calcium
channel blocker bepridil (102) and antioxidant ebselen (103)
also decrease secondary thalamic injury in different cortical
stroke models.

A few studies have investigated the intervention of secondary
thalamic injury on long-term behavioral functions after stroke.
Cerebrolysin treatment reduces Aβ deposition, apoptosis
and autophagy in the thalamus and improves functional
recovery after cortical infarction (26). Netrin-1 ameliorates the
impairment of BBB in the ipsilesional thalamus by promoting
tight junction function and endothelial survival at Day
14 post-stroke (50). Meanwhile, an improved neurological
function is assessed at the same time point (50). Previously,
using pharmacologically induced hypothermia, we observe
reduced neuronal loss and less astrogliosis in the ipsilesional
thalamus through 28 days after stroke (9). This reduced
secondary thalamic injury and alleviated neuroinflammatory
responses is accompanied by long-term behavioral functional
recovery (9), although the improved behavioral function
may result in alleviation of both primary cortical injury
and secondary thalamic injury. Another study by Anttila
et al. administrated cerebral dopamine neurotrophic factor
(CDNF) and mesencephalic astrocyte-derived neurotrophic
factor (MANF) directly into the thalamus at Day 7 post-
stroke (104). Although CDNF and MANF treatment did

FIGURE 4 | Pathological changes in the secondary thalamic injury after primary cortical stroke. Glutamate-related excitotoxicity, increased caspase activation and

apoptosis, Tau and Aβ protein accumulation, blood-brain-barrier (BBB) breakdown and activated inflammatory responses occur in the ipsilesional thalamus after

cortical ischemia. Resident glia (microglia, astrocytes, and oligodendrocytes) are activated during the development of secondary thalamic injury, with dynamic

morphological and molecular changes. Peripheral T cells infiltrate into the ipsilesional thalamus. Created with BioRender (https://biorender.com).
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not affect the thalamic neuronal loss or phagocytosis in the
thalamus, both treatments promote the functional recovery
(104). Future studies that selectively target the secondary
thalamic injury will elucidate the relationship between
secondary thalamic injury and long-term stroke outcomes,
and contribute to developing novel strategies to improve
recovery after stroke.

FUTURE PERSPECTIVES

Stroke is currently being viewed as a disorder of brain
connectivity. A damaged stroke area can cause network-
wide deficits in areas adjacent to or remotely connected to
the infarct. In particular, the connected thalamus undergoes
degeneration after a cortical stroke. This is likely due to the
lack of neuronal network activity between the cortex and the
connected thalamus. Our group has previously demonstrated
that post-stroke optogenetic neuronal stimulations can directly
increase the neuronal activity of the primary motor cortex
(iM1) and its connected regions, and repeated iM1 neuronal
stimulations increased expression of neurotrophins, enhanced
cerebral blood flow and motor function after stroke (105).
Optogenetic approaches can be useful for studying secondary
thalamic degeneration after stroke. A study by Brown’s research
group demonstrates that selective optogenetic stimulations of
the thalamo-cortico circuit can enhance recovery post-stroke
(106). As the primary stroke site occurs in the cortex, it
is likely that restoring activity in the cortico-thalamic circuit
could provide substantial benefits in stroke outcome. It is
expected that selective optogenetic stimulation of the cortico-
thalamic circuit can re-introduce neuronal activity in the cortico-
thalamic network, which potentially may reduce secondary
degenerative injury and attenuate inflammatory responses in the
ipsilesional thalamus.

In this review, we have discussed emerging studies
characterizing the pathological changes in the secondary

degenerative thalamus after stroke, including excitotoxicity,
apoptosis, Aβ accumulation, BBB breakdown and inflammatory
responses, as well as multiple cell types involved in these
processes (Figure 4). However, the underlying cellular and
molecular mediators driving the development of secondary
thalamic degenerative injury remain to be elucidated. Future
studies using high throughput technologies such as RNA
sequencing of specific sorted cell types and single cell RNAseq
can provide important insights into key molecular and cellular
mediators. Ultimately, understanding the causative pathological
mechanisms of secondary injury after stroke can reveal
potential drug targets for enhancing recovery. Furthermore,
the knowledge gained from secondary degenerative injury
studies will also benefit the investigation of other neurological/
neurodegenerative diseases.
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Stroke is a disease that occurs due to a sudden interruption of the blood supply to the

brain. It is a leading cause of death and disability worldwide. It is well-known that the

immune system drives brain injury following an episode of ischemic stroke. The innate

system and the adaptive system play distinct but synergistic roles following ischemia.

The innate system can be activated by damage-associated molecular patterns (DAMPs),

which are released from cells in the ischemic region. Damaged cells also release various

other mediators that serve to increase inflammation and compromise the integrity of the

blood–brain barrier (BBB). Within 24 h of an ischemic insult, the adaptive immune system

is activated. This involves T cell and B cell-mediated inflammatory and humoral effects.

These cells also stimulate the release of various interleukins and cytokines, which can

modulate the inflammatory response. The adaptive immune system has been shown

to contribute to a state of immunodepression following an ischemic episode, and this

can increase the risk of infections. However, this phenomenon is equally important in

preventing autoimmunity of the body to brain antigens that are released into the peripheral

system as a result of BBB compromise. In this review, we highlight the key components

of the adaptive immune system that are activated following cerebral ischemia.

Keywords: cerebral ischemia, stroke, immune response, innate immunity, adaptive immunity

INTRODUCTION

Stroke occurs due to a compromise of the blood supply to a particular region of the brain leading
to permanent neurological deficits (1) such as weakness, sensory deficits, visual field defects, and
aphasia (2). Approximately 85% of all cases of stroke are of the ischemic type, and it is the third
leading cause of death in the United States (3).

The ischemic cascade is initiated following the onset of stroke. It is characterized by a loss
of adenosine triphosphate (ATP) leading to ion pump failure, accumulation of intracellular
calcium, and glutamate-induced excitotoxicity of cells (4). In addition to the central neuronal
response, there is activation of immune responses in the injured tissue. The cells most
sensitive to ischemic damage in the brain are neurons (5). Dying neuronal and non-
neuronal cells release damage associated molecular patterns (DAMPs) such as high-mobility
group box 1 (HMGB1) and heat shock proteins (HSPs) (Figure 1). These activate resident
cells such as microglia (6), which alongside other pro-inflammatory mediators contribute

171

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.00689
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.00689&domain=pdf&date_stamp=2020-05-12
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:qxp718@whu.edu.cn
mailto:liurenzhong@whu.edu.cn
mailto:wusonglin@whu.edu.cn
https://doi.org/10.3389/fimmu.2020.00689
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00689/full
http://loop.frontiersin.org/people/647982/overview
http://loop.frontiersin.org/people/850348/overview


Qin et al. Adaptive Immunity Regulation and Cerebral Ischemia

FIGURE 1 | Timeline of immune response in ischemic stroke. Ischemic stroke begins with a cascade of events as a result of arterial occlusion leading to hypoxia

accompanied by ROS production within minutes and glucose deprivation. The integrity of the BBB is compromised leading to increased permeability within 1–2 h,

allowing infiltration of circulatory cells which contribute to the inflammatory process and exacerbate neuronal death. BBB, blood–brain barrier; ROS, reactive oxygen

species; MMPs, matrix metalloproteinases; DAMPs, damage-associated molecular patterns; ECM, extracellular matrix.

to disruption of the blood–brain barrier (BBB). Once the BBB
has been compromised, there is a prolonged flux of systemic
inflammatory cells such as monocytes, neutrophils, and T cells
into the injured area, which further exacerbates the injury
(Figure 2).

Activation of T and B cells is a key component of the adaptive
immune system and occurs within 24 h following injury (7). T
cell activation occurs following recognition of T cells by the T
cell receptor and engagement of costimulatory molecules such as
cluster of differentiation (CD) 28with B7 or those from the tumor
necrosis factor (TNF) receptor family such as CD137 (TNFRSF9,
4-1BB) (8). The adaptive system appears to play a beneficial role
following cerebral ischemia. However, there is also evidence that
activation of the adaptive system may exacerbate the ischemic
injury and contribute to systemic immune suppression, leading
to increased susceptibility to infections (9). A recent study
showed that CD137 costimulation is associated with increased
systemic inflammation following cerebral ischemia andmay exert
deleterious effects (10).

Although advances in the field have been made and are
continuing to evolve, our understanding of the process is by far

from complete. In this review, we highlight the key components
of the adaptive immune system in cerebral ischemia and discuss
potential therapeutic targets.

ADAPTIVE IMMUNITY IN CEREBRAL
ISCHEMIA

The key cells involved in the adaptive immune system are T
cells and B cells. T cells are divided into CD8+ cytotoxic T cells
and CD4+ T helper (Th) cells. Most T cells are of the alpha
beta (αβ) type, and the remaining are of the gamma delta (γδ)
type. The presence of these cells in the healthy brain is limited
and regulated by the intact BBB (11); however, following an
episode of ischemia, they rapidly infiltrate the diseased brain
(Figure 3) (12).

Timing of the Components of the Adaptive
System
The first cells of the adaptive immune system to migrate
to the ischemic region are the CD8+ cytotoxic cells, which
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FIGURE 2 | Innate immunity in ischemic stroke. Immediately following an episode of stroke, the innate immune system is activated. It is characterized by the presence

of various mediators such as DAMPs that have been released from the injured neurons and which induce the secondary activation of microglia via TLRs signaling and

NLRP3 activity. TLR, Toll-like receptors; NLRP3, nod-like receptor pyrin domain-containing 3; APC, antigen-presenting cell; DAMPs, damage-associated molecular

patterns.

can be seen as early as a few hours following stroke
(12) and are usually abundant between 1 and 7 days post
injury (13).

Between 1 and 2 days post ischemia, T cells have been
observed in the subpial region, and by day 7, they can be
seen in the edges of the ischemic region (14). T cells reduce
in number by day 14 (14) but have been observed in the
peri-infarct area up to 1 month following injury (15, 16). T
cell activation markers CD44 and CD25 and pro-inflammatory
cytokines are also present in the ischemic region (15). Infiltration
of CD4+ cells has been observed within 24 h after the onset of
ischemia (17). Regulatory T cells (Tregs) have been observed
a few days after the onset of ischemia and can persist for
more than 30 days (18, 19). Interestingly, the time-dependent
increase of T cells can differ by sex, with higher levels of
CD8+ T cells and Tregs observed at day 15 in aged male mice
compared to females despite a similar pattern of ischemic brain
injury (20).

CYTOTOXIC CD8+ T CELLS

CD8+ lymphocytes cells are widely found in the ischemic

penumbra (15). CD8+ T cells may play deleterious roles in
the ischemic infarct, with evidence of reduced infarct size

and improved neurological outcome following induced cerebral
ischemia in CD8+ knockout models (21) and antibody depletion

models (22). CD8+ T cell damage may lead to direct neuronal
cytotoxicity via a number of pathways such as the Fas ligand
(FasL) pathway, with evidence of reduced neuronal cell death
following use of FasL and 3-phosphoinositide-dependent protein
kinase 1 (PDPK) inhibitors (23). CD8+ T cell-induced neuronal
damage can also occur via humoral pathways by releasing
inflammatory mediators such as interferon gamma (IFN-γ) (24).
It is unclear whether CD8+ T cells are a major source of IFN-
γ, and there is conflicting evidence of whether IFN-γ plays a
pivotal (21) or a minimal role in the evolution of the infarct
under normal conditions (25). CD8+ cells have been shown
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FIGURE 3 | Adaptive immunity in ischemic stroke. Within 1 day of the ischemic event, there is infiltration of system cells such as CD4+ T and CD8+ T cells. CD4 cell

cells differentiate into Th1, Th2, Th17, or Tregs to produce pro-inflammatory or anti-inflammatory effects. CD8+ T cells lead to neuronal death by release of perforin

and granzyme. B cells produce anti-inflammatory effects via the release of interleukins such as IL-10. TLR, Toll-like receptors; NLRP3, nod-like receptor pyrin

domain-containing 3; APC, antigen-presenting cell; CD4+, cluster of differentiation 4+; Th, T helper; Treg, regulatory T cell.

to release various other cytokines such as interleukin 16 (IL-
16), which have been found in the ischemic penumbra. IL-16
serves to recruit and activate immune cells and can lead to blood
vessel and BBB damage. They have been found to accumulate
in the necrotic lesion and can reach maximum levels 3–4 days
after ischemia (26). In addition to releasing pro-inflammatory
cytokines, cytotoxic CD8+ T cells can also mediate their actions
via direct cytolytic pathways by releasing cytotoxic proteins such
as granzymes and perforin (22). Cerebral ischemia is associated
with white matter injury.

A major pathobiological change seen following white matter
brain injury is demyelination. Interestingly, demyelination is
closely related to T cell-mediated changes. It has recently been
shown that cytotoxic CD8+ T cells may worsen white matter

injury and demyelination in cerebral ischemia. Given that CD8+
differentiation can be affected by IL-2 homeostasis; one group
showed that IL-2 monoclonal antibody can preserve white matter
integrity following experimental ischemia and therefore may be a
useful therapeutic target (27).

γδ T Cells
Gamma delta (γδ) T cells represent a small subset of T cells. The
majority of these cells are activated in a major histocompatibility
complex (MHC)-independent manner, in contrast to the classic
MHC-restricted αβT cells. γδT cells play a role in both the innate
immune system and the adaptive immune system following an
episode of stroke. They have been detected in infarcts at 6 h post
ischemia. They can secrete IL-17 and mediate the infiltration of
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pro-inflammatory cytokines (28, 29). IL-17 works synergistically
with TNF-α to induce neutrophil infiltration via chemokines
such as chemokine (C-X-C motif) ligand 1 (CXCL-1). Blocking
IL-17 or CXCL-1 has been shown to reduce infarct size (30).
However, IL-17-mediated effects are short lived and therefore
may not be responsible for the prolonged inflammation seen
after ischemia.

CD3+CD4−CD8− T Cells (Double-Negative
T Cells)
Studies investigating the role of T cells in ischemic stroke
have predominantly focused on infiltrating CD3+CD8+ and
CD3+CD4+ T cells (31). However, the role of double-negative
T cells (DNTs), which account for 1–5% of the total T cell
population, has seldom been investigated (32). This is perhaps
because the function of DNTS in the normal brain is not
fully known. All T cells begin as a double-negative cell and
subsequently rearrange into the common CD4+/CD8+ forms.
In a mouse model of cerebral ischemia, it was demonstrated
that DNTs infiltrate the brain 1–3 days after ischemia and are
located near activatedmicroglia. DNT-derived TNF-αwas shown
to contribute to activation of microglia via the FasL pathway,
and TNF-α expression in DNTs was regulated by T cell protein
tyrosine phosphatase (PTPN2). Targeting the FasL/PTPN2/TNF-
α signaling pathway may therefore be an attractive option in
treating ischemic stroke (33). However, the role of DNTs in
the ischemic brain is not fully understood, and certainly their
role in both the innate and the adaptive systems including their
interactions with other cells and cytokine release profile need to
be further explored.

T HELPER CELLS

CD4+ T cells are divided into conventional Th cells and Tregs.
Th cells play a crucial role in the adaptive immune system.
There are two effector CD4+ Th cell responses that can be
induced, and these are designated Th1 and Th2. The Th1
response is characterized by the production of IFN-γ, which
has been shown to create a delayed immune response to stroke.
Blocking the IFN-γ signaling pathway reduces inflammatory
chemokine IFN-inducible protein 10 (IP-10) expression and
decreases neurodegeneration (34) following middle cerebral
artery occlusion (MCAO). Levels of IFN-γ and IP-10 are also
reduced following CD4T cell depletion 3 days after stroke onset,
and this is associated with improved behavioral outcomes (35).
However, other studies have shown that mice deficient in IFN-γ
developed infarcts similar to control (25).

The presence of Th2 cells can lead to a humoral immune
response characterized by the release of various ILs such as IL-10.
IL-10 has been shown to play a central immunomodulatory role
and can reduce infarct volume. In the MCAO model, IL-10−/−

C57BL/6 mice were shown to have 30% larger infarct volumes
compared with wild-type mice 24 h following a stroke (36). IL-10
mediates its anti-inflammatory effect by downregulating various
pathways such as the nuclear factor kappa-light-chain enhancer
of activated B cells (NF-κB). One study demonstrated improved

BBB integrity in the cerebral ischemia–reperfusion model using
hydrogen sulfide donors, and this was accompanied by enhanced
IL-10 expression and reduced NF-κB nuclear translocation (37).
The extent of the impact of Th2 cytokines ischemic sequelae in
mice subjected to MCAO is however unclear (38).

Various pro-inflammatory mediators are elevated in CD4+
T cells following ischemia. A recent study showed increased
expression of soluble CD137 on CD4+T cells in peripheral blood
of patients following an episode of stroke compared to controls
(39) and may therefore be a potential therapeutic target. Various
novel immune modulatory targets of cerebral ischemia have been
recently investigated. One study investigated the role of acetyl
coenzyme A carboxylase 1 (ACC1), an enzyme that mediates
fatty acid synthesis and CD4+ T cell-associated inflammation.
Following transient MCAO, there was evidence of increased
fatty acid synthesis and expression of ACC1 in CD4+ T cells.
Inhibition of ACC1 depletion was associated with reduced neuro-
inflammation, preservation of peripheral Tregs/Th17 cells and
improved neurological outcome following ischemia (40).

Regulatory T Cells
Regulatory T cells (Tregs) are a type of CD4+ cells that can
suppress the proliferation of CD4+ and CD8+ T cells and
maintain self-tolerance (41). The most well-understood of the
naturally occurring Tregs are those that express CD4, CD25,
and forkhead/winged-helix transcription factor box P3 (FOXP3).
However, these markers are not specific for Tregs and are in fact
T-cell activation markers (41). Tregs have been found in both
normal healthy brains and also following an ischemic episode up
to 30 days post injury (18).

Whether Tregs are a core component of the adaptive immune
system or the innate immune system is the subject of much
controversy, Liesz et al. showed that endogenous Tregs are
protective in later stages of stroke (42) and that their beneficial
functions depend on IL-10 (28). However, a recent study suggests
that Tregs have an early detrimental role by inducing dysfunction
of the cerebral microcirculation (37) and are therefore more
important for the innate system. Tregs can induce microvascular
dysfunction via the lymphocyte function-associated antigen
1/intercellular adhesionmolecule (LFA-1/ICAM-1) pathway, and
ablation of Tregs can improve cerebral reperfusion in stroke (43).

Many studies however show that adoptive transfer of
Tregs can improve outcome following stroke (18), with worse
neurological outcomes and larger infarcts seen in ischemic mice
with Treg depletion (42). A number of different mechanisms
of Treg-mediated neuroprotection exist. These include Treg-
induced increase in IL-16 (44) and reduction in inflammatory
mediators such as NF-κB (45). Tregs can also suppress matrix
metalloproteinase 9 (MMP9) production in neutrophils and
thereby prevent breakdown of the BBB (46, 47). Despite Tregs
being an attractive target in ischemic stroke, their low frequency
limits their clinical use. Effective methods to expand Tregs in vivo
are therefore desirable.

The IL-2/IL-2 antibody complex (IL-2/IL-2Ab) has been
shown to increase the number of Tregs and promote the
expression of CD39 andCD73 in expanded Tregs in experimental
ischemia models. This is associated with a reduced infarct size,
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improved neurological outcome. Tregs can be expanded using
IL-33 (48), which can improve outcomes following ischemia
by reducing IFN-γ+ T cells and increasing Foxp3+ T cells
in the spleen (49). However, the beneficial effects of IL-33
may be mitigated by an increased rate of respiratory infections
(50). Brain Tregs express neural cell-specific genes such as
the serotonin receptor (Htr7) and can be modulated with
serotonin or selective serotonin reuptake inhibitors (SSRIs) to
reduce neurological symptoms (51). Another method of Treg
expansion is the use of poly (ADP-ribose) polymerase-1 (PARP-
1) inhibitors, which has been shown to increase the proportion
of Tregs in peripheral blood mononuclear cells (PBMCs), reduce
pro-inflammatory cytokines (IFN-γ, TNF-α, and IL-17), and
increase inflammatory cytokines [IL-4, IL-10, and transforming
growth factor β1 (TGF-β1)] (52). The signaling protein sirtuin
is known to reduce T cell activation and is a negative regulator of
Treg function (53). Cerebral ischemia is associated with increased
expression of sirtuin in infiltrating Tregs, and this is mediated by
the transcription factor, hypoxia-inducible factor 1-alpha (HIF-
1α) (54), which can be modulated to expand Treg numbers.

T Helper 17 Cells
There are various Th cells which are closely related to Tregs and
are involved in cerebral ischemia. These include Th17 cells, which
produce IL-17. Th17 cells mediate the recruitment of neutrophils
and macrophages to damaged tissues. These cells are thought to
be the preferential producers of iIL-17A, IL-17F, IL-21, and IL-22.
IL-17 can also be produced by other cells such as neuroglial cells
(11) and γδ T lymphocytes (55).

In a study of patients with ischemic stroke, IL-17A was found
to be significantly expressed at day 7 following a stroke. It
continues to be present up to day 28, although significantly less
than day 7. It must be noted however that patients were taking
various anti-inflammatory medications from day 7 onward,
which may have affected the results. Levels of Tregs followed an
opposite pattern and were markedly reduced in patients at day 7
but increased after day 28. The interaction between IL-17A and
Tregs and its significance are not fully understood (56).

The mechanism of IL-17-induced damage following ischemia
is not fully understood; however, one study demonstrated
evidence of increased activation of the calpain-transient receptor
potential canonical (subtype) 6 (TRPC6) signaling pathway,
which is known to be involved in cerebral ischemia (47). TRPC6
is a cation channel that protects neurons from excitotoxicity
and ischemic damage. Cerebral ischemia is associated with
intracellular calcium overload leading to activation of calpain,
which hydrolyzes TRPC6. Suppression of TRPC6 degradation
may therefore be useful in cerebral ischemia to preserve neurons.
However, there are many other mechanisms of calpain-mediated
downregulation of TRPC6 contributing to ischemic brain injury
and therefore without accounting for other factors, it is difficult to
measure the significance of IL-17-mediated calpain damage (56).

B CELLS

B Cells are the key players in humoral immunity. Upon
activation, B cells produce antibodies, which recognizes specific

antigens. The role of B cells in cerebral ischemia is inconclusive.
Some found a beneficial role of B cells (57, 58). Whereas, others
found no impact on infarct volume and functional outcome
(21, 31, 59).

The beneficial effects of B cells include reduced infarct volume
compared to the control group (60). B cells can also limit
the production of cytokines such as IFN-γ and TNF-α and
infiltration of inflammatory T cells (57). Cerebral ischemia is
associated with splenic atrophy, which is associated with a
reduction of inflammatory cytokines, T cells and B cells. The
profound loss of B cell limits the ability of the humoral immune
system to provide protection, and this contributes to systemic
immunosuppression (61). Splenectomy, on the other hand, can
reduce the pool of immune cells and rats splenectomized 2 weeks
before experimental ischemia show reduced infarction volume in
the brain (62).

A number of studies have shown that B cells may not influence
infarct size and outcome in ischemic models. Mice homozygous
for the Rag1−/− mutation which produce no mature T
cells or B cells did not have reduced infarct size following
ischemia compared to wild type. Interestingly, Rag1−/− mice
supplemented with T cells developed significant ischemic brain
damage (63).

NATURAL KILLER CELLS IN THE
ADAPTIVE SYSTEM

Natural killer (NK) cells are key players of the innate immune
system; however, they also have attributes of the adaptive
system. Following an ischemic episode, there is an increased
amount of NK cells found in brain tissues (64) within 3 h,
with peak levels between days 3 and 5 (64). NK cells modulate
adaptive immunity via cytokine production such as IFN-γ,
which can induce neuronal necrosis in cerebral ischemia. NK
cells can also modulate the adaptive immune response via the
perforin-granzyme-mediated cytolytic pathway. Granzymes and
perforin are stored in the cytoplasmic granules of NK cells and
when released can augment local inflammation (64). Additional
evidence of NK cells being a part of the adaptive immune system
in cerebral ischemia are from an observed increase of circulating
NK cells in patients with post-stroke infections suggesting that
they have a role in post-stroke immunodepression (64). NK cells
are therefore an attractive target in cerebral ischemia. However,
it is not clear how modulating NK cells would affect infarct
evolution or immunodepression. Furthermore, NK cells are well-
known players of the innate immune system, and therefore the
timing of NK cell modulation may play a crucial role in its effect
on the ischemic infarct.

IMMUNOLOGICAL TOLERANCE

Following an episode of stroke, there is a breakdown of the BBB,
which allows antigens from the CNS to migrate into the systemic
circulation to be recognized by the peripheral immune system
and modulate an inflammatory response. Many researchers have
exploited this mechanism to induce immunological tolerance
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to a specific antigen such as MBP. MBP is a protein which
increases in the early period after acute ischemic stroke (65).
Using an induced oral tolerance to antigen model, it was shown
that cell-mediated Th1 immune responses are involved following
an episode of stroke. In an experimental MCAO model, rats
were fed MBP 3 h before the procedure. This is a common
model to induce immunological tolerance to a specific antigen
by feeding of that antigen, which can lead to clonal depletion
of antigen-reactive T cells and cause active tolerance. Upon
re-stimulation with the antigen, the T cells in the animal
which has been tolerized can secrete cytokines such as TGF-
β1, and this can then suppress Th1 immune response and lead
to deviation toward a humoral Th2 response. This leads to
bystander immunosuppression, where the activation of T cells
led to non-specific effects despite being activated in an antigen-
specific manner (66, 67). Immunological tolerance to antigens
such as MBP could therefore decrease cerebral infarction via the
bystander suppression phenomena. Indeed, in theMCAOmodel,
rats that were fed MBP had reduced infarct size up to 4 days
post procedure compared to control. Immunohistochemistry
revealed increased levels of TGF-β1 production by T cells in
the brain, suggesting that modulation of the antigen-specific
modulation can decrease infarct size (68). MCAO however is
also associated with an autoimmune response to the brain MBP.
One month after MCAO, lymphocytes from spleens of MBP
tolerized animals show a regulatory response (Treg) towardMBP
compared to control. Rats which demonstrated an inflammatory
response (Th1) had worse neurological outcome (69). However,
the benefit of this form of therapy does not extend beyond
3 months after MCAO, which could be due to induction of
mucosal tolerance to MBP only serving to delay recovery.
Mucosal administration of antigen may also lead to detrimental
autoimmunity (70).

E-selectin (CD62E) is a cell adhesion molecule, which is
activated following an inflammatory insult that can guide
tolerized Tregs to blood vessels where they can release cytokines
to inhibit the development of ischemic stroke (71). E-selectin
is distributed in the vascular endothelium and can serve as an
antigenic target for Treg guidance to vessel segments. E-selectin
has been shown to reduce infarct size in theMCAO stroke model.
Rats tolerized to nasally administered E-selectin had a reduction
in brain infarct volume compared with controls. A similar effect
was seen following adoptive transfer of splenocytes from E-
selectin-tolerized donors (72). Th1 cells are generally regarded
as mediators of delayed-type hypersensitivity (DTH) reactions.
E-selectin-specific DTH responses were significantly suppressed
in E-selectin-tolerized animals. Suppression of the Th1-mediated
DTH reaction to E-selectin provides evidence for the generation
of antigen-specific Tregs in rats tolerized to E-selectin. These
findings demonstrate cell-mediated immunomodulation as the
basis for the observed cytoprotection in this MCAO stroke
model (72).

A recent study demonstrates that cerebral ischemia induces
varied neuroantigen-mediated T cell responses, which can
exacerbate the injury. Brain ischemia induces diversified
neuroantigen-specific T cell responses that exacerbate

brain injury. This was confirmed using adoptive transfer of
neuroantigen-experienced MOG35−55 (myelin oligodendrocyte
glycoprotein) epitope (2D2) which worsened brain injury by
inducing Th1/Th17 responses (73).

POST-STROKE IMMUNODEPRESSION

The adaptive immune system plays a significant role in post-
stroke immunodepression and susceptibility to infection. During
this period, there is evidence of a shift from cell-mediated
inflammatory Th1 type response to a humoral-mediated anti-
inflammatory Th2 type response. This occurs to protect the brain
from further damage. However, this is in detriment to the body’s
systemic immune system, which is suppressed and therefore
there is increased risk of developing systemic infections (74).
There is increased Th2 cytokine production and reduction of T,
B, and NK lymphocytes, TNF-α, and IFN-γ. Administration of
IFN-γ at day 1 after stroke however can reduce the development
of infection (75).

Three days following induced cerebral ischemia in mice,
there is evidence of increased incidence of infections such
as pneumonia, a major cause of mortality. Stroke-induced
immunosuppression directly affects pulmonary immunity and
leads to an increased risk of bacterial infection. Following an
episode of stroke, there is increased percentage of alveolar
macrophages and neutrophils and reduced amount of CD4+ T
cells, CD8+ T cells, B cells, NK cells, and eosinophils in the lungs
(76). CD147 or extracellular matrix metalloproteinase inducer
(EMMPRIN) is a transmembrane glycoprotein and a member
of the immunoglobulin superfamily, which is upregulated in the
lungs following stroke. Inhibition of CD147 leads to reduced
pulmonary edema, and this is associated with IL-17A expression
in lung γδ T cells. It may therefore be a promising therapeutic
adjunct in stroke-associated pneumonia (77).

Bacterial infections are also thought to be increased in
response to activation of the sympathetic nervous system (SNS)
and the hypothalamic–pituitary–adrenal (HPA) axis (Figure 4).
Noradrenaline (NA), the main neurotransmitter of the SNS, can
regulate immune cell development (78). Plasma levels of NA
are elevated following ischemia, and this is associated with a
higher incidence of infections (79). Studies have shown that
reduced IFN-γ response and associated infections following
ischemia can be prevented by targeted inhibition of SNS signaling
(75, 80, 81). It is not possible to inhibit the entire SNS or the
HPA axis in patients, and therefore the extent to which these
pathways are clinically relevant needs to be further elucidated in
animal models.

LIMITATIONS

Despite significant advances in the field, the role of adaptive
immunity in cerebral ischemia is far from being well-understood.
The greatest concern is the observed opposing effects of cells
and mediators seen in different experimental models, limiting
their applicability to humans. Although many groups use the
MCAO method to induce ischemia, the wide variations in
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FIGURE 4 | Immunodepression after ischemic stroke. Stroke-induced immunodepression leads to an increased incidence of infections. HPA,

hypothalamic–pituitary–adrenal axis; SNS, sympathetic nervous system; PNS, parasympathetic nervous system; Treg, regulatory T cell.

inflammatory responses between rodents and humans remain an
issue. Furthermore, the presence of other comorbidities which
may have an effect on the inflammatory system cannot be
replicated in rodents, and this itself raises questions regarding
the generalization of the data. Another key factor is the
vast interactions between immune cells which cannot be
replicated in a single study. This has implications for application
to patients, as there needs to be a fine balance between
inducing the beneficial aspects of the immune system while
preventing deleterious effects. The greatest challenge therefore is
identifying and modulating the most significant immune target
in cerebral ischemia.

CONCLUSIONS

The brain is an immune-privileged organ due to the presence of
the BBB. However, during an episode of ischemia, the integrity
of this BBB is compromised. Cells of the adaptive immune
system play varied roles within an ischemic episode. There is
clear evidence of CD8+ cells migrating into the infarcted region
following ischemia; this serves to increase inflammation with
release of numerous cytokines and ILs. However, CD4+ cells
and Tregs are also increased in the infarcted region and can play

a protective role. Ischemic stroke is associated with post-stroke
immunodepression, and this is known to be associated with
increased incidence of infection. However, it is also required to
prevent stroke-related autoimmunity. Following ischemia, CNS
antigens enter the peripheral circulation and leukocytes to enter
the brain. This can increase the likelihood of developing an
autoimmune response to the brain after a stroke. Post-stroke
immunodepression is therefore an adaptive response to acute
cerebral ischemia and is required to reduce the likelihood of
developing autoimmunity to CNS antigens.
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Brain ischemia induces systemic immunosuppression and increases a host’s

susceptibility to infection. MicroRNAs (miRNAs) are molecular switches in immune cells,

but the alterations of miRNAs in human immune cells in response to brain ischemia

and their impact on immune defense remain elusive. Natural killer (NK) cells are critical

for early host defenses against pathogens. In this study, we identified reduced counts,

cytokine production, and cytotoxicity in human peripheral blood NK cells obtained from

patients with acute ischemic stroke. The extent of NK cell loss of number and activity

was associated with infarct volume. MicroRNA sequencing analysis revealed that brain

ischemia significantly altered miRNA expression profiles in circulating NK cells, in which

miRNA-451a andmiRNA-122-5pwere dramatically upregulated. Importantly, inhibition of

miR-451a or miR-122-5p augmented the expression of activation-associated receptors

in NK cells. These results provide the first evidence that brain ischemia alters miRNA

signatures in human NK cells.

Keywords: stroke, natural killer cells, immunosuppression, molecular regulation, microRNA

INTRODUCTION

Infectious complications such as pneumonia and urinary tract infection account for about
20% of deaths in stroke victims. Evidence indicates that stroke induces severe suppression of
systemic immunity, rendering patients susceptible for post-stroke infections (1–3). A hallmark
of stroke-induced immunodepression is lymphopenia, which is defined as a significant reduction
of peripheral blood lymphocyte count (4–6). Accumulating evidence has revealed that stroke-
induced brain injury activates neurogenic pathways including sympathetic innervation and
hypothalamic-pituitary-adrenal (HPA) axis, resulting in suppression of systemic immunity (4, 5, 7).
However, the molecular mechanisms through which stroke suppresses systemic immune response
in peripheral blood remain poorly understood.

As non-coding RNAs with a length of 18-25 nucleotides, microRNAs (miRNAs) are recognized
as major molecular switches that act as post-transcriptional repressors of protein-coding target
messenger RNAs (mRNAs). By binding to the 3′-untranslated region (3′UTR), miRNAs induce
the decay of mRNA molecules of target genes and inhibit their expression (8). The critical role
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of miRNAs in directing systemic immune responses has become
increasingly clear. In particular, specific miRNAs are being
identified in regulation of the development, function, and
survival of peripheral immune cells in the setting of infections
(9, 10). In human stroke, the alterations of miRNA expression
pattern in whole blood cells have been reported (11, 12),
suggesting a profound impact of stroke on peripheral immune
system. However, the alterations of miRNAs in specific human
immune cell subsets after stroke and their potential impact on
host immune defense remain unknown.

Natural killer (NK) cells are cytotoxic innate lymphocytes
that are critical for early host defenses against pathogens (13).
In this study, we characterized the immune competence of
human peripheral blood NK cells after acute ischemic stroke and
performed unbiasedmiRNA sequencing analysis of NK cells after
brain ischemia. We identified specific miRNAs such as miR-451a
and miR-122-5p that were significantly upregulated in human
NK cells after acute ischemic stroke. Of interest, we found that
inhibition of miR-451a or miR-122-5p augmented the expression
of activation-associated receptors in human peripheral blood NK
cells after acute ischemic stroke.

MATERIALS AND METHODS

Study Population
A total of 28 stroke patients were recruited from Tianjin
Medical University General Hospital. A number of inclusion
criteria was adopted: (i) >18 year of age; (ii) acute onset of
focal neurological deficit consistent with acute ischemic stroke;
(iii) anterior-circulation ischemic stroke defined by magnetic
resonance angiography (MRA) or MRI; (iv) onset of symptom
to admission within 24 h after stroke. Exclusion criteria were
patients with: (i) hemorrhagic stroke; (ii) evidence of other
diseases of the central nervous system; (iii) preexisting neurologic
disability (a score >2 on the mRS); (iv) patients with any history
of bradyarrhythmia or atrioventricular blocks; (v) concomitant
use with antineoplastic, immunosuppressive, or immune-
modulating therapies; and (vi) macular edema. Eighteen age-
and sex-matched control subjects were recruited into this study.
The demographic and clinical features of all the patients and
control subjects are summarized in Supplemental Table 1. The
present study protocol and supporting documentation were
approved by the Ethics Committee of Tianjin Medical University
General Hospital.

Flow Cytometry
Peripheral blood samples were collected from control or ischemic
stroke subjects with ischemic stroke within 3 days (acute
stage) and 7–10 days (subacute stage) after stroke onset.
Thereafter, mononuclear cells were isolated from the whole-
blood specimens and immediately stained with fluorescent-
labeled antibodies. In the case of IFN-γ staining, 2 × 106 PBMC
were cultured in the cell medium (RPMI 1640 + 10% heat-
inactivated fetal bovine serum + 1% penicillin-streptomycin
+ 1mM L-glutamine) for 4 h at 37◦C in a CO2 incubator in

the presence of ionomycin (1µM; Merck), phorbol-myristate-
acetate (PMA, 10 ng/mL; Sigma), and GolgiPlug containing
brefeldin A (1µg/mL; BD biosciences) before flow cytometry
analysis. For the staining of the intracellular molecules, cells were
fixed and permeabilized using commercial kit (BD Pharmingen)
according to the manual. All antibodies were ordered from
Biolegend (San Diego, CA, USA), unless otherwise indicated.
Antibodies used in this study included CD3 (UCHT1), CD56
(HCD56), CD69 (FN50), NKG2D (1D11), CD27 (O323), CD158
(HP-MA4), IFN-γ (4S.B3), and Perforin (dG9). Flow cytometry
was performed using a FACS Aria III (BD Bioscience, San
Jose, CA, USA), and data were analyzed by Flow Jo version
V10 (flowjo.com).

Cell Sorting and RNA Extraction
For the miRNA sequencing analysis, human peripheral blood
mononuclear cells (PBMCs) were isolated from blood samples of
two individual patients with ischemic stroke and two individual
healthy controls via Ficoll density gradient centrifugation (GE
Healthcare Bio-Sciences, USA), respectively. After staining with
anti-CD3 and anti-CD56 antibodies, NK cells (CD3− CD56+)
were sorted by a FACSAria cell sorter (BD Biosciences, San Jose,
CA, USA). The purity of the recovered NK cells was typically
>98%. Total RNA was extracted from purified NK cells using
TRIzol reagent (Invitrogen, Grand Island, USA) according to
the manufacturer’s standard protocol. The concentration of RNA
was determined with a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA), and quality
assessment was made by an Agilent 2100 Bioanalyzer (Agilent,
Waldbronn, Germany). The OD260/280 ratio of all of the
samples was within a range of 1.8–2.2. 28S/18S rRNA ratio ≥1.8,
and an RNA integrity number ≥8.

miRNA Sequencing
Total RNA was subjected to multiplexed small RNA cDNA
library preparation. Library preparation entails ligation of
barcoded 3′ adapters, pooling of samples, ligation of a 5′

adapter, reverse transcription, and polymerase chain reaction
(PCR), as previously described (14). Libraries were used Agilent
2100 Bioanalyzer and ABI StepOnePlus Real-Time PCR System
checking the quality and yield. Then, libraries were sequenced
on an Illumina HiSeq sequencer, and the information obtained
was analyzed by an automated computer pipeline to decode and
annotate small RNA reads. Normalization of miRNA reads was
performed by dividing each miRNA read frequency by the total
number of miRNA sequence reads within the subsample, thereby
correcting the variable sequencing depth in each subsample.

Bioinformatics Analysis
The DESeq algorithm was used to test the differential expression
of miRNA among the groups. The differentially expressed
miRNAs were chosen as follows: fold change >2 or <0.5;
p < 0.05. Target genes of miRNAs were predicted using
miRanda and Targetscan. The KEGG database is a resource
for understanding high level functions and effects of biological
systems (https://www.genome.jp/kegg/). P-values were defined
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by Fisher’s exact test, and FDR was calculated by the BH test.
Differentially expressed genes were considered to be significantly
enriched for KEGG terms with p < 0.05.

Real-Time PCR Quantification of miRNA
Total RNAwas extracted with TRIzol Reagent as above described.
cDNA generation and real-time PCR were performed using
Hairpin-it microRNA qPCR Quantitation Kit (GenePharma,
Shanghai, China). All PCR reactions were performed using
standard PCR conditions. RNU6 was used as endogenous
control. Data were generated using CFX Manager software
(Bio-Rad, CA, USA). The results were analyzed based on the
2−11ct method.

Cell Isolation and Transfection in vitro
NK cells from circulating blood of patients with ischemic
stroke and control subjects were isolated by microbeads
(Miltenyi Biotec Inc., San Diego, CA, USA) according to
the manufacturer’s instructions. For transfection, the purified
NK cells were divided into 24-well plates containing 500
µL of cultured medium at a density of 2 × 105 cells/well.

The transfection reagent siRNA-Mate was purchased from
GenePharma (Shanghai, China). In brief, 20 pmol miRNA-
451a (5′-AACUCAGUAAUGGUAACGGUUU-3′) and miRNA-
122-5p (5′-CAAACACCAUUGUCACACUCCA-3′) inhibitors
were used to block miRNA-451a and miRNA-122-5p function,
respectively. Negative control miRNA (NC) was transfected
parallelly. In brief, 20 pmol hsa-miR-451a inhibitor, hsa-miR-
122-5p inhibitor or NC and 2 µl siRNA-mate were diluted
with 100 µl opti-MEM. After incubation for 10min at room
temperature, the transfection complex was added to 24-well
plates cultured with NK cells. After transfection, NK cells were
cultured for an additional 48 h at 37◦C in a CO2 incubator, and
then cells were collected for following experiments.

Statistics
Graphpad Prism 7.0 software was used for the statistical
analysis. Values in the study are presented as means ±

SEM. The statistical significance between two groups was
analyzed by two-tailed, unpaired Student t-test. For analysis
of more than two groups, a one-way analysis of variance
(ANOVA) was used. The correlation between two variables was

FIGURE 1 | Reduced NK cell number and activity after ischemic stroke. Peripheral blood was obtained from healthy controls and patients with ischemic stroke during

acute (<3 days) and subacute (days 7–10) stages. (A) Flow cytometry plots show the expression of activation markers (CD69), cytotoxicity receptors (NKG2D and

CD158), maturation marker (CD27), and functional proteins (Perforin and IFN-γ) in peripheral NK cells. (B) Bar graph shows the cell percent of NK cells that express

CD69+, NKG2D+, CD27+, Perforin+, or IFN-γ+ in healthy control and patients with ischemic stroke during acute and subacute phases. (C) Bar graph shows cell

number of peripheral NK cells and NK cells that express CD69+, NKG2D+, CD27+, CD158+, Perforin+, or IFN-γ+ in healthy control and patients with ischemic stroke

during acute and subacute phases. n = 18 for control subjects. n = 20 for stroke patients. *p < 0.05 and **p < 0.01. Data are presented as means ± SEM.
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analyzed using the Pearson’s correlation test. P < 0.05 are
considered significant.

RESULTS

Immune Phenotyping of Peripheral Blood
NK Cells in Patients With Acute Ischemic
Stroke
To measure the impact of brain ischemia on NK cell
activity and immune competence, we used flow cytometry to
measure the expression of activation marker (CD69), maturation
marker (CD27), functional receptors (NKG2D, CD158), and
cytokines (Perforin, IFN-γ) in peripheral blood NK cells
from human subjects with acute ischemic stroke and controls
subjects. The characteristics of human subjects was shown in
Supplemental Table 1. We found that the number of circulating
NK cells was significantly reduced after acute ischemic stroke
(<72 h after onset) as compared to control subjects, and the
loss of NK cells was restored at later time points (days 7–
10) in this cohort of patients (control: 39.1 ± 3.2 vs. acute:
18.3 ± 3.1 vs. subacute: 27.2 ± 4.6, × 104/mL, p < 0.01;
Figures 1A,B). In addition, the percentage and counts of NK
cells that express CD69, Perforin, IFN-γ, NKG2D, and CD27
were also reduced during acute stage, but recovered at later
time points (Figures 1B,C). These results suggested that brain

ischemia significantly but transiently suppresses peripheral NK
cell number and activity.

Brain Infarct Volume as a Major
Determinant of NK Cell Suppression in
Peripheral Blood
To determine stroke-specific factors that predict NK cell
suppression, we measured the correlation between brain infarct
volumes and loss of NK cell number and activity after acute
ischemic stroke. Of note, we found that stroke patients with larger
infarct volume have more severe loss of NK cell number (r =

−0.655, p = 0.0017) and expression of CD69 (r = −0.757, p =

0.0001), NKG2D (r = −0.668, p = 0.0013), IFN-γ (r = −0.659,
p = 0.0016), CD27 (r = −0.574, p = 0.0081), and Perforin
(r = −0.616, p = 0.038) after stroke onset (Figures 2A–F).
These results suggest that the severity of ischemic brain injury
determine the extent of NK cell suppression in the periphery.

Altered Expression of miRNAs in Peripheral
Blood NK Cells After Brain Ischemia
To determine the response of NK cell miRNAs to acute
ischemic stroke, we performed miRNA sequencing of peripheral
blood NK cells obtained from patients with ischemic stroke,
followed by unbiased cluster analysis. We identified 117 miRNAs
that have more than two-fold changes (either upregulation or
downregulation, FPKM >25) in NK cells from stroke patients vs.

FIGURE 2 | Correlation between infarct volume and circulating NK cell number and activity after ischemic stroke. Peripheral blood was obtained from patients with

acute ischemic stroke during the acute stage (<3 days). Linear correlation between stroke volumes and numbers of peripheral NK cells (A), CD69+ NK cells (B),

(NKG2D +NK cells (C), CD27+ NK cells (D), IFN-γ+ NK cells (E), and Perforin+ NK cells (F) in patients with ischemic stroke during acute phase of stroke. Data are

presented as means ± SEM.
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FIGURE 3 | Expressed profile of altered miRNAs in human peripheral blood NK cells after acute ischemic stroke. Peripheral blood was obtained from healthy controls

and patients with acute ischemic stroke. NK cells were sorted by flow cytometry. (A) The heatmap shows total miRNA alteration (fold change >2) in peripheral NK

cells after stroke as compared to control. Red indicates higher expression, and green indicates lower expression. (B) The heatmap shows 21 significantly different

miRNAs in peripheral blood NK cells after stroke as compared to controls. Red indicates higher expression, and green indicates lower expression. (C) KEGG pathway

analysis on the targeted genes of 21 differentially expressed microRNAs. The abscissa Gene Ratio represents the proportion of genes of interest in the pathway, and

the ordinate represents each pathway. The size of the dots represents the number of genes annotated in the pathway, and the color of the dots represents the

corrected p-value of the hypergeometric test.

control subjects. Figure 3A shows the heatmap of the top 60 of
the altered miRNAs with a fold change ≥2 and an uncorrected
p < 0.05. After FDR correction, a total of 21 miRNAs were
significantly different in their expression between the control
subjects and ischemic stroke patients as shown in Figure 3B.
To verify these changes detected by miRNA sequencing, we

performed RT-PCR to measure the expression levels of six
selected miRNAs (miR-486-5p, miR-23a-5p, miR-92a-2-5p, miR-
4647, miR-122-5p, and miR-451a) that are dramatically altered in
NK cells after brain ischemia. Consistent with the data of miRNA
sequence, the expression of miR-122-5p, miR-451a, miR-486-5p,
and miR-23a-5p in peripheral NK cells from the stroke patients
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FIGURE 4 | Inhibition of miR-122-5p or miR-451a increases expression of CD69-or NKG2D in NK cells of stroke patients. (A) RT-PCR analysis confirmed the

miR-122-5p and miR-451a expressions in NK cells of stroke patients and controls. n = 8 per group. *p < 0.05. (B) Flow chart depicts the experiments we did to

evaluate the function of miR-122-5p and miR-451a in purified NK cells of stroke patients. Peripheral blood was obtained from patients with ischemic stroke. NK cells

were isolated from the PBMCs by using magnetic beads. After miR-451a or miR-122-5p inhibitor transfection, cells were cultured for an additional 48 h and collected

for flow cytometry analysis. (C,D) Comparison of CD69-or NKG2D conjunction fluorescence MFI value in NK cells transfected with miRNA-122-5p inhibitor to that

with negative control (NC). FMO, Fluorescence Minus One. Bar graphs shows the MFI normalized to NC fluorescence. n = 6 per group, *p < 0.05. (E,F) Comparison

of CD69-or NKG2D conjunction fluorescence MFI value in NK cells with CD451a inhibitor to negative control (NC). Bar graphs shows the MFI normalized to that with

negative control (NC). n = 6 per group, the data were from three independent experiments. *p < 0.05, **p < 0.01 data are presented as means ± SEM.

were significantly increased, while miR-92a-2-5p and miR-4647
decreased as compared to controls (Supplemental Figure 1 and
Figure 4A).

To evaluate the potential functions of 21 differentially
expressed miRNAs after stroke, KEGG pathway enrichment
analyses were conducted. The top 20 results of the KEGG analysis
are presented in Figure 3C. We found that pathways related
to infection, signaling pathways involved in the regulation of
immune system including MAPK pathway and PI3K signaling
pathway, cAMP signaling pathway, as well as cell senescence
were list in the KEGG pathway, suggesting that miRNAs may
regulate these pathways to influence NK cell activity after acute
ischemic stroke.

Inhibition of miR-451a or miR-122-5p Can
Partly Reverse NK Cell
Immunosuppression After Stroke in vitro
MiRNA-451a and miRNA-122-5p are among the most
dramatically upregulated miRNAs in the miRNA-sequence
data, as shown in Figure 3B, consistent with RT-PCR data
(Figure 4A). Considering their prominent role in suppression

of cell functions through PI3K and cAMP signaling pathway
(15–18), we therefore examined the potential contribution
of miRNA-451a and miRNA-122-5p to the suppression of
circulating NK cells after brain ischemia. For this purpose, we
transduced commercial inhibitors of miRNA-451a or miRNA-
122-5p into NK cells that were isolated from peripheral blood
of patients with acute ischemic stroke (Figure 4B). We found
that a significantly increased expression of activation-associated
surface makers CD69 and NKG2D in NK cells after inhibition
of miRNA-451a or miRNA-122-5p (Figures 4C–F). These
findings suggest that inhibition of miR-451a and miR-122-5p
may improve the function of circulating NK cells after acute
ischemic stroke.

DISCUSSION

This study provides the first evidence that acute ischemic stroke
alters the expression pattern of miRNA in human NK cells. As
documented here, brain ischemia induces a significant loss of NK
cell number and activity in the peripheral blood that is associated
with infarct volume. MiRNA sequencing analysis revealed that
miR-451a and miR-122-5p are dramatically upregulated in NK
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cells when they are suppressed after acute ischemic stroke.
Notably, our in vitro results demonstrate the contribution of
miR-451a and miR-122-5p to NK cell suppression after brain
ischemia, suggesting a profound role of miRNA in stroke-
induced impairment of NK cell-mediated immune defense.

The significantly altered expression pattern of miRNA in
human NK cells supports the involvement of miRNA in stroke-
induced loss of NK cell competence and impaired immune
defense. Among the identified NK cell miRNAs that were altered
after acute ischemic stroke, many are predicted to regulate a
number of target genes and pathways associated with lymphocyte
activation, mobilization, and host immune defense against
pathogens. As a developing field, there is growing interest of
miRNAs in ischemic stroke because of their potential biomarker
and therapeutic applications (19–21). This study extends our
understanding of miRNA expression and gene regulation in
human stroke into NK cells as a specific immune cell subset that
form the first innate defense against infections.

Coupling miRNA sequencing with RT-PCR verification, we
identified miRNA-451a and miRNA-122-5p that may contribute
to impaired NK cell-mediated immune defense after acute
ischemic stroke. These findings provide clues to further
clarify the immunosuppressive mechanism of human NK cells.
Consistent with previous studies showing impaired NK cell
response after stroke (4, 22), these findings suggest that miR-
451a and miR-122-5p are possibly involved in the alteration
in expression of NK cell surface markers CD69 and NKG2D,
but whether miR-451a and miR-122-5p contribute to stroke-
induced NK cell deficit needs to be further confirmed by NK cell
functional assays.

There are also limitations in this study that should be
addressed in future investigations. First, our results should be
interpreted cautiously because of the relatively small sample
size. Second, the clinical characteristics of our stroke and
control subjects may not be representative of the general
stroke population. Therefore, caveats should be taken when
generalizing our results to other stroke patients. Third, although
our results suggest the contribution of miR-451a and miR-122-
5p to impaired NK cell competence after brain ischemia, we
cannot exclude potential involvement of other miRNAs in such
process, for example, miRNA-23a-3p has also been reported to
inhibit NK cells function (23, 24). Lastly, although we predict
that the inhibitory effects of miR-451a and miRNA-122-5p on
NK cells are mediated by PI3K-AKT or cAMP signaling pathway
based on our KEGG analysis and previous published literatures

(15, 18, 25), future studies would be required to support
this hypothesis.

In summary, this study provides novel evidence that brain
ischemia significantly alters the expression pattern of human NK
cell miRNAs. The altered miRNAs such as miR-451a and miR-
122-5p may contribute to stroke-induced NK cell impairment
and serve as biomarkers.
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Cerebral ischemia is a severe, acute condition, normally caused by cerebrovascular

disease, and results in high rates of disability, and death. Phagoptosis is a newly

recognized form of cell death caused by phagocytosis of viable cells, and has been

reported to contribute to neuronal loss in brain tissue after ischemic stroke. Previous data

indicated that exposure of phosphatidylserine to viable neurons could induce microglial

phagocytosis of such neurons. Phosphatidylserine can be reversibly exposed to viable

cells as a result of a calcium-activated phospholipid scramblase named TMEM16F.

TMEM16F-mediated phospholipid scrambling on platelet membranes is critical for

hemostasis and thrombosis, which plays an important role in Scott syndrome and

has been confirmed by much research. However, few studies have investigated the

association between TMEM16F and phagocytosis in ischemic stroke. In this study, a

middle-cerebral-artery occlusion/reperfusion (MCAO/R) model was used in adult male

Sprague-Dawley rats in vivo, and cultured neurons were exposed to oxygen-glucose

deprivation/reoxygenation (OGD/R) to simulate cerebral ischemia-reperfusion (I/R) injury

in vitro. We found that the protein level of TMEM16F was significantly increased at

12 h after I-R injury both in vivo and in vitro, and reversible phosphatidylserine exposure

was confirmed in neurons undergoing I/R injury in vitro. Additionally, we constructed a

LV-TMEM16F-RNAi transfection system to suppress the expression of TMEM16F during

and after cerebral ischemia. As a result, TMEM16F knockdown alleviated motor function

injury and decreased the microglial phagocytosis of viable neurons in the penumbra

through inhibiting the “eat-me” signal phosphatidylserine. Our data indicate that reducing

neuronal phosphatidylserine-exposure via deficiency of TMEM16F blocks phagocytosis

of neurons and rescues stressed-but-still-viable neurons in the penumbra, which may

contribute to reducing infarct volume and improving functional recovering.

Keywords: cerebral ischemia, TMEM16F, phagocytosis, neuronal cell death, microglia
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INTRODUCTION

Cerebral ischemia is a major cause of human neurological
morbidity and mortality and is associated with a poor prognosis
worldwide. It is caused by an interrupted blood supply to
the brain and can result in severe neurodegeneration and
vascular dementia in patients (1). According to theWorld Health
Organization (WHO) data, the incidence of stroke in China is
increasing at an annual rate of 8.7%. The annual death toll of
stroke is over two million and about 85% of these patients died
from ischemic stroke, which seriously threaten peoples’ lives and
affects their quality of life (2, 3).

Neurons in different ischemic regions experience different
death patterns. Inflation, as a form of necrosis that is
currently considered to be unprogrammed, often occurs in
the ischemic core, where the reduction of blood flow is
most pronounced. However, in areas of partial ischemia
(the penumbra) and in areas around the infarct (peri-
infarct), neurons stressed by ischemia, or its consequences
are lost only after some delay, which usually in several
programmed death modes such as neuronal apoptosis, PARP-
1 dependent necrosis, and iron death, provides an opportunity
for therapeutic interference hours or days after the stroke
(4, 5).

Phagocytosis is normally secondary to the target cell dying
by other means, such as apoptosis (6, 7). However, in viable
phosphatidylserine (PS)-exposed cells, phagocytosis can directly
cause cell death and such death is referred to as “primary
phagocytosis,” with the defining characteristic that inhibition
of phagocytosis can prevent cell death. Primary phagocytosis
normally does not initiate cell death but rather executes cell death
via phagocytosis, which may be induced by exposure of eat-me
signals (such as PS) on viable target cells (4).

Recent data indicate that phagocytosis can execute the
death of stressed-but-viable neurons during inflammation
and neuropathology (8–10). Importantly, neurons in peri-
infarct areas have been shown to expose PS in a reversible
manner (11); these neurons can survive long-term if the
phagocytosis is blocked. During the inflammation process,
the PS exposed to neurons is bound by MFG-E8 (Milk fat
globule EGF-like factor-8), which can induce phagocytosis
via the microglial vitronectin receptor. Thus, blocking
exposed PS, MFG-E8 or the vitronectin receptor can prevent
neuronal loss and leave viable neurons without inhibiting
inflammation. It has been reported that deficiency of MFG-
E8 or MerTK (MER receptor tyrosine kinase, a receptor
on the microglia) could prevent neuronal loss and improve
physical function (10, 12). Therefore, our present study was
designed to identify whether blocking PS exposure is enough to
inhibit phagocytosis.

Calcium-activated phospholipid scramblase, also known
as TMEM16F protein (13, 14), plays an important role
in reversible PS-exposure. We therefore hypothesized
that TMEM16F may contribute to the PS-exposure of
viable neurons in the penumbra after transient cerebral
ischemia, and thus promote phagocytosis. Our data
showed that phagocytosis induced neuronal death after

ischemia; knocking down the expression of TMEM16F could
therefore prevent neuronal loss and mitigate long-term
functional deficits.

MATERIALS AND METHODS

Animals and Ethics
Adult male Sprague-Dawley (SD) rats weighing 300–350 g were
purchased from the Animal Center of the Chinese Academy of
Sciences (Shanghai, China). All experimental rats had adequate
food and water, and they were housed in a quiet humidity- and
temperature-controlled environment under a regular light/dark
schedule (12/12 h light/dark cycle with humidity of 60 ± 5%
and temperature of 22 ± 3◦C). Primary neuronal cultures in
vitro were prepared using 16–18-days-old pregnant SD rats.
We strived to reduce the use of animals and relieved their
pain as much as possible. The animal experimental protocols
were approved by the Animal Care and Use Committee of
Soochow University and performed in accordance with the
National Institute of Health’s guidelines (NIH Publication No.
8023, revised 2011).

MCAO Model Establishment
Rats were subjected to 2 h right middle cerebral artery occlusion
(MCAO) using a modified intraluminal filament technique that
was first put forward and interpreted by Koizumi et al. (15) in
rats. The rats were weighed, and then administered an intra-
peritoneal injection of 4% chloral hydrate (0.1 ml/10 g i.p.) as an
anesthetic agent (16, 17). After the anesthesia, the right common
carotid artery (CCA), external carotid artery (ECA), and internal
carotid artery (ICA) of rats were exposed through an incision in
the middle on the neck. Subsequently, the proximal CCA and
ECA were ligated, and an arterial clip was placed on the distal
end of the CCA in order to block the blood flow to prevent
bleeding when the filament was inserted. A filament with a
diameter of 0.38mm, whose tip was rounded by heating and
coating with 0.01% poly-L-lysine, was inserted into the right
CCA. The filament was advanced 18–20mm further above the
bifurcation until there was resistance, reaching, and occluding
the ostium of the right middle cerebral artery (MCA). After
that, the incision of the ICA was ligated, and the filament was
secured in place for 2 h, after which the wound was closed,
and the animals were allowed to awaken. Body temperature
was maintained at 36.5–37.5◦C using a heating pad during the
procedure. Two hours post-occlusion, the filament was slowly
withdrawn under anesthesia and animals were then returned to
their cages for reperfusion (MCAO/R) (18, 19). Animals were
assessed for functional impairment using the modified Bederson
grading system to verify accurate occlusion of the middle cerebral
artery when the rats were awakened (20, 21). Motor deficits
were graded from 0 to 4. A score of 0 was given for no visible
neurological deficits; a score of 1 was given for forelimb flexion;
a score of 2 was given for contralateral weak forelimb grip (the
operator places the animal on an absorbent pad and gently pulls
the tail); a score of 3 was given for circling to the paretic side
only when the tail was stimulated; and a score of 4 was given for

Frontiers in Immunology | www.frontiersin.org 2 July 2020 | Volume 11 | Article 1144190

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. TMEM16F in Stroke

spontaneous circling (20, 22, 23). Finally, animals with positive
performances were included in our study.

Cell Culture
Primary rat cortical neurons were obtained and cultured as
described previously (24). Briefly, cortical neurons were prepared
from embryonic-day-18 brains. Then, cortical neurons were
digested with 0.25% trypsin-EDTA solution for 5min at 37◦C.
The dissociated neurons were seeded on to six-well plates
(Corning, USA) precoated with poly-D-lysine (Sigma, USA),
and were cultured in Neurobasal medium containing 2% B-27,
0.5mM of GlutaMAX, 50 U/ml of penicillin, and 50 U/ml of
streptomycin (all from Invitrogen, Grand Island, NY, USA) under
humidified air containing 5% CO2 at 37◦C. The medium was
renewed every 2 days until cell confluency was reached.

Experiment Design
To verify the protein level of TMEM16F after ischemic attack
(Experiment 1; Supplementary Figure 1A), rats under sham
or MCAO/R surgeries were included. Animals experiencing
MCAO/R were sacrificed at different intervals (6, 12, 24, 48, 72 h,
or 7 d after MCAO/R). Then, brain tissue samples were obtained
for analysis. We made a coronal cut at 3 and 9mm from the
front of the frontal lobe, taking a 6mm thick brain tissue block.
Regions from this section that corresponded to the ischemic core
and penumbra were dissected. We then made a longitudinal cut
(from top to bottom) ∼2mm from the sagittal suture through
the right hemisphere. This was done to avoid mesial hemispheric
structures, which are supplied primarily by the anterior cerebral
artery. We then made a transverse diagonal cut at approximately
at the “2 o’clock” position (as shown in Supplementary Figure 2)
to separate the core (striatum and overlying cortex) from
the penumbra (adjacent cortex) (25). The penumbra tissues
surrounding the infarcted core of six rats from each group were
extracted and frozen at −80◦C until subsequent Western blot
analysis. Additionally, we also confirmed the protein level of
TMEM16F in vitro. Primary neuron cells were randomly and
equally divided into eight groups, namely a control group and
seven intervention groups including 2, 4, 6, 12, 24, 48, and
72 h after oxygen and oxygen-glucose deprivation reoxygenation
(OGD/R). At the appropriate times after OGD/R for each group,
cellular proteins were extracted for Western blot analysis.

To investigate the function of TMEM16F after
transient cerebral ischemia in vivo (Experiment 2;
Supplementary Figure 1B), specific lentivirus (LV-RNAi)
against TMEM16F was applied to knock down TMEM16F.
Rats were divided into the following four groups: sham group
(sham), MCAO/R group, MCAO/R+ LV-negative control
group (NC), and MCAO/R+ LV-TMEM16F-RNAi group
(LV-RNAi). The MCAO/R surgery was performed 5 d after
the transfection of LV-RNAi in vivo. At 12 h after MCAO/R,
rats were sacrificed and the brain samples were collected
for analysis. Rats in the neurobehavior groups were tested
at 0-, 3-, 5-, 7-, and 14-days intervals after MCAO/R. To
confirm the function of TMEM16F and its possible mechanism
(Experiment 2; Supplementary Figure 1B), the following in
vitro studies were conducted. Based on the interventions 96 h

before OGD/R, the primary cultured neurons were divided
into the following five groups: control group (Control), OGD/R
group, OGD/R+ HitransG A reagent (HA, a reagent that could
enhance transfection efficacy), OGD/R+HA+ LV-negative
control group (NC), and OGD/R+ HA+LV-TMEM16F-RNAi
group (LV-RNAi). At 12 h after OGD/R, cells were used for
testing. In addition, at 12 and 24 h after OGD/R, cells that were
not transfected with lentivirus were collected for flow cytometry
analysis. Details of mortality and exclusion of experimental rats
are shown in Supplementary Table 1.

Establishing an Oxygen-Glucose
Deprivation/Reoxygenation Model in vitro
Briefly, Neurobasal medium was replaced with DMEM (GIBCO,
Carlsbad, CA, USA) and cells were transferred to a 5% CO2

and 95% N2 atmospheric incubator for 2 h at 37◦C. After
that, neurons were cultured in Neurobasal medium again and
maintained in a 5% CO2 atmospheric incubator for the indicated
time periods. Control groups were cultured in Neurobasal
medium in a 5% CO2 atmospheric incubator for the same period.
The pH of culture medium was maintained at 7.2 (26).

Construction of LV-TMEM16F-RNAi System
In vivo
SD male rats (260–280 g body weight) were anesthetized with
4% chloral hydrate (0.1 ml/10 g) via an intra-peritoneal injection.
Cortical injection of LV-TMEM16F-RNAi-GFP or LV-NC-GFP
was carried out using a stereotaxic instrument. Each rat was
subjected to three cortical injections as follows: AP +1.2 (site 1),
−0.3 (site 2),−1.8 (site 3); ML+3.0; DV−3.0 from the skull. All
of the target points were in the right hemisphere (i.e., ipsilateral to
the MCAO). Two microliters of lentivirus suspension containing
9 × 108 TU/ml were injected into each point at a rate of 0.2
µl/min (27, 28). The needle was slowly removed 5min after
completion of each injection. The rats were allowed 5 days of
recovery before being subjected to the MCAO/R surgery.

In vitro
Cultured neurons were transfected with the LV-TMEM16F-
RNAi-GFP or LV-NC-GFP combined with HitransG A reagent
(HA), which could enhance transfection efficacy (GeneChem,
China), according to the manufacturer’s instructions. At 16 h
after transfection, the medium was replaced and the neurons
were incubated for another 4 days for further analysis.

TTC Staining
The remaining rats were put to death by cutting off their cervical
spines; their brains were quickly removed, and five 2mm thick
coronal slices were cut from each brain using razor blades.
The slices were immersed in a physiological solution containing
2% (w/v) 2,3,5-triphenyltetrazolium hydrochloride (TTC) and
incubated in a 37◦C incubator for 15min in the dark (29, 30).
The infarcted tissue was verified by the complete loss of TTC
staining, contrasting with the red-stained viable tissue. The
area of infarction was determined by ImageJ software (Rawak
Software Inc., Stuttgart, Germany).
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FIGURE 1 | TMEM16F protein level increases after ischemic insult. (A) Western blot analysis and quantification of the protein level of TMEM16F in brain tissue around

the penumbra after MCAO/R (n = 6, *P < 0.05). (B) Western blot analysis and quantification of the protein level of TMEM16F in cultured neurons after OGD/R

treatment (n = 3, *P < 0.05). (C) Double immunofluorescence analysis was performed with TMEM16F antibodies (green) and a neuronal marker (NeuN, red) in brain

sections. (p) represents the penumbra, and (c) represents the ischemic core. Nuclei were fluorescently labeled with DAPI (blue) (n = 6, **P < 0.01). In (A–C), mean

values for the sham group were normalized to 1.0. Data are presented as mean ± SEM. Differences were calculated with ordinary one-way ANOVA for (A,B) and

Student’s t-tests for (C).

Western Blot Analysis
Western blot analysis was performed as in previous studies (31,
32). Briefly, the brain samples of rats or extracted neurons were
mechanically lysed in a RIPA lysate buffer (Beyotime, China). The
protein concentrations were measured with the bicinchoninic
acid (BCA) method using a specific assay kit (Beyotime, China).
The protein samples (30 µg/lane) were loaded onto a 10%
SDS-polyacrylamide gel, separated, and then electrophoretically
transferred to a polyvinylidene difluoride (PVDF) membrane
(Millipore Corporation, USA). The membrane was blocked with
5% bovine serum albumin (BSA, BioSharp, China) at 25◦C for

1 h. Next, the membrane was incubated with a primary antibody
against TMEM16F (Cloud-Clone Corp., PAF813Hu01, 1:1,000
dilution) at 4◦C overnight. The primary antibody against β-
tubulin (Cell Signaling Technology, Danvers, USA) was diluted
1:5,000 and served as a loading control. Lastly, the membranes
were incubated with a horseradish peroxidase-linked secondary
antibody (goat anti-rabbit IgG-HRP, Cell Signaling Technology,
Danvers, USA) for 2 h at 37◦C and were washed three times
with PBST (PBS + 0.1% Tween 20). Finally, the membrane
was revealed with an enhanced chemiluminescence (ECL) kit
(Beyotime Institute of Biotechnology) and the relative quantities
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FIGURE 2 | LV-TMEM16F-RNAi transfection downregulates TMEM16F in rat brain. (A) Double immunofluorescence analysis was performed with TMEM16F

antibodies (green), a neuronal marker (NeuN, red), a microglia marker (Iba1, red), and an astrocyte marker (GFAP, red) in brain sections. Nuclei were fluorescently

labeled with DAPI (blue) (scale bar = 20µm). (B) Transfection efficiency of TMEM16F lentivirus (LV-RNAi) in cultured neurons. Quantifications of protein levels of

TMEM16F in various groups are shown (n = 3, LV-RNAi54 vs. control/HA/NC; ***P < 0.001, LVRNAi55 vs. control/HA/NC, **P < 0.01). (C) Transfection efficiency of

TMEM16F lentivirus (LV) in the rat brain. Quantifications of the protein level of TMEM16F in various groups are shown (n = 6, LV-RNAi54 vs. MCAO/R, **P < 0.01;

MCAO/R/NC vs. sham, *P < 0.05). (D) Transfection efficiency of TMEM16F lentivirus (LV-RNAi) in cultured neurons was shown with immunofluorescence analysis.

HitransG A (HA) is a reagent that could enhance transfection efficacy. In (B,C), the mean values for the sham/control group were normalized to 1.0. Data are

presented as mean ± SEM. Differences were calculated with ordinary one-way ANOVA.

of proteins were analyzed with ImageJ software (Rawak Software
Inc., Stuttgart, Germany). The details of the resource identifiers
for antibodies are shown in Supplementary Table 2.

Immunofluorescent Analysis
The brain tissue samples were fixed in 4% paraformaldehyde,
embedded in paraffin, and cut into 4µm sections. The
cultured neurons were fixed with 4% paraformaldehyde. Brain
sections were treated with citrate antigen retrieval solution

at 100◦C followed by blocking with 1% BSA and incubated
with primary antibodies at 4◦C overnight and corresponding
secondary antibodies at 25◦C for another 1 h. Light was
avoided throughout the whole experimental procedure. The
titers of primary antibodies used in immunofluorescence were
as follows: rabbit polyclonal anti-TMEM16F antibody (Cloud-
clone Corp., PAF813Hu01, 1:100 dilution), mouse monoclonal
anti-NeuN antibody (Abcam, ab 104,224, 1:200 dilution), goat
monoclonal anti-Iba1 antibody (ab 5076, 1:200 dilution), mouse
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monoclonal anti-MAP2 antibody (ab11267, 1:200 dilution), and
goat monoclonal anti-GFAP antibody (ab535,54,1:200 dilution).
Secondary antibodies were purchased from Life Technologies
and included the following: Alexa Fluor-488 donkey anti-rabbit
IgG antibody (A21206), Alexa Fluor-488 donkey anti-goat IgG
antibody (A11055), Alexa Fluor-555 donkey anti-mouse IgG
antibody (A31570), and Alexa Fluor-555 donkey anti-goat IgG
antibody (A21432). Normal rabbit IgG, normal mouse IgG,
and normal goat IgG were used as negative controls for the
immunofluorescence assay. Nuclei were stained with DAPI
mounting medium. Finally, the sections and cells were observed
by a fluorescence microscope (OLYMPUS BX50/BXFLA/DP70;
Olympus Co., Tokyo, Japan). The details of the resource
identifiers for antibodies are shown in Supplementary Table 2.

pSIVA Binding and Flow Cytometry
Flow Cytometry
After OGD/R, cells (1 × 106 cell per well in a six-well plate)
were treated according to the manufacturer’s protocol. Briefly,
∼6 × 106 cells were harvested from tissue culture plates
and centrifuged at 1,500 rpm for 5min at room temperature.
Medium supernatant was removed, and cells were washed once
in PBS. Cells were then resuspended in 1X binding buffer at
a concentration of 1 × 106–1 × 107/ml. We transferred 100
µl of the resuspended cells (1 × 105 to 1 × 106 cells) to each
vial that would be run, and both 5 µl of pSIVA-IANBD (Novus
Biologicals, NBP2-29382) and 5µl of propidium iodide (PI) were
added. Samples were incubated at room temperature for 20min
in the dark, then 400 µl of 1X binding buffer was added to each
tube, and the samples were analyzed by flow cytometry using a
Beckman Coulter flow cytometer (Mississauga, Ontario).

pSIVA Immunofluorescent Analysis
pSIVA-IANBD was dialyzed into medium and applied to
the neurons at 10–20 ul/ml concentration, according to the
protocols. In this test, fluorescently tagged annexin binds to
externalized phosphatidylserine exposed on cell membranes,
allowing for monitoring changes that occur at different stages
of apoptosis in living cells (33). After 15min incubation,
the cells were fixed and immunostained using MAP2 or
TMEM16F antibody. Then, they were incubated with Alexa
Fluor 555 conjugated anti-mouse antibody, as described above.
In particular, the exposed PS binding with pSIVA did not
need extra staining with secondary anti-body and could be
observed directly using a green fluorescence filter set. Nuclei
were stained with DAPI mounting medium. Cells were observed
by a fluorescence microscope (OLYMPUS BX50/BXFLA/DP70;
Olympus Co., Tokyo, Japan).

Neurobehavioral Evaluation
At 24 h after reperfusion, rats were tested for behavioral
impairment by a scoring system and subjected to the rotarod test
(formotor function), the adhesive-removal test (for sensorimotor
function), and the Morris Water maze test (for lateralized skilled
forelimb reaching) (34).

Rotarod Test
An accelerating rotarod test was employed before and at 3, 5, 7,
and 14 days after MCAO to measure the motor function of rats
(35). The diameter of the rotarod spindle was 10 cm. The speed
of the spindle was increased from 4 to 30 rpm in 60 s and 30 rpm
was maintained for a maximum of 300 s. When the rats lost their
balance and fell off the rotarod, it triggered the sensor and the
time was recorded. Through separation by two panels to prevent
the rats from disturbing each other, three rats were able to run
at the same time. Before testing, each rat received three training
sessions per day for three consecutive days and the last three trials
served as the baseline. Then, all rats received a test trial on an
accelerating rotarod at all testing days after MCAO/R.

Adhesive-Removal Test
The adhesive removal test was performed as described previously
(34). Briefly, the rats were removed from their home cage and
trained to be familiar with the testing environment. Then, two
small pieces of adhesive-backed paper dots were glued to the
wrist of each forelimb. The rats were then gently returned to their
testing cages and they typically contacted and then removed each
stimulus one at a time using their teeth. The time required to
contact and remove both stimuli from each limb was recorded
in five trials per day for 3 days separately. If the rats were able
to contact the dots and remove those within 10 s at the end of
training, then the rats were included in the experimental group.
Then, all rats received a test trial at all testing days afterMCAO/R.

Morris Water Maze Test
Briefly, we trained the rats in the Morris water maze for 3–6
days (three trials a day) before the formal test. The tests were
performed on days 22–26 after MCAO/R in order to evaluate
long-term neurobehavioral impairment (36–38). The arena was
50-cm high and 180 cm in diameter and was filled with water to
a height of 30 cm at 20–22◦C. The platform was placed ∼2 cm
below the water surface. The starting point for each rat changed
every day. Each test continued until the rat found the platform
and stood on it for 2 s, or until 60 s had elapsed. After each test,
the rats were placed on the platform for 20 s. During testing for
each rat, we recorded its swimming speed, latency to find the
hidden platform, and the path length of the swimming path to
reach the hidden platform (39).

Neurological Scores
At 24 h after MCAO/R, neurological tests were conducted on
six rats per group to assess behavioral impairments. Behavioral
performance was scored according to a previously published
scoring system (20), which was a revised version of the
Bederson score.

Statistical Analysis
All data are expressed as the mean ± SEM. GraphPad Prism 7
(GraphPad Software San Diego, CA, USA) was used for statistical
analysis. Differences between groups were determined with two-
tailed Student’s t-tests orMann-WhitneyU-tests for comparisons
between two groups or with a one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc tests for comparisons of
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FIGURE 3 | TMEM16F deficiency reduces motor deficits after focal cerebral ischemia. TMEM16F-deficiency rats show (A) shorter contact-time and removal-time in

adhesive-removal tests at 3, 5, and 7 days after MCAO/R. (LV-RNAi vs. LV-NC at 3 d, P < 0.001; at 5 d, P < 0.01; at 7 d, P < 0.01) (n = 6, *P < 0.05, **P < 0.01).

(B) longer latency time in rotarod test at 3,5,7, and 14 days. (LV-RNAi vs. LV-NC at 3 d, P < 0.001; at 5 d, P < 0.01; at 7 d, P < 0.01; at 14 d, P < 0.01) (n = 6, *P <

0.05, **P < 0.01). (C) lower scores in neurobehavior test (n = 6, *P < 0.05, **P < 0.01). (D) The typical swim path of rats in the Morris water maze test at 26 d after

MCAO/R. (E) Time to reach the submerged platform in the water maze 22–26 d after MCAO/R. (LV-RNAi vs. LV-NC at all time points, P < 0.001) (n = 6, **P < 0.01,

***P < 0.001). Data are presented as mean ± SEM. Differences were calculated with two-way ANOVA for (A,B,E) and ordinary one-way ANOVA for (C).

more than two groups. Statistical significance was determined as
P < 0.05 unless otherwise stated.

RESULTS

General Observations
No significant differences were found in the body temperature,
body weight, heartbeat, or mean arterial blood pressure
of rats in any of the MCAO/R experimental groups

(Supplementary Figure 3) (40). No animals died in the
sham group (0/12), and the mortality rate of the rats after
MCAO/R induction was 18.10% (19/105).

TMEM16F Protein Level Increases in
Penumbra Neurons After Ischemic Injury
To explore the expression of TMEM16F in brain tissue after
MCAO/R, we detected the protein level of TMEM16F by western
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blotting in vivo (Figure 1A) and in vitro (Figure 1B). After
MCAO/R modeling in rats, protein level of TMEM16F were
significantly elevated at 6 h and peaked at 12 h (Figures 1A,B).
In cultured primary neurons after OGD/R modeling, the protein
level of TMEM16F was also significantly increased at 6 h
and peaked by 12 h. Immunostaining of brain tissues after
MCAO/R demonstrated that the protein level of TMEM16F was
significantly elevated at 12 h compared with the sham group
(Figure 1C). In addition, double immunofluorescence staining
was performed to distinguish changes in cell type-specificity of
TMEM16F expression after ischemia. The results showed that
TMEM16F was mainly expressed in neurons under ischemic
conditions and had a lower expression in microglia, whereas it
was hardly detected in astrocytes (Figure 2A).

TMEM16F Downregulation Reduces Motor
Deficits After Ischemia
To further identify the role of TMEM16F in ischemic stroke, we
adopted LV-RNAi against TMEM16F to decrease its expression.
The interfering effects of LV-TMEM16F-RNAi were confirmed
by western blotting both in vivo and in vitro (Figures 2B,C),
and the transfection rate was observed using a microscopy in
vitro experiment (Figure 2D). Two kinds of lentivirus targeted
at TMEM16F were involved in the in vitro experiment, and
we found LV-RNAi54 had better knockdown efficacy compared
with LV-RNAi55 (Figure 2B). Thus, we chose LV-RNAi54 as
the transfection reagent for further experiments. TMEM16F
downregulation alleviated the sensory and motor deficits caused
by MCAO/R, as suggested by the results of the adhesive-removal
test (Figure 3A), rotarod test (Figure 3B), neurobehavioral
scores (Figure 3C), and Morris water maze test (Figures 3D,E).

Neurons Can Expose PS in a Reversible
Manner After OGD/R
We found that the exposed PS was labeled by pSIVA-
IANBD reagent with green fluorescence, distributed on the
cell membrane of neurons, including the cell body as well
as axons and dendrites, and co-located with TMEM16F at
12 h after OGD/R (Figures 4A,B). OGD/R caused extensive
neuronal exposure of the eat-me signal PS, which is known to
induce phagocytic uptake by microglia. However, at 24 h after
OGD/R, the number of PS-exposing neurons (pSIVA+, PI–)
was reduced significantly, and the proportion of healthy
neurons (pSIVA–, PI–) increased (Figures 4C,D), compared
with OGD/R 12 h. Additionally, there was no difference in
the proportion of dead neurons between the two groups,
which demonstrated that this PS exposure had been reversed
to some extent in the absence of neuronal death or loss
compared with OGD/R 12 h, indicating transient PS exposure
on viable cells and that these neurons would live long-term
without activated microglia joining in. Combined with the
previous results, we speculate that knockdown of the expression
of TMEM16F after ischemic injury probably protects the
stressed-but-still-alive neurons in penumbra from undergoing
phagocytosis by active microglia. Areas at the edge of the
infarct (the penumbra) may have a chance to revert to

healthy tissue when the PS exposure of viable neurons
is inhibited.

Furthermore, in order to investigate whether PS exposure
on the surface of neurons was reduced after knocking down
TMEM16F, we collected cells after transfection with LV-
TMEM16F-RNAi and performed flow cytometry, but the results
were not satisfactory.We preferred the lentivirus for intervention
because of its excellent and stable intervention effectiveness.
However, in in vitro experiments, the transfection period of
lentivirus was too long, inevitably affecting cellular status.
Additionally, coupled with the effects of lentivirus transfection
and OGD/R intervention, the neurons’ status at this time
was not good enough for flow cytometry analysis and could
interfere with the experimental results. Short-term intervention
methods (such as transfection with a designated plasmid)
should be considered in future research. Other experimental
methods should also be taken into account for measuring
the PS exposure of attached neurons, as flow cytometry is
not ideal.

TMEM16F Deficiency Reduces
Phagocytosis of Neurons After Focal Brain
Ischemia
The numbers of microglia in the ischemic penumbra were
determined by Iba-1-positive cell counts (12). A significant
proportion of activated microglia had an amoeboid morphology
which was characterized by darker cell bodies and thickened
retracted processes, indicating a phagocytic phenotype (41).
Additionally, the ramified/resting microglia were characterized
by light round or oval cell bodies with fine symmetrical extended
processes that were easy to distinguish (42). Few activated
microglia were found at 1 d after ischemia, but a strong
response was visible in the penumbra at 3 d, occurring in
both the TMEM16F knockdown group and untreated animals
(Figure 5A). This time-course of microglial recruitment and
activation was similar to the time course of neuronal loss, as
well as the recruitment of microglia in the core. However, at
3 d after ischemia there was a 11.8 ± 2.0% reduction in the
number of active microglia in the TMEM16F knockdown group
compared with the untreated group (Figure 5B), indicating
that the phagocytic activity of microglia was reduced in
TMEM16F-deficient animals. No differences were observed at
other time points.

Furthermore, cell counts based on the neuronal nuclear
antigen, NeuN, showed no loss of neurons at 1 d after ischemia,
suggesting that neurons had not yet been phagocytosed. At 3 d,
a few neurons had been lost in the penumbra (Figure 5C), but
the proportion of neurons remaining in TMEM16F knockdown
animals was significantly higher (untreated group: 74.7 ±

2.0%; TMEM16F knockdown: 87.5 ± 1.2%). Additionally,
at the histological level, shown by TTC staining, deficiency
of TMEM16F reduced the ischemic volume after MCAO/R
(Figure 5D), indicating that suppressing the expression
of TMEM16F could prevent stressed neurons from being
phagocytosed by active microglia.
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FIGURE 4 | Neurons can expose PS in a reversible manner after OGD/R. (A) Cultured neurons were fluorescently labeled with TMEM16F antibodies (red) and an

exposed PS marker (pSIVA, green). Nuclei were fluorescently labeled with DAPI (blue) (n = 3). (B) Cultured neurons were fluorescently labeled with neuronal antibodies

(MAP2, red) and a PS marker (pSIVA, green). Nuclei were fluorescently labeled with DAPI (blue) (n = 3). (C) After OGD/R 12 and 24 h, PS-exposure were detected

with pSIVA/PI double staining after incubation. (D) Proportion of PS-exposed neurons was compared between different groups (n = 3, OGD/R 12 h and OGD/R 24 h

vs. control, ***P < 0.001; OGD/R 12h vs. OGD/R 24 h, *P < 0.05). Data are presented as mean ± SEM. Differences were calculated with ordinary one-way ANOVA.

DISCUSSION

Microglia are the professional phagocytes of the brain and are
able to rapidly phagocytose dead or dying neurons within hours
(8, 43), which has been considered to be a beneficial process.
However, microglia can also phagocytose stressed-but-viable
neurons that reversibly expose to PS because of the calcium-
activated scramblase TMEM16F (13, 44) or temporary lowering
of ATP. Our data indicated that the deficiency of TMEM16F,
which is required for reversible PS exposure, could prevent
stressed-but-still alive neurons in a pre-infract area from being
mistaken by microglia, thus blocking phagoptosis and further
improving functional outcome after focal cerebral ischemia.

The affected area after cerebral ischemia can be divided into
the core and the penumbra. It is generally assumed that in
the central core of the ischemic area, which suffers from the
highest level of ischemic injury, the cell death is oncotic/necrotic,
whereas the penumbra experiences a lower level of ischemia
in which neurons are functionally depressed but still viable
at early time points (4). Besides, we should notice that the
activation of microglia in the penumbra leads to a decrease
in neuronal density over time, which means the hypoperfused
penumbra may progress to infarct lesions and lead to more
severe physical dysfunction (45). Therefore, timely rescue of
neurons in the ischemic penumbra is of great significance for
post-stroke treatment.

Frontiers in Immunology | www.frontiersin.org 9 July 2020 | Volume 11 | Article 1144197

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. TMEM16F in Stroke

FIGURE 5 | TMEM16F participates in phagocytosis of penumbra neurons after focal ischemia. (A) Macrophage/microglia activation in the penumbra of untreated and

LV-RNAi transfected rats at 3 days after MCAO/R. Yellow arrowheads indicate ramified microglia, and white arrowheads indicate amoeboid microglia. (p) represents

the penumbra and (c) represents the ischemic core. (B) Proportion of macrophages/microglia in the penumbra, indicating phagocytic activity: TMEM16F knockdown

animals displayed decreased levels of phagocytic microglia at day 3 (n = 6, **P < 0.01). (C) Proportion of surviving neurons in the penumbra at 3 days after MCAO/R

(n = 6, ***P < 0.001). (D) Triphenyltetrazolium chloride (TTC) staining showing the effects of TMEM16F intervention on neuronal loss after MCAO/R 24 h (n = 6, **P <

0.01). In (B–D), data are presented as mean ± SEM. Differences were calculated with Student’s t-tests for (B,C) and ordinary one-way ANOVA for (D).

Phagoptosis, also called primary phagocytosis, is a recently
recognized form of cell death caused by phagocytosis of viable
cells that results in their destruction (46). The process of
phagocytosis is normally initiated by the release of attractive
signals from the target cell (referred to as “come-get-me”/“find-
me” signals) leading to chemotaxis of a nearby macrophage (47).
Upon reaching the target cell, the macrophage recognizes cell-
surface signals on the target cell (“eat-me” signals), which then
induce its uptake. The best characterized “eat-me” signal is the

cell-surface exposure of phosphatidylserine PS (8, 10, 48, 49). In
healthy cells, PS is found almost exclusively on the inner leaflet
of the plasma membrane. However, PS can be exposed on the
cell surface under certain conditions. PS exposure can occur as
a result of: (i) apoptosis (when PS exposure occurs secondary
to calcium elevation, ATP depletion, oxidative stress, or vesicle
fusion); (ii) necrosis (due to plasma membrane rupture, calcium
elevation or ATP depletion); (iii) calcium elevation (which
stimulates the scramblase and inhibits the translocase); (iv) ATP
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FIGURE 6 | Schematic representations of potential mechanisms of TMEM16F actions in ischemia-reperfusion (I/R) injury. Ischemic stroke upregulates the expression

of TMEM16F, which is activated by loaded intracellular Ca2+ and functions as a scramblase, inducing PS-exposure of stressed-but-alive neurons in the penumbra.

Additionally, the flippases, such as ATP8A/ATP11C, are likely inactivated by the increasing Ca2+ or ATP depletion. When the stimuli are removed and cells return to a

normal state, a decrease in intracellular Ca2+ inactivates TMEM16F, and the flippases restore the asymmetrical PS distribution.

depletion (which inhibits the translocase); (v) oxidative stress
(which stimulates the scramblase and inhibits the translocase);
or (vi) fusion of intracellular vesicles with plasma membrane
(46, 50).

Studies have shown that PS-exposure not only occurs on the
surface of cells as an early sign of cell death, but that it can
also occur on the surface of viable cells in a reversible manner.
It is provoked by exposure of “eat-me” signal PS on viable
cells as a result of the activation of sublethal stimuli, potentially
causing their phagocytosis when in the presence of phagocytes.
For example, stressed but viable neurons can reversibly expose
PS, but this only results in phagocytosis if activated microglia are
present at the time of PS exposure (12).

In healthy cells that are not activated, PS is found exclusively
on the inner leaflet of the plasma membrane, because the
aminophospholipid translocase (also called “Flippases,” such
as ATP11C and ATP8A) removes PS from the outer leaflet.
However, a second enzyme, the phospholipid scramblase, can

cause PS exposure by randomizing phospholipid distribution
between the inner and outer leaflets (50, 51). In activated
neurons, increased intracellular Ca2+ transiently activates
TMEM16F to scramble phospholipids, probably inactivating
flippase activity of ATP11C/ATP8A (Figure 6). When the
stimulus is removed and cells return to a normal state, a decrease
of intracellular Ca2+ inactivates TMEM16F, and the flippase
restores the asymmetrical PS distribution (52, 53). We have
shown here that OGD/R induces an excessive accumulation of
intracellular Ca2+, which leads to the activation of TMEM16F,
whose protein level reaches a peak at 12 h in vitro. Using pSIVA-
IANBD reagent with green fluorescence to label exposed PS, we
found that the exposed PS was distributed on the cell membrane
of neurons and could co-locate with TMEM16F. Then we
collected the cells at 12 and 24 h after OGD/R for flow cytometry
analysis. Compared with 12 h reperfusion, the proportion of PS-
exposed neurons was significantly decreased and that of healthy
cells was increased after 24 h reperfusion without increasing cell
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death, suggesting a transient PS exposure on stressed-but-viable
cells. In this study, microglia were not co-cultured with neurons,
so we speculate that when activated microglia do not appear,
stressed neurons can return to a normal state and survive longer.

Accordingly, other studies have shown that viable neurons in
the postischemic brain can be labeled by annexin V, indicating
that PS exposure is reversible at 4 h after transient ischemia. At
the same time, the neuronal marker MAP2 is co-localized with
annexin V staining, which means the neuronal structure still
remains intact. However, by day 1, annexin V-positive cells had
a neuronlike morphology, but lost MAP2 staining, suggesting
that these cells had already suffered irreversible ischemic injury
(11). These neurons can stay alive if activated microglia do
not appear (54). We can infer from this that there may be a
critical time point between 4 and 24 h at which neurons could
not maintain structural integrity anymore and eventually move
toward apoptosis. We found that the expression of TMEM16F,
a Ca2+-activated phospholipid scramblase, was significantly
elevated at 6 h after transient focal ischemia in rats and peaked
at 12 h. At this point the scramblase was highly activated and
probably increased the exposure of PS, as well as the risk of
being phagocytosed.

Microglia also play an important role in this process. PS-
exposed neurons are recognized either via the opsonin MFG-E8
and vitronectin receptors on microglia (10) or by the opsonin
Gas6 and MerTK (Mer receptor tyrosine kinase) receptors on
microglia (8, 9, 55). It appears that inflammatory activation of
microglia impairs their ability to discriminate between apoptotic
and viable neurons for phagocytosis, resulting in phagoptosis
during inflammation (56). Microglia fail to recognize cells
that should be removed and phagocytize transiently exposed
PS neurons via the microglial vitronectin receptor MFG-E8,
leading to an increase in the infarct size. A study had reported
that transient brain ischemia caused a delayed neuronal loss,
accompanied by microglial phagocytosis of neurons, which was
prevented by genetic inactivation of either MFG-E8 or MerTK
(12). Only a few activated microglia were found at 1 d after
ischemia in our study, but a strong response was visible in the
penumbra at 3 d, indicating that the phagocytosis of neurons
was delayed by at least 72 h, which is consistent with previous
research (41). We also found the proportion of Iba1+ cells
were significantly decreased in penumbra after knocking down
TMEM16F. In accordance with phagocytosis of viable neurons,
deficiency in TMEM16F may protect neurons from phagocytic
uptake and lead to a reduction in the infarct size after transient
cerebral ischemia in vivo.

It has been reported that expression of TMEM16F is
significantly higher inmacrophages, where it supports phagocytic
activity and cell death (57). Recent studies find that TMEM16F
plays an important role in regulating spinal microglia function in
neuropathic pain states (58) and spinal cord injury (59). Likely
due to a different disease model and the microglia accounting
for only 20% of brain tissue, TMEM16F was mainly expressed
on the neuronal membrane instead of the microglia in our
study after MCAO/R. Further studies are needed to identify
whether TMEM16F deficiency also diminishes the branch
motility and phagocytic capacity of microglia and contributes

to viable neuronal survival in the penumbra after transient
cerebral ischemia.

There were some technical limitations to the present study.
First, we only used adult male rats to establish the MCAO/R
model in vivo, so there may be a problem of gender bias.
In vitro, we chose primary neurons to incubate and used a
conditional neuronal basal medium, without mixing microglia,
so the direct neuron-microglia contact could not be investigated.
Additionally, our study explored only the role of TMEM16F
after MCAO/R and, in pathological conditions, the downstream
factors PS-binding protein MFG-E8 and vitronectin receptors
such as MerTK and the relationship between them were
not involved. Flippases such as ATP8A/ATP11C probably
also contributed to reversible PS exposure cooperated with
scramblase TMEM16F. Therefore, the cooperation between
scramblase and flippases should be considered. Furthermore,
there may be a TMEM16F-MFG-E8 and MerTK pathway
in phagocytosis of stressed-but-viable neurons, which needs
further research.

In summary, our study revealed that TMEM16F could
be upregulated after transient cerebral ischemia and increase
phagocytosis by microglia. Stressed neurons could expose
PS in a reversible manner; deficiency of this phospholipid
scramblase may protect stressed-but-viable neurons from being
phagocytosed by activated microglia in the penumbra and
impede the expansion of the infarct area. In the ischemic
penumbra in patients, neuronal loss was detected several days or
months post-stroke (60–62), which was consistent with our data.
This important time course between the increase of neuronal
PS exposure and the initiation of phagocytosis by activated
microglia should be considered and may provide potential
therapeutic targets.
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1 Shanxi Medical University, Taiyuan, China, 2 People’s Hospital of Yaodu District, Linfen, China, 3 Xiangya Medical College,
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China

The interaction between microglia and astrocytes significantly influences

neuroinflammation. Microglia/astrocytes, part of the neurovascular unit (NVU), are

activated by various brain insults. The local extracellular and intracellular signals

determine their characteristics and switch of phenotypes. Microglia and astrocytes

are activated into two polarization states: the pro-inflammatory phenotype (M1 and

A1) and the anti-inflammatory phenotype (M2 and A2). During neuroinflammation,

induced by stroke or lipopolysaccharides, microglia are more sensitive to pathogens, or

damage; they are thus initially activated into the M1 phenotype and produce common

inflammatory signals such as IL-1 and TNF-α to trigger reactive astrocytes into the A1

phenotype. These inflammatory signals can be amplified not only by the self-feedback

loop of microglial activation but also by the unique anatomy structure of astrocytes.

As the pathology further progresses, resulting in local environmental changes, M1-like

microglia switch to the M2 phenotype, and M2 crosstalk with A2. While astrocytes

communicate simultaneously with neurons and blood vessels to maintain the function

of neurons and the blood–brain barrier (BBB), their subtle changes may be identified

and responded by astrocytes, and possibly transferred to microglia. Although both

microglia and astrocytes have different functional characteristics, they can achieve

immune “optimization” through their mutual communication and cooperation in the NVU

and build a cascaded immune network of amplification.

Keywords: microglia, astrocyte, neuroinflammation, stroke, LPS, NVU

INTRODUCTION

Neuroinflammation often runs through the entire process of pathological development. There
is a dynamic change over time with the regulation of pro and anti-inflammatory signals (1, 2).
Microglia/astrocytes, part of the neurovascular unit (NVU), are activated by various brain insults.
The local extracellular and intracellular signals determine their characteristics and switch of
phenotypes. Generally, microglia and astrocytes are activated into two states: the pro-inflammatory
phenotype (M1/A1) and the anti-inflammatory phenotype (M2/A2), corresponding to either the
destructive or reparative functions in the NVU, respectively (3–5). The activated microglia and
astrocytes have dynamic phenotypic changes (6–9).

The crosstalk between microglia and astrocytes occurs through a variety of molecule
signals such as adenosine triphosphate (ATP), cytokines, etc. (10). Liddelow et al.
(9) showed that reactive astrocytes (A1) can be induced by the cytokines secreted
from activated microglia (M1), which are induced by lipopolysaccharides (LPS)
in vitro and in vivo (11). Microglia appear to be more sensitive to pathogens or
damage, which stimulate them and promote secretion of “molecular signals” to
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trigger reactive astrocytes. Neuroinflammation, such as in stroke,
may exhibit a similar mechanism and interaction between
microglia, and astrocytes may share the common molecular
language in various diseases. It has been previously shown that
neuroinflammation between the microglia and astrocytes has
a cascade of amplification (12–14), but its mechanism needs
further elucidation. As the pathology progresses, thus causing
environmental changes, it promotes the switch from M1 to M2,
which is also closely associated with A2. While astrocytes, an
essential component of the NVU, communicate simultaneously
with both neurons and blood vessels as versatile cells to
maintain the function of neurons and the blood–brain barrier
(BBB), there seems to be a difference in the communication of
astrocytes from microglia. This review is concerned with the
origin, anatomy, and physiological function of microglia and
astrocytes, particularly their communication and cooperation in
pathological conditions. The activated microglia and astrocytes
may achieve immune “optimization” through their interaction in
the NVU.

MICROGLIA AND ASTROCYTES IN THE
NVU

The NVU, a structural and functional unit, is composed of
microglia, neurons, the BBB, and the extracellular matrix (15).
Its primary function is to meet the brain’s dynamic metabolic
needs by regulating the cerebral blood flow (CBF) in response
to physiological or pathological stimuli in the CNS (16, 17).
The BBB consists of vascular endothelial cells (ECs), tight
junctions, and basement membranes, pericytes, or smooth
muscle cells, and astrocytes. It separates parenchyma of the
central nervous system (CNS) from blood, and it thus maintains
a stable micro-environmental homeostasis of CNS (18, 19). The
BBB maintains the low permeability through the tight-junction
between sendothelial cells with membrane-bound transporters,
and perivascular cells, such as pericytes, astrocytes, and the
extracellular matrix, also contribute to this (17, 20). Astrocytes
promote the maintenance of the BBB via sonic hedgehog and
b-catenin, which strengthen the tight junction and integrity
(21). Meanwhile, reactive astrocytes disrupt the local BBB
by the release of vascular endothelial growth factor (VEGF),
increase permeability, and allow entry of peripheral immune
cells (22, 23).

Astrocytes are considered an indispensable element of
the NVU or extended BBB. In the context of the NVU,

Abbreviations: NVU, Neurovascular unit; LPS, Lipopolysaccharides; CNS,

Central nervous system; ATP, Adenosine triphosphate; BBB, Blood–brain barrier;

ECs, Endothelial cells; VEGF, Vascular endothelial growth factor; MMP-9, Matrix

metalloproteinase-9; CX, Connexin; CBF, Cerebral blood flow; ROS, Reactive

oxygen species; TNF, Tumor necrosis factor; IL-1β, Interleukin 1 beta; IL-1α,

Interleukin-1 alpha; iNOS, Inducible nitric oxide synthase; TGFβ, Transform

growth factor beta; CLCF1, Cardiotrophin-like cytokine factor 1; LIF, Hypoxia

induce factor; C1q, Complement component subunit 1q; SAH, Subarachnoid

hemorrhage; PAMP, Pathogens associated molecular pattern; DAMP, Damage

associated molecular pattern; HMGB1, High-mobility group protein box-1;

COX, Cyclooxygenase; Pb, Plumbum; GFAP, Glial fifibrillary acidic protein; AD,

Alzheimer’s disease; NO, Nitric oxide; MCAO, Middle cerebral artery occlusion.

astrocytes are located in the center between neurons and
ECs. The strategic position of astrocytes enable them to
regulate CBF to adapt to dynamic changes in neuronal
metabolism and synaptic activity (18, 24). Astrocytes co-
originate with neurons and oligodendrocytes and are produced
in the final stages of neurogenesis (25, 26). They are
the most abundant and heterogeneous glia cell type, tiling
throughout the brain in a non-overlapping manner in the
CNS (27).

Astrocytes are closely associated with neurons and blood
vessels as versatile cells (28, 29) and communicate with neuronal
pre- and post-synaptic terminals to help modulate synaptic
transmission by the release of glutamate, D-serine, and ATP.
It has been reported that one astrocyte can supervise over
100,000 synapses (30–33). Astrocytes can be extensively coupled
into syncytial structures of up to 100 units by gap junctions,
composed of connexin (CX) proteins such as CX-43 and
CX−30 subtypes, allowing for the rapid facilitation of long-
range signaling through calcium waves (34–37). Astrocytes
extend end-feet processes to cover the surface of cerebral blood
vessels with a ratio of ∼99% to modulate CBF or the BBB
(24). Furthermore, the end-feet with high levels of aquaporin-
4 water channel proteins promote perivascular clearance by the
newly characterized “glymphatic system” (CNS waste clearance
system) (38, 39).

Astrocytes were, in the past, considered simply as a supportive
or “glue-”like function in the CNS; now, their essential
functions are increasingly being elucidated (28). Besides the
above mentioned effects of “glymphatic system” (39, 40),
astrocytes also have neurotrophic support, promote formation,
and maintenance of synaptic activity, and transmission, regulate
CBF, and determine some functions, and properties of the BBB,
or NVU (27). In physiological conditions, astrocytes restrict the
entry of peripheral immune cells passing through the BBB (41).
While in pathological conditions, astrocytes participate in innate
immune reactions (42) and the adaptive immune responses by
their strategic position (43, 44).

Microglia, an important partner of the NVU, are the primary
immune cells and account for ∼5–15% of all cells in the human
brain (45, 46). Early in development, microglia derive from
the yolk sac, and seed in the brain as the first glial cells,
and they develop concurrently with neurons into highly plastic
cells with mobility (47–49). Under physiological or pathological
conditions, microglia continuously survey their surrounding
environment and always firstly respond to any insult in the
CNS (50–52).

There is a local network of immune cells via communication
and collaboration in the CNS against pathogenic insults, injury,
or stress (44). Microglia, scattered throughout the brain, wander
more observantly and detect modifications of their environment
as sentinels (42, 53). Whether as the first glial cells seeded in the
brain early in embryonic development or as the first to respond to
insults in CNS, microglia are always the “pioneers” in the NVU.
On the other hand, astrocytes with a more dominant quantity
may be “reserve forces” and amplify the neuroinflammation,
owing to syncytium of the structure and function and strategic
position to mobilize peripheral immunity (54).
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ASSOCIATION OF MICROGLIA,
ASTROCYTES, AND
NEUROINFLAMMATION

Neuroinflammation is constantly present at every different
pathological state in CNS diseases. Neuroinflammation is
induced when the NVU responds to specific stimuli involved
in the activation of microglia and astrocytes, breakdown of
the BBB, infiltration of peripheral leukocytes, and inflammation
factors, etc. (55). Activated microglia and reactive astrocytes play
a crucial role in neuroinflammation. The dynamic phenotypic
changes of microglia and astrocytes determine their detrimental
or beneficial character at particular stages (7, 9). Microglia and
astrocytes in NVU is illustrated in Figure 1.

Microglia
Microglia, the first activated innate immune cells, can be
activated within minutes of tissue damage (56). Activated
microglia, with changes from the ramified morphology into
an amoeboid shape, upregulate the secretion of numerous
inflammation factors, and microglial phagocytosis (57). The
local extracellular and intracellular signals determine their
characteristics and switch of phenotypes, which range from
“M1-like” phenotypes characterized by increase of inflammatory
mediators, such as tumor necrosis factor (TNF), interleukin 1
beta (IL-1β), and reactive oxygen species (ROS) (58), to “M2-like”
phenotypes characterized by upregulation of anti-inflammatory
mediators, such as Interleukin IL-10, transforming growth factor
beta (TGFβ), and glucocorticoids (59). The M1-like phenotype
is considered to be destructive to NVU (60), while the M2- like
phenotype is interpreted to be nerve repair cells in CNS diseases
(61). Moreover, microglia display intermediate phenotypes with
diverse combination of polarization markers ranging from M1
to M2, representing the crossroads of diverse pro- and anti-
inflammatory (62–64). Although the supposed dichotomy of
M1/M2 phenotypes hardly reflect a wide range of microglial
phenotypes, this facilitates understanding of the activated state
of microglia in various CNS disorders (3).

Astrocytes
Astrocytes are another type of glial cells that actively participate
in regulation of neuroinflammation, depending on the
timing and context (65). Following diverse brain injuries,
astrocytes undergo a significant transformation called “reactive
astrocytosis,” whereby they upregulate many genes, increase the
size of cytoskeleton, process extension, increase expression and
immunoreactivity of glial fibrillary acidic protein (GFAP), and
form a glial scar (5, 66, 67). Reactive astrocytes were purified and
genetically analyzed in mice about neuroinflammation induced
by systemic injection of LPS or cerebral ischemia induced by
middle cerebral artery occlusion (MCAO). Neuroinflammation
and ischemia induced two different types of reactive astrocytes,
which correspond to “A1” pro-inflammatory and “A2” anti-
inflammatory, respectively. This nomenclature is similar to
the “M1” and “M2” of microglia (9). Different polarizations of
astrocytes are marked by different biochemical and functional
characteristics (68–70). A1 reactive astrocytes elevate levels of

FIGURE 1 | Illustration of microglia and astrocytes in NVU. In the context of

the NVU, astrocytes are located in the center between neurons and endothelial

cells (ECs). Astrocytes are closely associated with neurons and blood vessels

as versatile cells. Astrocytes communicate with neuronal pre- and

postsynaptic terminals to help modulate synaptic transmission. It has been

reported that one astrocyte can supervise over 100,000 synapses. Astrocytes

extend end-feet processes to cover the surface of cerebral blood vessels with

a ratio of ∼99% to modulate CBF or the BBB. Astrocytes can be organized

into syncytial structures of up to 100 units by gap junctions to facilitate

long-range signaling. Microglia account for about 5–15% of all cells in the

human brain. Under physiological or pathological conditions, they scan their

environment through scavenging functions. Microglia firstly react to brain

insults like “pioneers,” monitoring and transmitting “danger.” Astrocytes with

dominant quantity may be “reserve forces” and amplify the neuroinflammation,

owing to their syncytium of the structure, and function, and strategic position

to mobilize peripheral immunity.

many genes of the classic complement cascade, such as C1r, C1s,
C3, and C4, which are harmful for the NVU. Meanwhile, A2
reactive astrocytes upregulate beneficial inflammatory factors,
such as CLCF1 (cardiotrophin-like cytokine factor 1), LIF
(hypoxia induce factor), IL-6, IL-10, and thrombospondins, to
promote the NVU remodeling (5, 9). Reactive astrocytosis also
represents a spectrum of alterations reflecting the specific insults
in the CNS (9, 54).

The association of microglia, astrocytes, and
neuroinflammation is illustrated in Figure 2.

INTERACTION OF MICROGLIA AND
ASTROCYTES IN THE NVU

The Common Molecular Signals of
Interaction
Reactive astrocytes are induced by LPS-activated microglia (11,
56, 71). Liddelow et al. (9) showed that reactive astrocytes
(A1) can be induced by cytokines, such as interleukin-1 alpha
(IL-1α), TNF-α, and the complement component subunit 1q
(C1q), which secreted by activated microglia (M1) both in
vitro and in vivo. (11). Microglia appear to be more sensitive
to pathogens; they activate and secrete “molecular signals”
to trigger reactive astrocytes. Interaction between activated
microglia and astrocytes plays a crucial role in the process of
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FIGURE 2 | Illustration of microglia, astrocytes, and neuroinflammation. Microglia are more sensitive to pathogens/damage such as LPS or stroke, firstly activated into

M1-like phenotypes via PAMP/DAMP and promote the secretion of inflammatory factors such as TNF-a, IL-1, etc. to trigger reactive astrocyte (A1). As the insult

limited and the NVU is remodeling, the local environmental factors change and determine M2-like phenotype to upregulate microglial phagocytosis and secretion of

IL10, TGF, etc. Simultaneously, the local environmental factors may promote the switch to A2. Astrocytes communicate simultaneously with both neurons and blood

vessels as versatile cells to maintain the function of neurons and the blood–brain barrier, and their subtle changes may be captured and responded by astrocytes and

even transferred to microglia. A variety of molecular signals such as ATP, endothelin, etc. trigger reactive astrocytes (A1) and A1 upregulates many genes of the classic

complement cascade such as C1r, C1s, C3, and C4, which communicate with microglia via some corresponding complement receptors; A2 elevates the levels of

neurotrophic factors and cytokines such as CLCF1, LIF, IL-6, IL-10, and thrombospondins to promote neuronal survival and repair; the local environmental factors

promote the switch to M2-like phenotype.

neuroinflammation. Neuroinflammation of diverse CNS diseases
such as stroke may share the common “molecular signals” to
trigger astrocytes reaction, and these inflammation signals may
be amplified (72).

The activation of microglia occurs early in the timeline
of neuroinflammation following stroke besides LPS-induced
inflammation. Microglial activation within the perihematomal
region, by immunofluorescence staining, was seen within 1 h of
intracerebral hemorrhage (ICH) in a model of ICH (73, 74). In
a clinical study of perihematomal brain tissue, TNF and IL-1β
levels increased within 1 day of ICH (75, 76). After collagenase-
induced or autologous blood-induced ICH, IL-1β, TNF, IL-6
(77, 78), and inducible nitric oxide synthase (iNOS) (25), mRNA
levels were generally upregulated in the acute phase, starting
to rise in the first 3 h after ICH and peaking at 3 days (79,
80). Changes in the protein levels corresponded to the timeline
(25, 80, 81). Similarly, in the acute phase of ischemic stroke,
microglia were activated first and invaded the peri-infarct and
infarct core to orchestrate the post-stroke neuroinflammatory
response and communicated with astrocytes through soluble
and membrane-bound signaling molecules (82–84), including
the cytokines IL-1β, TNF, and IL-1 receptor antagonist (IL-
1Ra) (82, 83, 85). These studies imply that microglia in stroke
are more sensitive to pathogens/damage; which are activated
and produce then produce the common “molecular signals,”
such as IL- 1 and TNF, to trigger reactive astrocytes (11, 86).

Meanwhile, another study showed highly enriched astrocyte
cultures produced only a very few inflammatory factors, such as
TNF-α, reactive oxygen species (ROS), and nitric oxide (NO),
in response to LPS stimulation. Astrocytes seem to be sluggish
in response to pathogens stimulation and fail to be completely
activated in the absence of microglia (87).

TNF-α is a multi-effect cytokine mostly released from
microglia/macrophages (88) and neutrophils (89). The IL-
1 cytokine family has a large number of members, and
the most important are IL-1α, IL-1β, and the natural
receptor antagonist IL-Ra (90). Further, IL-1β is mainly
derived from microglia/macrophages (91). Both TNF-α
and IL-1 primarily produced by microglia/macrophages
are overexpressed within the first 2 h after experimental
ICH (92–94) and as early as 24 h after ischemic stroke in
mice (82).

Microglia are firstly activated via TLR4 by the pathogens or
damage and release the inflammation mediators TNF-α (95).
Sansing et al. (96) showed that activated microglia express
high levels of TLR4, which result in neuroinflammation after
ICH. Meanwhile, astrocytes respond through activation of TLR2,
TLR3, and TLR4, almost depending on the presence of microglia
(97). In the case of TLR4 activation in response to LPS, microglia
directly trigger or promote astrocytic responses by upregulating
the expression levels of soluble mediators. The results indicate
that microglia play a critical role in astrocytic activation via
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FIGURE 3 | The communications of microglia and astrocytes.

Pathogens/damage trigger M1-like microglia via TLR4. During the

neuroinflammation induced by LPS or stroke, Microglia are more sensitive to

pathogens/damage, firstly activated, and secrete the common “molecular

signals,” such as IL-1 and TNF-a, to trigger reactive astrocytes. Different types

of insults release different combinations of these molecules, which in turn

trigger different responses. It has been demonstrated that inflammation factors

induced by LPS, such as TNF-α, IL-1a, and C1a, can trigger reactive

astrocytes. In stroke, however, the inflammatory factors secreted by activated

microglia(M1), such as TNF-α, IL-1β, and IL-6, are significantly elevated.

Recombinant human HMGB1 (rhHMGB1) can trigger microglial activation via

the TLR4 and increase production of TNF-α, which in turn stimulates microglia

to release large amounts of HMGB1 to active more microglia. There seems to

be self-feedback loop in the activation process of microglia.

TLR4 in response to insults, injury, or inflammation in CNS
disorders (14, 97).

It is observed that human astrocytes are highly sensitive
to IL-1β but unresponsive to LPS stimulation, and reactive
astrogliosis is also induced by IL-1β alone (98). Within 24 h of IL-
1β induction, large numbers of reactive astrocytes are observed,
and elevate the matrixmetalloprotease (MMP)-9 expression (98–
100). Although astrocytes produce certain pro-inflammatory
factors, microglia are the main source of cytokines (101). Primary
mediators, such as TNF, IL-1β, and IFNγ, promote the produce

of secondary mediators, such as MMP, nitric oxide(NO), and
arachidonic acid (72).

These evidences suggest that, in the process of
neuroinflammation induced by stroke or LPS, microglia
are more sensitive to pathogens/damage and activated via
PAMP/DAMP and release the common “molecular signals”
or primary mediators, such as IL- 1 and TNF-α, to trigger
reactive astrocytes, while astrocytes are unresponsive to
pathogens/damage in the absence of microglial cells.

HMGB1
High-mobility group protein box-1(HMGB1), a highly
conserved non-histone DNA-binding protein, is involved
in pro-inflammatory cytokine gene transcription in diverse
inflammatory diseases (56, 102–104). In a rabbit subarachnoid
hemorrhage (SAH) model, the Murakami group found that the
HMGB1 protein are located in microglia and macrophages with
a ratio >90% (105). In a collagenase-induced mode of ICH in
rats, the release of HMGB1 into the cytoplasm in the brain was
detected within 1 h, and express levels of HMG1 protein was
substantially elevated at 24 h after ICH (106–108). These suggest
that HMGB1 also primarily arise from microglia/macrophages
and seem to be produced concurrently with cytokines such as IL-
1 and TNF-α.

In vitro, microglia stimulated by TNF-α release large amounts
of HMGB1 (109), and recombinant humanHMGB1 (rhHMGB1)
can activate microglia, increase NF-κB activity, and promote
inflammation factors including TNF-α, IL-1β, cyclooxygenase
(COX)−2, and NO (110). However, these effects disappeared
in TLR4–/– microglia treated with rhHMGB1 (110). These
observations indicate that not only pathogens/damage but
also HMGB1 can ignite microglial activation via TLR4 and
promotes the produce of TNF-α, which in turn stimulates
microglia to release large amounts of HMGB1 to active more
microglia. There seems to be self-feedback loop in the process of
microglial activation.

Signal Can be Amplified
Molecular languages, such as TNF-α and IL-1 is not only the
proinflammatory factors of M1-like phenotypes, but more like
“signals” to trigger reactivity astrocytes, and these inflammatory
signals may be amplified by the unique physiological structure
of astrocytes. A rat model experiment indicated that primary
microglia are more sensitive to lead (Pb) exposure; compared
to astrocytes, Pb is more likely to reduce microglial viability,
while astrocytes have greater uptake of Pb (111). Similarly,
the Kirkley group found that microglia can amplify the
inflammatory activation of astrocytes by the release of cytokines
and chemokines (12).

ATP and analogs interacts with G protein-coupled P2Y
receptors to promote astrocyte proliferation and the growth of
long, branched processes (101). It has also been shown that
microglial cells quickly released small amounts of ATP, and
astrocytes in turn amplified this release, increasing the frequency
of excitatory postsynaptic currents through P2Y1 (14). This
response can be blocked by inhibitors of connexin channels. In
the case of connexin channel inhibitors, microglial movement
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is also significantly impeded (112). These results reveal that
microglia as upstream partners ignite the response and astrocytes
with the syncytium coupled by connexin channels magnify this.

In conclusion, microglia firstly react like “pioneers” in the
NVU, initiate immune cascades, release inflammatory mediators,
and form network regulation. Meanwhile, astrocytes with
dominant quantity may be “reserve forces” and amplify the
neuroinflammation, owing to their syncytium of structure and
function. In addition, the amplification of neuroinflammation
may be also related to astrocytic strategic position to mobilize
peripheral immunity.

Communication Between M2 and A2
As mentioned above, the M1-like microglia secrete some pro-
inflammatory mediators to induce A1 astrocytes, which amplify
the cascaded neuroinflammation. With the process of the insults
limited and the NVU remodeling, the local environmental factors
change and determine the switch of microglial and astrocytic
phenotypes. Activated microglia-Derived Cytokines (TNF-α, IL-
1β and IL-6) induced the switch of astrocyte phenotype after
brain trauma (113). The interaction of microglia and astrocytes
plays a vital role in the switch of phenotypes. In addition,
activated M2-like microglia produce the anti-inflammatory
cytokine IL-10, which matches the IL-10 receptor (IL-10R)
primarily expressed in A2 astrocytes, and this allows astrocytes
to secrete TGF-β, which reduces microglial activation (114).
The communication between M2 and A2 significantly promotes
neuronal survival and repair and is even amplified by the unique
anatomy structure of astrocytes.

Astrocytic Dialogue to Microglia
In physiological conditions, astrocytes communicate
simultaneously with both neurons and blood vessels as
versatile cells to maintain the function of neurons and the
blood–brain barrier (27). In pathological conditions, reactive
astrogliosis, and astrocytic proliferation become dominant, and
the process is triggered by diverse molecular signals, such as
cytokines, ATP, endothelin, sonic hedgehog, fibroblast growth
factor2 (FGF2), thrombin, and bone morphogenic proteins
(BMP) (27, 115). The communications among neurons, BBB and
microglia/macrophage mostly rely on these molecular signals
(11, 13, 21, 116). Early triggers contain nucleotides released
from damaged cells and pro-inflammatory cytokines as well
as purines/pyrimidines such as ATP and elevated excitotoxic
transmission, as ATP is co-released with neurotransmitters
(101). In physiological or pathological conditions, astrocytes
seem to primarily sense the signals derived from neurons
and blood–brain barrier components including microglia in
the NVU.

During development, astrocytes can sense subtle changes in
neurons to induce the production of C1q in neuronal synapses,
which interacts with the microglial C3a receptor (C3aR) to prune
the neuronal synapses through the classic cascade complement
pathway (117). In the context of Alzheimer’s disease (AD)
pathology, overproduction of AD promote the release of C3 from
astrocytes, which simultaneously communicate with microglial
C3aR and neuronal C3aR to dynamically regulate microglial

phagocytosis and impair dendritic morphology as well as
synaptic function, subsequently deteriorate cognitive function.
The damaged neurons in turn trigger more astrocytes and active
more microglia. Complement-dependent intercellular crosstalk
is critical to promote the pathogenic cycle, and the feedforward
loop can be blocked effectively by C3aR inhibition (118, 119).

Astrocytes are major sources of many chemokines, such as
CCL2, CXCL1, CXCL10, and CXCL12 (120–122), and microglia
express some corresponding chemokine receptors, such as CCL2,
CXCL12 (123, 124), and so on. This implicates a strong
association between microglia and astrocytes.

In summary, astrocytes, one of the important components
of the NVU, communicate simultaneously with both neurons
and blood vessels as versatile cells to maintain the function of
neurons and the blood–brain barrier, whose subtle changes are
captured and responded to by astrocytes, and even transferred
to microglia. In early mild cognitive impairment, astrocytes may
be the primary responsibility for this, but, in moderate or severe
cognitive impairment such as AD, amounts of accompanied
neurons death or apoptosis may also directly activate microglia,
as microglia are more sensitive to pathogens/damage and trigger
more reactive astrocytes via inflammatory signals, which can be
amplified not only by the self-feedback loop of HMGB1 but also
by the unique anatomy structure of astrocytes. Although both
microglia and astrocytes own their functional characteristics,
they can achieve the immune “optimization” through their
mutual communication and cooperation in neuroinflammation.

The communications of microglia and astrocytes is illustrated
in Figure 3.

Different Pathogens/Damage and Different
Effects
The inflammatory effects of the central nervous system depend
on several parameters, including the types and severity of
pathogens/damage, glial cell types, a variety of combinations
of signal molecules (including chemokines, cytokines, etc.), and
timeline of the response, etc. (112, 125, 126).

Zamanian et al. showed that reactive astrocytes induced
by LPS or ischemic stroke upregulate over 1,000 genes, and
genomic profiling has shown that both gene representation and
fold induction correspond to individual injuries. Some of the
upregulated genes are unique to the LPS subtype (A1) or the
middle cerebral artery occlusion (MCAO) subtype (A2). For
example, the three genes, including Ptx3, S1Pr3, and tweak, are
markers for the MCAO subtype (A2), while H2-D1 and Serping1
are markers for the LPS subtype (A1) of reactive astrocytes.
H2-D1 was induced 30-fold by LPS but only 3-fold by MCAO.
Serping1 was induced 6.5-fold after MCAO and 34-fold after
LPS (5). These data indicate that different pathogens/damage
can induce different phenotypes of astrocytes. This may closely
relate to the different interaction between the activated astrocytes
and microglia, which contain different combinations of molecule
signals. It has been demonstrated that inflammation factors
induced by LPS, such as TNF-α, IL-1a, and C1al, can trigger
reactive astrocytes (11). In stroke, the inflammatory factors
secreted by activated microglia (M1), such as TNF-α, IL-1β,
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and IL-6, are significantly elevated (77, 78, 127). Furthermore, a
recent clinical inflammatory factor test is about the relationship
of inflammatory markers and severity of ICH, and this test
displayed that high TNF-a is closely associated with the size of
edema around the hematoma and increase of early hematoma,
leading to poor functional recovery and high mortality (128).
These studies imply the different types and severities of insults
release different combinations or levels of these molecule signals,
which in turn trigger different responses.

Thus, different pathogens/damage correspond to different
phenotypes of glia cells. Even the same pathogens/damage with
the different levels of stimulation, the activated levels and
phenotypic timeline of glia cell are also different. In the pathology
of neuroinflammation induced by LPS, the pathogen is stronger,
M1/A1 are primary, and it is critical to suppress the pro-
inflammatory or shorten the phase. While sterile inflammation
induced by stroke, such as cerebral infarction or hemorrhage, it
may be beneficial to moderately attenuate the activation levels
and shorten the timeline of M1/A1 or strengthen A2/M2, some
studies and experiments have confirmed this (85, 129–131).
In degenerative disease, such as AD, it may be beneficial to
enhance the A2/M2 for brain repair and functional recovery.
While in autoimmune diseases such as multiple sclerosis,
autoimmune encephalitis, attenuating M1/A1 in time may be
more beneficial (132–139).

SUMMARY AND OUTLOOK

Neuroinflammation is dynamic with the regulation of pro and
anti-inflammatory signals. The activation and interaction of
glial cells play a crucial role at different stages of pathology in
CNS disorders. Microglia are more sensitive to pathogens or
damage, firstly activated (M1) like “pioneers,” monitoring and
transmitting “danger” via the commonmolecule signals to trigger
reactive astrocytes (A1). Astrocytes with dominant quantity
may be “reserve forces” and amplify the neuroinflammation,
owing to their syncytium of the structure, and function, and

strategic position to mobilize peripheral immunity. Although
inflammation signals betweenmicroglia and astrocytesmay share
the common inflammatory signals, such as IL- 1 and TNF-α,
different pathogens and pathological conditions may correspond
to different inflammatory signals (TNF-α, IL-1β, and IL-6 are
significantly elevated in stroke, while TNF-α, IL-1a, and C1a
induced by LPS can trigger markedly reactive astrocytes), and
different strategies may be required. As the pathology further
progresses, the communication between M2 and A2 significantly
promote neuronal survival and repair. In addition, astrocytes,
as one of the essential components of the neurovascular unit
(NVU), communicate simultaneously with both neurons and
blood vessels as versatile cells to maintain the function of neurons
and the BBB; their subtle changes are identified and responded
by astrocytes and even transferred to microglia. Activated
microglia and reactive astrocyte may achieve the immune
“optimization” through mutual communication and cooperation
in neuroinflammation. Inflammation signals between microglia
and astrocytes can be amplified not only by the self-feedback
loop of microglial activation but also by the unique anatomy
structure of astrocytes in the immune network (140–148). With
advancements in technology, the interaction of microglia and
astrocytes may be an effective and accurate therapeutic target in
the future.
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Cerebral ischemia may cause irreversible neural network damage and result in functional

deficits. Targeting neuronal repair after stroke potentiates the formation of new

connections, which can be translated into a better functional outcome. Innate and

adaptive immune responses in the brain and the periphery triggered by ischemic damage

participate in regulating neural repair after a stroke. Immune cells in the blood circulation

and gut lymphatic tissues that have been shaped by immune components including gut

microbiota and metabolites can infiltrate the ischemic brain and, once there, influence

neuronal regeneration either directly or by modulating the properties of brain-resident

immune cells. Immune-related signalings and metabolites from the gut microbiota

can also directly alter the phenotypes of resident immune cells to promote neuronal

regeneration. In this review, we discuss several potential mechanisms through which

peripheral and brain-resident immune components can cooperate to promote first the

resolution of neuroinflammation and subsequently to improved neural regeneration and

a better functional recovery. We propose that new insights into discovery of regulators

targeting pro-regenerative process in this complex neuro-immune network may lead to

novel strategies for neuronal regeneration.

Keywords: brain, peripheral, immune system, gut microbiota, communication, stroke, neuronal regeneration

INTRODUCTION

Stroke is one of the leading causes of functional deficits and death for aged populations.
The lack of blood flow in ischemic conditions causes irreversible damage to neurons, and
this disrupts the functioning of many neuronal networks. As a result, more and more
attention has been paid in searching for therapies that can promote neuroplasticity. SVZ
(subventricular zone) and SGZ (subgranular zone) are important areas for the proliferation
of NPCs (neural precursor cells). The robustly increased proliferation of NPCs in these
areas serves as the first step of neurogenesis after an ischemic stroke, and then newly
generated neuroblasts migrate to the peri-infarct area, differentiate into mature neurons, and
finally are able to compensate for the damaged neural network (1). Axonal regeneration
is another critical component of the post-stroke neuronal regeneration process. This
refers to certain conditions such as budding, growth and extension, and re-contacting

214

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.01931
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.01931&domain=pdf&date_stamp=2020-09-18
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:cszhao@cmu.edu.cn
https://doi.org/10.3389/fimmu.2020.01931
https://www.frontiersin.org/articles/10.3389/fimmu.2020.01931/full


Liu et al. Post-stroke Immune Communications and Regeneration

of axons with their target cells to re-establish neural control and
restore functions. These newly generated connections provide
an anatomical basis for compensating for the loss of function
after stroke. Therefore, both positive and negative regulators of
neuronal regeneration need to be manipulated if one hopes to
achieve a better functional outcome.

Previous studies have mainly focused on promoting
neuroplasticity through growth factors and neurotrophic
factors. These growth factors and neurotrophic factors also have
immunomodulatory effects. Neurotrophic factors from NGF
(nerve growth factor), GDNF (glial cell-derived neurotrophic
factor), and BDNF (brain-derived neurotrophic factor) may
attenuate the neurotoxic inflammatory response after a stroke
(2). The brain also has its own resident immune cells such
as microglia. Microglia together with infiltrated immune
components initiate the immune response in the ischemic brain.
However, changes in immune components are not only present
in brain. Brain antigens can also be captured by peripheral
immune cells and shape peripheral immune environment (3).
This long-lasting immunological communication between brain
and the periphery has been studied to mitigate ischemic injury in
previous studies and also provides a new target for strengthening
the repair process during the late stage of stroke (4, 5). As
a result, either strengthening the repair-promoting immune
responses or weakening the neurotoxic immune responses may
promote neuroplasticity after stroke. Gut microbiota and their
metabolites are also essential components of this repair system.
As well as having a regulatory effect on the gastrointestinal tract,
altered gut microbiota can also regulate brain function through
neural, metabolic, endocrine, and immune mechanisms via
the brain–gut axis (6). Recent studies have revealed that there
are changes in gut microbiota related with the brain damage
caused by a stroke and, furthermore, that these can influence
the functional outcome after a stroke (7). The mechanisms
by which gut microbiota influence functional recovery after a
stroke are not fully clarified; their pivotal roles in bi-directional
neuro-immune crosstalk are thought to regulate the integration
and function of neural networks. Here, we first review some
of the evidence emerging from experiments examining how
communications between the peripheral immune response and
neuroinflammation after stroke might be beneficial for neuronal
regeneration and the functional recovery after a stroke. Then,
the roles of gut microbiota in this immunological crosstalk are
discussed. Finally, the potential benefits of immunomodulatory
therapy will also be evaluated in this review. An overview
of the bi-directional neuro-immune communications
occurs in neuronal repair after stroke is schematized
in Figure 1.

PERIPHERAL IMMUNE COMPONENTS
INFLUENCE NEURONAL REPAIR AFTER
STROKE

Infiltrating Peripheral Immune Cells and
Their Functions After Stroke
There is evidence pointing to the existence of communications
between immune components in brain and peripheral

circulation, and thus, it may be possible to target these systemic
immune responses as a way of influencing the stroke outcome.
Following cerebral ischemia and reperfusion damage, resting
microglia are activated and release chemo-attractive cytokines;
this allows the infiltration of peripheral myeloid cells through
the disrupted blood–brain barrier and initiates the innate stage
of immune response (8). After the innate stage, the release of
brain antigens causes dendritic cell (DC) precursors to infiltrate
quickly into the brain; these cells exist in the brain for a long time
and it has been claimed that they determine stroke outcome by
influencing the long-term T cell response (9). Brain antigens can
also be captured by antigen-presenting cells in cervical lymph
nodes; these are subsequently presented to different types of T
cells in the cervical lymph nodes to initiate an adaptive immune
response (3). In this section, we will review the infiltration of
immune cells and their functions in detail.

Monocytes and Macrophages
In the acute phase of stroke, bone marrow-derived peripheral
monocytes are recruited into the brain through a CCR2
(chemokine receptor 2)-dependent mechanism and their
numbers peak at day 3 to day 4 after stroke (10). The two
subtypes of Mo/M8 (monocyte/macrophage) have different
spatial distributions: CCR2+ Mo/M8 are mainly located in
the ischemic core and can be switched into alternatively active
CX3CR1+ Mo/M8 in the subacute and chronic phase, while
CX3CR1+ Mo/M8 mainly surround the ischemic area (11). The
long-term existence of infiltrated Mo/M8 suggests that they can
also participate in neural repair after stroke. Infiltrated Mo/M8

first upregulate wound-healing genes and then shift to pro-
inflammatory ones in the ischemic microenvironment, leading to
neurotoxic inflammatory injury and compromised endogenous
neurogenesis (12, 13). However, they gradually switch into
an anti-inflammatory and pro-regenerative phenotype and
contribute to the neural repair process in chronic stage (14).
These cells cooperate with resident microglia and macrophage
to promote neuroinflammation resolution through efferocytosis
of neural debris, and then they show a genomic reprogram
and upregulate genes related with neurovascular plasticity
biological processes (15, 16). CCL2/CCR2 signaling, which
mediates the invasion of monocytes, has been demonstrated
to promote neural differentiation and neurite elongation (17).
The functions of Mo/M8 have been further demonstrated
by the fact that after CCR2 antagonist treatment, there is a
suppression of neural repair and a worse outcome (18). Mo/M8

also cooperate with other immune cells such as regulatory
T cells to potentiate neuro-regeneration. Monocyte-derived
macrophages regulate the recruitment of regulatory T cells
into damaged CNS tissues, which is also beneficial for the
repair process after stroke (19). Collectively, infiltrated Mo/M8

functions alone or through interaction, show a beneficial effect
in the post-stroke neural repair process. Future studies can be
conducted from two perspectives: The first is identifying the
precise time course of pro-regenerative Mo/M8 activation. The
second is finding extracellular and intracellular signalings that
control the pro-regenerative conversion of infiltrated Mo/M8.
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FIGURE 1 | Brain and peripheral immune responses cooperate to repair a neural network damaged by ischemia: the inflammatory response triggered by neural

debris may cause alterations in both brain and peripheral immune components. In the subacute or chronic stage of stroke, peripheral immune cells, cytokines, or

microbiota metabolites from bone marrow, blood circulation, or gut can infiltrate the stroke-damaged brain and promote a bi-directional communication between

resident and infiltrated cells. Then, the infiltrated cells can either exert direct regulatory effects on neurons or promote regulatory effects on the polarization of resident

immune cells to initiate neuronal repair.

Regulatory T Cells
In stroke models, it has been demonstrated that immune
components in both the brain and periphery can communicate
and contribute to the expansion of Treg cells, leading to a long-
term immunomodulatory effect after stroke (20). The massive
accumulation and infiltration of lymphocytes can persist in
ischemic brain even in the delayed phase after a stroke (4).
Anti-inflammatory cytokines from regulatory T cells such as
IL-10 and TGF-β interact with both positive and negative
regulators of neural regeneration and influence the repair process
after a stroke. After binding to its receptor, the classic anti-
inflammatory cytokine, IL-10, protects neurons from apoptosis
after ischemic injury, promotes neural stem cell proliferation
in SVZ, and promotes neural progenitor differentiation and
neurite outgrowth through phosphorylating PI3K/AKT and
JAK/STAT-3 (21–23). IL-10 also neutralizes the properties of
pro-inflammatory cytokines and increases the levels of nerve
growth factors to preserve neural integration by the inhibition
of caspase-3 activity (24). Therefore, a specific depletion of
regulatory T cells can lead to a reduction in the number of
NPCs (25). TGF-β is another anti-inflammatory cytokine with

growth-promoting properties. The anti-inflammatory effect of
TGF-β may limit neuroinflammation during the subacute phase
after a stroke. GDF10 (growth and differentiation factor 10) is
a member of the TGFβ superfamily; its levels are upregulated
in the peri-infarct area during the initiation of axonal sprouting
(26). GDF10 downregulates PTEN, upregulates PI3K signaling,
and induces axonal guidance factors to promote axonal sprouting
after ischemic damage (26). However, another key member of the
TGFβ superfamily, BMPs (bone morphogenetic proteins), exerts
an inhibitory effect on brain repair. The increased expression
of BMPs can be detected from 1 week after the stroke and
lasts for 4 weeks; these agents participate in the repair process
by modulating astrogliosis (27). Treatment with noggin, an
endogenous antagonist of BMP, was able to attenuate glial
scar formation, increase axon growth-related protein GAP-43,
and elevate the number of M2 microglia present in ipsilateral
ischemic brain (28), which are all beneficial with respect to axonal
repair. Noggin also shifted reactive microglia to an iron-releasing
state and promoted remyelination in the ischemic brain (29). In
addition to the anti-inflammatory cytokines, other products from
Treg cells are also beneficial for neural network reconstruction
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after stroke. CCN3 (Cellular Communication Network Factor 3)
from Treg cells has been confirmed to contribute to the axonal
and myelin repair process following an ischemic injury (30).
Hence, regulatory T cells and their products may provide new
perspectives for neuronal regeneration after stroke.

Cytokines From Infiltrated Immune Cells
After a stroke, DAMPs (damage-associated molecular patterns)
released from cellular debris cause IL-23 secretion frommicroglia
and macrophage via TLRs (Toll-like receptors), and then brain-
resident microglia, infiltrating Th17 cells, and γδ T cells activated
by IL-23 can release the neurotoxic inflammatory cytokines
(31). NF-κB and CREB are essential transcription factors in
inflammatory cascades; inflammatory factors like IL-17, IL-1, and
IFNγ may shift the balance between NF-κB and CREB toward
NF-κB domination until the chronic phase of stroke, which may
cause neural damage and inhibit neural plasticity (32). After
binding to endothelial IL-1R1 (interleukin 1 receptor, type I), IL-
1 triggers the release of pro-inflammatory factors from activated
microglia, promotes the invasion of leukocytes, and exerts
inhibitory effects on neurogenesis (33). Pro-inflammatory IFNγ

can cause neurodegeneration and mediate the detrimental effects
of T cells on neurogenesis in the SVZ area (34). Some existing
evidence support the proposal that inhibiting NF-κB-mediated
inflammatory cascades seems to be a promising approach to
potentiate post-stroke neural repair process. Elevated CREB
concentration promotes axonal circuit plasticity and improves
functional recovery after a stroke (35). The potential mechanism
can be attributed to the downregulation of inhibitors of axonal
regeneration including MAG (myelin-associated glycoprotein),
Nogo, and oligodendrocyte myelin glycoprotein, and induction
of neural repair-related FGF (fibroblast growth factors), GDNF,
and their receptors (35, 36). Stimulating axon outgrowth and
neurogenesis-related PI3K signaling also upregulates CREB and
downregulates NF-κB through GSK-3β inhibition, which also
polarizes microglia so that they adopt a repair-relatedM2 subtype
(37). In addition to NF-κB, inflammatory cytokines can also
inhibit axonal growth through the inhibition of TGF-β-induced
Smad2/3 and p38 MAPK signaling (38).

However, there is evidence to suggest pro-inflammatory
cytokines in contrast to their detrimental effects may also
be a positive regulator of neuroplasticity. Elevated levels of
IL-6 and TNF-α in the spinal cord after stroke upregulate
the concentrations of GAP-43 (growth-associated protein 43),
NT-3 (neurotrophin-3), and BDNF, all of which are known
to be involved in spinal axonal plasticity and lead to better
spontaneous post-stroke recovery (39). After neutralizing IL-
6 with a specific antibody, the proliferation and differentiation
of neural stem cells in SVZ was found to be significantly
attenuated (40). A recent study about brain repair after traumatic
brain injury suggests that repopulated microglia may serve as
an important source of IL-6 and initiate pro-regenerative IL-6
trans-signaling, and then the IL-6/sIL-6R complex in neurons
activated gp130 and downstream STAT3 pathway to promote
the repair of injured brain (41). All these suggest that stroke-
induced neuroinflammation is a double-edged sword in neural

functional recovery, and it should be precisely manipulated to
create a favorable environment for neuro-regeneration.

Gut Microbiota as Potential Regulators of
Neural Repair
More and more studies have shown that gut microbiota
and their metabolites not only are an important part of the
peripheral immune system but also exert a regulatory effect
on the bi-directional gut–brain axis. Central nervous system
diseases including stroke may cause a secondary dysfunction
of gastrointestinal tract and alter the composition of the gut
microbiota (42). A reduced diversity of microbiota species and
an overgrowth of bacteria are the main features of post-stroke
microbiota dysbiosis, which polarizes immune cells both in gut
and brain to adopt a pro-inflammatory phenotype, and this
may influence the stroke outcome (43). The leaky gut barrier
caused by a stroke also leads to the translocation microbiota
and metabolites to trigger neuroinflammation and a peripheral
immune response (44). Accumulating evidence suggest that
altering the gut microbiota composition can shape the local
immune environment in the brain in favor of neurogenesis and
axon growth after stroke because lymphocytes have been shown
to migrate from gut to brain after stroke: Gut-derived CD4+

T cells migrate to meninges and control the balance between
M1 and M2 microglia/macrophage after ischemic injury (45).
Transplantation of dysbiotic microbiota into germ-free mice
was claimed to shift T cells in gut and brain so that they
adopted a pro-inflammatory polarization and enlarged the area
of infarct (43). In contrast, treatment with gut-derived Prevotella
histicola suppressed neuroinflammation; the mechanism was
mediated by a regulation of systemic immune responses due
to an increase in anti-inflammatory cells like Treg cells (46).
The PSA (polysaccharide A) present on Bacteroides fragilis may
stimulate the migration of CD103 expressing DCs to cervical
lymph nodes and may inhibit demyelination by promoting the
conversion of native CD4+ T cells to Treg cells (47). In addition
to T lymphocytes, macrophage and monocytes are also involved
in the repair-promoting effect of gut microbiota. Mice treated
with antibiotics or CCR2 antibody experience a decrease in
neurogenesis due to the lower number of ly6chi monocytes (48).

A different form of immune-modulatory effect in the
microbiota–gut–brain crosstalk can be exerted by the metabolites
of gut microbiota, such as SCFAs (short-chain fatty acids).
Gut microbiota are important potential mediators of adult
neurogenesis after stroke, as evidenced by SCFA-enriched fecal
microbiota transplantation or butyric acid supplement, which
have both been able to promote neurological recovery (49).
SCFAs can modulate immune homeostasis not only in gut but
also in the peripheral immune system and brain; both immune
cells from peripheral circulation and those resident in the brain
are targets of SCFAs (50). SCFAs generated by microbiota can
induce the production of IL-10 from differentiated Th1 cells in
gut and contribute to homeostasis in gut through STAT3 and
mTOR signaling (51). Butyrate and propionate together enable
DCs to promote extrathymic generation of Treg cells (52). After
binding to Ffar2 (GPR43) on T cells, SCFAs inhibit the function
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of HDAC to promote the expression of transcription factor
Foxp3, which leads to elevated numbers of colonic Treg cells
(53). Activation of another butyrate receptor, Gpr109a, promotes
the formation of anti-inflammatory colonic macrophages and
DCs and this enables the induction of Treg cells (54). T cells
activated by SCFAs then regulates the function of brain-resident
microglia to promote synaptic plasticity after a stroke (55). It
could be speculated that it is the migration of lymphocyte from
gut to brain that mediates the modulatory effects of SCFA on
neuroinflammation, as confirmed in a recent study: Transferring
Treg cells from SCFA pre-treated mice reduced autoimmunity
and inhibited axonal damage in the recipient mice, the authors
speculated that the MAP kinase family and lipin-2 may have
mediated the resolution of neuroinflammation (56). In summary,
gut microbiota functions as a potential regulator of the brain’s
infiltrated peripheral immune cells and may, in this way,
contribute to the repair process occurring after stroke. Further
researches can be carried out to find out which microbiomes
influence neural repair process and then verify their roles through
fecal microbiota transplantation.

ALTERATIONS IN BRAIN-RESIDENT
IMMUNE CELLS CAN PROMOTE
NEURONAL REPAIR AFTER A STROKE

Resident Immune Cells and Neuroplasticity
Microglia are the brain-resident macrophages that function as
the first immune responder and are also important contributors
to the repair of damaged neural networks in ischemic brain.
A recent study has demonstrated that efficient regeneration
of damaged axons involves necroptosis of pro-inflammatory
microglia followed by a repopulation of anti-inflammatory
and pro-regenerative microglia (57). The cells may shift their
polarization; i.e., they can exist either as the proinflammatory
M1 type or the anti-inflammatory M2 type depending on the
type of stimulation such as that present in cerebral ischemia and
inflammation. The M2 type can be further divided into M2a,
M2b, and M2c subtypes. M2a and M2c microglia exert anti-
inflammatory and reparative properties, while M2b microglia
mainly produce an anti-inflammatory cytokine (58). Thus,
shifting the polarization of microglia seems to be a promising
method to promote neuroplasticity after stroke. Clearance of
dead cell debris by microglia serves as the first step in the
repair process, since this prevents secondary inflammation
and creates a favorable environment for neural repair and
functional recovery after stroke. Soluble CX3CL1 released from
dead neurons can bind to CX3CR1 on microglia and then
trigger the phagocytic process to clear not only debris but also
the unfavorable factors preventing neural repair (59). Then,
alternatively activated microglia in SVZ serve as a source of
IGF-1 (insulin-like growth factor 1) and also directly contribute
to neural stem cells proliferation, differentiation, and migration
to the striatum (60). Injured neurons can also release LCN2
(Lipocalin-2), which can induce microglia to polarize into the
repair associated form, increase the release of anti-inflammatory
cytokines and synaptic proteins, and exert neuroprotective effects

(61). However, there is a less beneficial side to activated microglia
as they have detrimental effects on neuroplasticity by producing
IL-1β, which can trigger p53-mediated neural cell death (62).
Therefore, promoting microglia M2 polarization or inhibiting
M1 polarization seems to be a feasible method for neuronal repair
after stroke.

Although astrocytes are not considered as typical brain-
resident immune cells, they also show regulatory functions in
both the innate and adaptive immune response (63). Following
ischemic injury, astrocytes become activated and contribute
to endogenous neural repair. Through secreting neuroblast
attractive SDF-1 (stromal cell-derived factor-1), astrocytes
contribute to the migration of neuroblasts to infarct area
and compensate for the neural death caused by stroke (64).
Furthermore, astrocytes can be reprogrammed into a neurogenic
state and then be converted to neurons when Notch signaling
is downregulated (65). In addition to regulating neurogenesis,
astrogliosis also plays a controversial role in axon extension. On
one hand, activation of neurotoxic A1 reactive astrocytes and
inhibitory molecules from glia scar restrict axonal repair (66, 67).
On the other hand, the glia scar serves as a physical andmolecular
wall surrounding the damaged area in an attempt to localize
the ischemic lesion (68) and also release trophic factors (64),
thus creating favorable milieus for axon regeneration. So, the
formation of glial scar needs to be differentially manipulated at
different stages of recovery rather than merely inhibiting scar
formation in order to promote axonal extension.

Interactions Between Microglia and
Infiltrated Cells
Following ischemic injury, immune system, and related signaling
may interact to promote the activation and polarization of
microglia, and this process plays a crucial role in post-
stroke neural repair. The intense pro-inflammatory stimulus in
the microenvironment after a stroke activates microglia and
upregulates M1 microglial TREM1 expression through NF-κB
(69). Increased numbers of M1microglia may further function as
a source of inflammatory cytokines and facilitate the infiltration
of peripheral immune cells. The M2 polarization of microglia
can also be shaped by infiltrated immune cells. Chemokines and
their receptors represent a target for communications between
infiltratedmonocyte/macrophage and resident cells, so they serve
as a promising therapy for neural repair after stroke. Infiltrating
Ly6C(hi) monocytes with CCR2 can promote M2 macrophage
polarization (70), and this may induce a similar axonal repair
process in a spinal cord injury (71). Another member of
Chemokine Receptor family, CCR5, is commonly expressed
on brain-resident cells like neurons, microglia, and infiltrated
Mo/M8, which can be upregulated after an ischemic stroke (72).
Several studies have indicated that maraviroc, a CCR5 antagonist
can inhibit excessive pro-inflammatory responses caused by
imbalanced CNS-peripheral immune crosstalk. In a spinal cord
injury model, CCR5 blockade stimulated the release of an anti-
inflammatory cytokine, which may further activate PPAR γ

signaling and then shift the polarization of microglia toward
the repair favoring M2 type (73). Treatment with the CCR5
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inhibitor maraviroc in experimental autoimmune encephalitis
(EAE) mice has also been reported to resolve neuroinflammation
by attenuating inflammatory T cell infiltration without affecting
anti-inflammatory regulatory T cells (74). More importantly,
a recent study confirms that CCR5 inhibition after a stroke
promotes neuroplasticity. Administration of AAV-shCCR5 or
pharmacological knockdown of CCR5 with maraviroc leads to
enhanced axonal sprouting to the contralateral motor cortex,
possibly through an upregulation of CREB and DLK signaling
in neurons, a downregulation of astrocyte reactivity, and a
lack of inflammatory macrophage recruitment (72). In addition
to chemokines and receptor signaling, the release of anti-
inflammatory cytokines from infiltrated and resident cells is
also important for the M2 polarization of microglia. TGF-
β1 produced in the ischemic core may diffuse and upregulate
TREM2 (triggering receptor expressed on myeloid cells 2)
expression on NG2 (Neuron-glial antigen 2) chondroitin sulfate
proteoglycan positive microglia in the peri-infarct area, which
may promote phagocytosis of neural debris (75). After clearance
of the debris, the main components of adaptive immunity
T cells are often activated and the crosstalk between T cells
and microglia may create a favorable immune environment
for neural regeneration. Regulatory T cells can restrain LPS-
induced inflammatory response of microglia via IL-10 secretion,
and astrocyte-Treg interaction also contributes to this anti-
inflammatory effect (76). In the experimental stroke model,
exogenous delivery of the neuroprotective T cell cytokine, IL-
33, also promotes anti-inflammatory IL-10 and IL-4 secretion,
which may limit the extent of the neuroinflammation, reduce
the infarct area, shift microglia toward the M2 polarization, and
promote neural repair (77, 78). Using evidence learned from
the LPS-induced neuro-inflammation model, we propose that
Treg cells are mediators of IL-33’s anti-inflammatory functions
on microglia. Cyclic AMP signaling has long been considered
to be related with neurogenesis and axon growth; e.g., when
combined with Th2 cytokines, cAMP signaling can promote
M2 polarization more efficiently (79). Since there exists a
bi-directional crosstalk between infiltrated immune cells and
resident microglia, microglia also show a regulatory effect on the
infiltration of peripheral immune cells. M2 polarized microglia
are important contributors to the release of anti-inflammatory
cytokines following ischemic injury; these cytokines may further
increase the proportion of anti-inflammatory immune cells and
be beneficial for neural regeneration (80). This suggests that
microglia polarization serves as a potential target for elevating
anti-inflammatory and repair-promoting interactions between
microglia and infiltrated peripheral cells. The therapeutic
potential of promoting microglia M2 polarization by Fasudil
supplement has been explored in the EAE model, in which the
downregulation of IL-17 secretion from T cells was mediated by
M2 polarized microglia after Fasudil treatment (81). Collectively,
interactions between microglia and peripheral immune cells
show a repair-promoting effect mainly through promoting
subtype conversion of microglia. Future exploratory studies can
be conducted to find mechanisms under this subtype conversion
and then develop potential therapeutic methods targeting this
immune crosstalk.

Interactions Between Astrocytes and
Infiltrated Cells
Astrocytes can both respond to and regulate neuroinflammation.
MAPK, NF-κB, and the STAT3 pathways are considered shared
mediators of the astrocytic immune response (63). Accumulating
evidence suggest that astrocytic immune response shows a
regulatory effect on post-stroke neuroplasticity. Astrocytic
NF-κB activation is recognized as a key contributor to
neuroinflammation; trans-genetic inhibition of astrocytic NF-
κB reduced the amount of neuroinflammation and lowered the
CSPG (chondroitin sulfate proteoglycan) presence, which may
further lead to increased axonal growth (82). Astrocytic MAPK
signaling provides another link between neuroinflammation and
astrogliosis and thereby may influence axon sprouting after
stroke. After an ischemic injury, inflammatory cytokines of the
IL-6 family bind to gp130 and activate the downstream MAPK
and STAT3 pathways to influence astrogliosis (63). Astrocytic
MAPK signaling then mediates the inhibition of GFAP (glial
fibrillary acidic protein) overexpression and the release of neurite
outgrowth promoting HMGB1 (high-mobility group box 1)
from activated astrocytes (83, 84). Astrocytic STAT3 is also a
key signaling pathway activated by neuroinflammation, which
has been demonstrated to be involved in neuro-regeneration.
In the initial stage after injury, neuroinflammation triggers the
activation of TLR4/NF-κB/STAT3 signaling, leading to increased
expression GAP43 and axonal plasticity (85). Activation of
STAT3 also greatly improved axonal outgrowth in CNS neurons
possibly through the downregulation of RhoA (86). Although
the studies mentioned above indicate that STAT3 activation
promotes axonal growth, STAT3 may play a controversial role
in axon growth due to its regulation of glia scar formation
(87). There are some studies demonstrating the detrimental
effects of STAT3. It was reported that inhibition of JAK2-STAT3-
involved inflammatory and apoptosis signaling in astrocytes
could exert a neuroprotective effect in animals subjected to
stroke (88). Recent studies show that regulatory T cells serve as
effective inhibitors of STAT3-mediated neurotoxic inflammatory
response from reactive astrocytes, which are associated with
neuroprotection and improved functional recovery (20, 89). So,
amplifying beneficial regulatory T cell responses through IL-2,
IL-33, CCL1, or CCL20 may offer new opportunities for neuro-
restoration (20).

In addition to responding to cytokines, astrocytes are also
an important source of cytokines and chemokines following
a neural injury. Cytokines and chemokines from astrocytes
are important regulators of neuronal regeneration. CCL2
released from activated astrocytes can attract the infiltration
of peripheral monocytes and macrophages (90). In turn, the
infiltrated monocytes can regulate the proliferation of astrocytes
and the formation of GFAP+ glia scar (91). During the
subacute phase of stroke, two anti-inflammatory cytokines,
IL-10 and TGF-β, from astrocytes can reduce the number
of activated microglia, macrophage, and monocytes, which
may be related to improved axonal repair (92). Astrocytes
are also an important source of pro-inflammatory cytokines.
Astrocyte-derived IL-15 aggravated cerebral ischemic injury
through their activation of neurotoxic CD8+ T and natural
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killer (NK) cells (93), neutralizing IL-15-attenuated brain injury
and promoting recovery in stroke mice (94). The release
of RGMa (Repulsive Guidance Molecule BMP Co-Receptor
A) from astrocytes show neurite outgrowth inhibitory effects
and also exert immunoregulatory effects by serving as the
mediator of Th17 cell-induced neurodegeneration (95). However,
at the chronic stage, another inflammatory cytokine, IL-17A,
from astrocytes shows different functions compared with T
cell-derived IL-17A in the acute phase; astrocytic IL-17A is
essential for precursor cell survival and differentiation by the
activation of MAPK signaling (96). Furthermore, ischemic brain
injury also stimulates the release of neurotrophic factors from
activated astrocytes, which may have potential regulatory effects
on both neural repair and neuroinflammation (64, 97). As a
result, enhancing the anti-inflammatory effects of astrocyte-
derived neurotrophic factors may promote the resolution
of neuroinflammation. Galectin-1 has been demonstrated to
promote astrocyte-derived BDNF secretion and functional
recovery in a rat stroke model (98); evidence from the LPS-
induced neuro-inflammation model suggest that the potential
mechanism might be attributed to the immunoregulatory
function of BDNF on microglia responses (99, 100). Given their
close relationships with both neuroinflammation and neuronal
regeneration, astrocytic immune responses can be manipulated
to provide new therapeutic targets for neural damage caused
by stroke.

Alterations in Brain-Resident Immune Cells
Through Immune-Related Pathways
PPAR-γ (peroxisome proliferator-activated receptor γ) is a
master gatekeeper of neural inflammation. By suppressing NF-
κB -mediated inflammation, PPARγ ameliorates the ischemic
injury and attempts to prevent neural cell death (101). PPARγ

selectively modulates microglia/macrophages to adopt the anti-
inflammatory and phagocytic M2 phenotype following cerebral
ischemia, facilitating neural regeneration through promoting
debris clearance (37). Anti-inflammatory cytokine can further
accentuate the PPARγ-dependent phagocytic process being
performed by M2 microglia in the ischemic brain (102). PPARγ

also indirectly promotes the transition of microglia to the M2
type by suppressing the release of inflammatory cytokines (103).
Activating PPARγ signaling through Bexarotene, a retinoid X
receptor agonist, has been proved to reduce neuroinflammation
and promote debris clearance by M2 polarized microglia
(104, 105). However, the potential efficacy of bexarotene in
resolving stroke-induced inflammation remains to be explored by
future studies.

Toll-like receptors are present on both immune cells
and neural cells including microglia, astrocytes, and
oligodendrocytes; they provide a link between the immune
and central nervous systems. The neuroinflammatory response
after cerebral ischemia activates the microglia-mediated TLR
signaling, and this subsequently increases the release of
inflammatory cytokines and exacerbates neural damage in the
acute phase of stroke (106). The negative effect of TLR signaling
in neuro-regeneration has been shown in some existing studies.

TLR2-deficient mice had higher levels of GAP43 expression,
which may allow increased axonal growth following ischemia
(107). TLR signaling also limits axon sprouting through the
production of CSPG (108). However, there are evidence that
have revealed the beneficial role of TLR signaling in stroke
recovery. TLR4-dependent clearance of axon debris by microglia
has been claimed to be essential for axonal growth; this was
demonstrated after either pharmacological or genetic inhibition
of TLR4 (109). After clearing axon debris, TLR4 signaling
mediates the migration of neuroblasts and the generation
of newborn cortical neurons, possibly through producing
neurogenic mediators (110). TAM (Tyro3, Axl, and Mertk)
receptors, which are upstream regulators of TLR signaling, can
affect neurogenesis through inhibiting detrimental MAP kinase
and NF-κB activations as well as inhibiting the production of
pro-inflammatory cytokines by microglia (111). TLR activation
also mediates the myelin sheath formation process of newly
regenerated axons. After binding with endogenous ligand high-
mobility group box 1 (HMGB1), TLR2 promotes the maturation
and survival of oligodendrocytes (112). As a result, future studies
are required to find out new strategies that can attenuate the
detrimental inflammatory effects of TLR signaling without
inhibiting the favorable effect of TLR signaling in neural repair.

Metabolites of Gut Microbiota Can Alter
Brain-Resident Immune Cells
The receptor of SCFA has been demonstrated to exist on the
surface of microglia, which means that SCFA can influence the
function of microglia. Through SCFA receptor signaling and
HDAC (histone deacetylase) inhibition, SCFAs can modulate
immune homeostasis in gut, peripheral immune system, and
brain (50). Supplement of SCFAs in drinking water ameliorates
microglia dysfunction caused by reduced complexity or depletion
of gut microbiota (113). In ischemic conditions, SCFAs promote
the phenotype transition of microglia and exert neurogenesis and
neurite outgrowth permissive effects by activating BDNF–TrkB
signaling (114, 115). HDAC inhibition also protects white matter
by polarizing microglia/macrophage into the protective type
through the GSK3β/PTEN/Akt axis (114). A main component of
SCFA-sodium butyrate through its HDAC-inhibiting ability can
promote the expression of anti-inflammatory (IL-10) genes and
the downstream IL-10/STAT3 pathway in microglia, which can
positively promote neurogenesis and axonal growth after a stroke
insult (116). In addition to SCFA, metabolites of tryptophan also
control the activation of astrocytes and microglia and modulate
neuroinflammation through AHR (aryl hydrocarbon receptor)
signaling (117). Activation of AHR signaling has been shown
to exert an inhibitory effect on adult hippocampus neurogenesis
(118). In ischemic brain, upregulated AHR protein level mediates
acute neural damage and activates pro-inflammatory gliosis, both
of which attenuate neuronal regeneration in subacute or chronic
stage (119, 120). Altogether, these findings suggest that functions
and phenotypes of brain-resident immune cells can be directly
shaped by metabolites from gut microbiota, which can further
influence neural regeneration after stroke.
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TABLE 1 | Therapeutic interventions targeting brain–peripheral immune communications in clinical studies.

Intervention Mechanism Study design Results References

Fingolimod Inhibit inflammatory Open-label, evaluator-blinded,

parallel-group

Oral fingolimod was safe within 72 h of stroke onset; (121)

T-lymphocyte infiltration Clinical pilot trial Oral fingolimod reduced secondary tissue injury and microvascular

permeability, attenuated neurological deficits, and promoted

recovery

Randomized, open-label,

evaluator-blind, multicenter pilot trial

Combination therapy of fingolimod and alteplase reduced

reperfusion injury, improved clinical outcomes, and was tolerated

in acute ischemic stroke patients

(122)

Etanercept Reduce TNF secretion Phase I/II parallel double-blind

randomized controlled clinical trial

Peri-spinal etanercept promoted mobility of paretic arm and

alleviated pain in chronic stroke

(123)

Minocycline Microglia polarization Systematic review and meta-analysis Minocycline improved functional recovery in acute stroke patients (124)

Exploratory trial Combining minocycline with tPA lowered plasma matrix

metalloproteinase-9 level

(125)

Single-blind (outcomes assessor)

phase I/II controlled clinical trial

Intra-arterial BMNC transplantation between day 5 and 9 after

stroke elevated GM-CSF and PDGF-BB levels, lowered MMP-2

level, showed better functional outcome

(126)

Open-label, single-arm phase I/II

study

Surgical transplantation of bone marrow–derived mesenchymal

stem cells was safe and related with improved clinical outcome

(127)

BMNCs Anti-inflammatory,

neurotrophic

phase II, multicenter, parallel group,

randomized trial with blinded

outcome measure

Bone marrow mononuclear stem cells transplanted intravenously

after stroke at a median of 18.5 days were safe but showed no

beneficial effects for recovery

(128)

Randomized, double-blind,

placebo-controlled, phase 2 trial

Intravenous bone marrow-derived multipotent adult progenitor

cells were safe in acute stroke patients but no significant functional

improvement was found

(129)

G-CSF Bone marrow stem

cells

Meta-analysis G-CSF did not improve neurological outcome in stroke patients (130)

M2 macrophage Prospective phase I/II nonrandomized

open-label clinical study

Intrathecal M2 macrophage therapy was safe and promoted

neurological recovery

(131)

THERAPEUTIC STRATEGIES TARGETING
BRAIN–PERIPHERAL IMMUNE
CROSSTALK

As discussed in the above sections, crosstalk between brain-
resident and peripheral immune system presents an increasingly
attractive target for developing neural repair strategies.
Investigations aim at finding repair-promoting therapies
targeting brain–peripheral immunological interactions were
mainly conducted in two perspectives: One is downregulating
the detrimental pro-inflammatory responses and downstream
pro-apoptotic cascades caused by this interaction, which can
protect the newly generated and uninjured brain tissue. The
other is upregulating levels of anti-inflammatory factors to
facilitate debris clearance, growth factor release, and finally the
activation of neuroplasticity-related pathways by cooperation of
infiltrated and brain-resident immune cells. Preliminary studies
have suggested that pharmacological strategies targeting this
crosstalk can create a favorable immune microenvironment and
finally lead to better clinical outcomes (Table 1).

Anti-inflammatory agents were proved to be beneficial
for neurological recovery in clinical trials. They can directly

counteract the neurotoxic inflammatory responses of brain-

resident immune cells or alleviate neuroinflammation by
shaping peripheral immune components. Fingolimod (FTY720)
is now applied in the treatment for multiple sclerosis, and

the therapeutic effects can be attributed to the inhibition of
inflammatory T-lymphocyte infiltration (132). In experimental

stroke models, FTY720 shows neuroprotective functions by
modulating microglia M2 polarization and also improves
synaptic plasticity (133, 134). In acute ischemic stroke patients,

oral FTY720 was tolerant and exhibited better neural functional
recovery and reduced lesion volumes and lower levels of

inflammation (121, 122). Etanercept, a selective tumor necrosis
factor (TNF) inhibitor, is also a promising strategy targeting

neurotoxic immune response. In a Phase I/II clinical trial,
peri-spinal administration of etanercept significantly improved
mobility function in chronic stroke patients (123). In addition
to inhibiting inflammatory processes, boosting beneficial anti-
inflammatory processes also shows a positive role in recovery.
A bacteriostatic antibiotic minocycline is responsible for
aiding alternative M2 polarization of microglia and inhibiting
M1 polarization of microglia (135). Oral and intravenous
minocycline therapy in stroke patients contributed to functional
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TABLE 2 | Ongoing clinical studies about gut microbiota and stroke.

Status ClinicalTrials.gov

Identifier

Title Objective

Recruiting NCT03470506 A Study of the Relationship of Gut Microbial

Composition and Stroke Outcome

Investigate the relationship between gut microbiota, inflammation, and

the injured brain

Recruiting NCT04315922 Multiomics Targeting Microbiome Associated

Changes in Stroke Patients

Characterize features of gut dysbiosis in acute phase after stroke and

during 3 months follow-up

Identification of dysregulated microbiome metabolites and immune

cells during the 3-month follow-up period

Recruiting NCT03934021 Gut Microbiota in Acute Stroke Patients Find out the characteristics of gut-microbiota changes in acute stroke

Recruiting NCT03812445 Cognition and Gut Microbiome Associated Study of

Shanghai People With Acute Ischemic Stroke

Investigate the efficacy of probiotics on altering gut microbiota in

ischemic stroke patients

Completed NCT02008604 Influence of Stroke on the Composition of Intestinal

Microbiota

Characterize composition of intestinal microbiome; evaluate

relationships between alterations in gut microbiota and immunological

parameters (HLA-DR)

recovery (124). If applied and combined with rt-PA therapy,
minocycline can reduce inflammatory responses triggered by
rt-PA (125).

Bone marrow mononuclear cells (BMNCs) are composed
of heterogeneous populations of hematopoietic lineage cells,
stem cells, progenitor cells, as well as mesenchymal stromal
cells. BMNCs promote neural stem cell proliferation and
exert regulatory effects in immunological interactions between
infiltrated and brain-resident cells (136, 137). Therapeutic
efficacy of BMNC transplantation has been tested in several
clinical studies. Among all completed trials, bone marrow
stem cell infusion was demonstrated to be safe for ischemic
stroke patients; intra-arterial and intracerebral delivery were
related to improved clinical functional outcomes (126, 127).
Furthermore, intra-arterial transplantation in the sub-acute
stage also elevated serum levels of several growth factors and
lowered levels of inflammatory cytokines (126). Transplantations
through intravenous routes were safe but not related to
clinical recovery (128, 129), so we speculate that different
routes of transplantation may have possible impacts on
therapeutic effects. In addition to direct transplantation of
BMNCs, granulocyte colony-stimulating factor (G-CSF) can also
mobilize BMNCs to ischemic brain and show immunoregulatory
effects (138). Although G-CSF treatment promoted alternative
microglia polarization, neurotrophic factor production, and
axonal sprouting in preclinical studies (139, 140), existing
evidence are not sufficient for clinical translation (130), and
larger-scale trails are warranted to test the efficacy and to
find out the appropriate dose and delivery time course of G-
CSF. Furthermore, direct transplantation of autologous repair-
promoting M2 macrophage was also proven feasible and led to
better neurological recovery in patients (131).

The emerging role of the gut–immune–brain axis in stroke
recovery has been investigated in several preclinical studies by
fecal microbiota transplantation or metabolite supplement. As
a result, targeting gut microbiota provides a new perspective
for stroke therapy and needs to be clarified by clinical studies.
Existing evidence from completed studies shows that compared
with healthy control, stroke patients showed a reduction in SCFA

production-related gut microbiota (7); dysbiosis index of gut
microbiota was a predictor of unfavorable clinical outcome (141).
Furthermore, ongoing clinical studies may also provide further
evidence on how the dysbiosis of gut microbiota influences
peripheral immune response and stroke outcome, as well as the
potential efficacy of dietary supplements (Table 2).

As discussed above, therapies targeting brain–peripheral
immune crosstalk can be translated into better functional
recovery in stroke patients, but more convincing evidence
from clinical trials of the later phase are also required for
therapeutic translation. Furthermore, functional recovery was
mainly assessed by scale score (for example, NIHSS score
and mRS score) in existing studies; whether the improved
neurological outcomes were gained by functional compensation
or neural regeneration still requires verification through in vivo
imaging methods. The immunoregulatory functions of these
therapies were initially demonstrated by markers showing
alterations in peripheral immune responses. Recent studies show
that the activation state of brain-resident and infiltrated immune
cells can also be visualized by medical imaging techniques (142,
143), so more direct evidence of alteration in neuroinflammation
can be obtained from stroke patients in future studies. Besides, as
the important therapeutic role of thrombolysis in acute ischemic
stroke, the safety and potential efficacy of combining these
immunomodulatory agents with rt-PA therapy can be explored
in future studies.

CONCLUSIONS AND FUTURE
DIRECTIONS

Neural repair processes including neurogenesis and axonal
growth provide an important anatomical structure for functional
reorganization and promoting recovery after an ischemic
stroke. There is convincing evidence to suggest that the
immune responses induced by ischemic injury can shape
the microenvironment and alter the positive and negative
regulators of neuronal repair. Immune cells, the cytokines and
chemokines that they secrete, and immune-related ligands not
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only may directly regulate neuronal regeneration but also may
act indirectly via their interactions with brain-resident immune
cells. As a result, therapies targeting the immune responses
after stroke seem to be feasible. However, in the contemporary
stage, we can only establish an associative rather than causal
link between immune responses and post-stroke neuronal repair,
and further mechanistic researches are required to gain a
comprehensive understanding of this neuro-immune crosstalk.
As brain-infiltrated immune cells did not simply originate from
passive diffusion of immune cells in peripheral circulation, one
important direction for future studies is to find out upstream
regulators of immune cell infiltration and their repair-associated
phenotype transition. However, immune responses triggered by
these infiltrated cells cannot be simply regarded as regenerative
or destructive ones. It is important to boost proper repair-
promoting immune responses at a proper time course during
recovery. For example, depletion of monocytes at an early
stage can reduce neural damage and promote neurogenesis after
stroke, but this abolishment of monocytes hinders long-term
functional recovery after stroke. Monocyte-derived macrophages
share many similar properties with CNS-resident microglia,
which poses a challenge to explore their respective roles during
stroke recovery. Hence, studies about distinguishing monocyte-
derived macrophages from brain-resident immune cells through
high-throughput sequencing like single-cell RNA-Seq or through
transgenic models deserve to be carried out in the future.

Preliminary studies suggest that gut microbiota and
metabolites influence stroke recovery through immunological
mechanisms. Gut microbiota and metabolites can directly
regulate immune cells from gut, which can then migrate to
the ischemic brain and participate in neural damage and
repair processes. They also play a pivotal role in regulating
permeability of gut barrier and further influence immune
responses triggered by translocated microbiota or metabolites in

peripheral circulation. Furthermore, they also possess the ability
to alter the responses of glia cells in the central nervous system,
potentially endowing these cells with neuronal repair regulating
functions. However, the ways that these changes in microbiota
composition after a stroke influence CNS neurogenesis and
axonal growth need to be further clarified and verified through
germ-free or fecal microbiota transplantation mouse models in
future studies. The efficacy of fecal microbiota transplantation
and supplement of probiotics or dietary fiber to stroke patients
also need to be tested in clinical practice. Collectively, one can
speculate that these communications between peripheral and the
brain-resident immune system may represent a new therapeutic
approach for reducing the neural damage and promoting the
neuronal repair that occurs after a stroke.
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