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Ischemic stroke is one of the main issues threatening human health worldwide, and it is also
the main cause of permanent disability in adults. Energy consumption and hypoxia after
ischemic stroke leads to the death of nerve cells, activate resident glial cells, and promote the
infiltration of peripheral immune cells into the brain, resulting in various immune-mediated
effects and even contradictory effects. Immune cell infiltration can mediate neuronal apoptosis
and aggravate ischemic injury, but it can also promote neuronal repair, differentiation and
regeneration. The central nervous system (CNS), which is one of the most important immune
privileged parts of the human body, is separated from the peripheral immune system by the
blood-brain barrier (BBB). Under physiological conditions, the infiltration of peripheral immune
cells into the CNS is controlled by the BBB and regulated by the interaction between immune
cells and vascular endothelial cells. As the immune response plays a key role in regulating the
development of ischemic injury, neutrophils have been proven to be involved in many
inflammatory diseases, especially acute ischemic stroke (AIS). However, neutrophils may
play a dual role in the CNS. Neutrophils are the first group of immune cells to enter the brain
from the periphery after ischemic stroke, and their exact role in cerebral ischemia remains to
be further explored. Elucidating the characteristics of immune cells and their role in the
regulation of the inflammatory response may lead to the identification of new potential
therapeutic strategies. Thus, this review will specifically discuss the role of neutrophils in
ischemic stroke from production to functional differentiation, emphasizing promising targeted
interventions, which may promote the development of ischemic stroke treatments in
the future.
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INTRODUCTION

Inflammation plays a dual role in the pathogenesis and prognosis of central nervous system (CNS)
injury, exerting both beneficial and harmful effects (1). After stroke, damaged brain tissue causes
systemic inflammation, including the recruitment of immune cells. This response is mediated, at
least in part, by sympathetic activation of the bone marrow. Neutrophils are the first immune cells to
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accumulate in ischemic brain regions, which occurs within a few
minutes after injury (2). Recent studies have shown that immune
elements are closely involved in all stages of the ischemic cascade,
from acute ischemic events caused by blood supply interruption
to brain parenchymal injury and subsequent tissue repair.
Conversely, the ischemic brain can also exert strong inhibitory
effects on lymphoid organs through the autonomic nervous
system, thereby promoting the occurrence of complications,
which are the main determinants of the incidence and
mortality of stroke (3). Therefore, the immune system is
closely related to the long-term prognosis and survival of
patients with ischemic stroke. After stroke, the acute
interruption of blood supply causes primary irreversible tissue
damage, leading to nerve cell death, which occurs in the ischemic
core; nerve cell death leads to the subsequent release of damage-
associated molecular patterns (DAMPs). Subsequent brain
damage to the periinfarct area (ischemic penumbra) is caused
by a series of secondary events, such as excitotoxicity, oxidative
stress and mitochondrial dysfunction. Neutrophils are
traditionally considered the first line of defense for innate
immunity (4), and have been shown to be involved in many
inflammatory diseases, especially acute ischemic stroke (AIS).
However, neutrophils may play a dual role in the central nervous
system after ischemic stroke. The activation of neutrophils leads
to the release of nuclear and particulate matter, forming a wide
network of DNA complexes (neutrophil extracellular traps,
NETs) (5). TLRs can also detect endogenous molecules called
damps, which are produced by tissues or immune cells in
response to injury or infection. TLR activation of neutrophils
leads to important cellular processes, including the production of
reactive oxygen species (ROS) and cytokines, all of which may be
involved in the pathogenesis of chronic inflammation when
inflammation and immune imbalance. In turn, inflammation
and tissue damage lead to the release of endogenous TLR ligands,
known as damage associated molecular patterns (DAMPs),
which are a rapidly growing class of potent inflammatory
stimuli and widely released in inflammatory centers after
ischemic stroke (6). Part of the specific mechanism can be
reflected by the active or passive release of nuclear protein,
high-mobility group protein B1 (HMGB1), which activates
TLR2/4 on the surface of neutrophils, leading to NADPH
oxidase assembly and ROS generation, up regulating the
production of anti-apoptotic protein Bcl-xl and pro-
inflammatory cytokines, thus aggravating the process of
inflammatory response (7). Phagocytosis triggers the activation
of neutrophils, resulting in the release of antimicrobial peptides,
proteases, myeloperoxidase (MPO) and superoxide anion (O−

2 ),
which produce reactive oxygen species (ROS) via a series of
cascade reactions (8). At sites of inflammation, high levels of
proinflammatory cytokines such as GM-CSF and tumor necrosis
factor (TNF)a can enhance the release of ROS. Excessive
activation of NADPH oxidase in the neutrophil cascade leads
to excessive production of ROS. ROS can activate the production
of matrix metalloproteinase-9 (MMP-9) through a signaling
pathway and then lead to tissue damage and excessive
inflammatory reactions (9), such as microvascular injury and
Frontiers in Immunology | www.frontiersin.org 2
blood-brain barrier (BBB) damage then cause the entry of more
peripheral neutrophils into the damaged area, aggravating the
response to nerve injury (5). However, neutrophils also
have beneficial effects, as they participate in the core
pathophysiological process of neutrophil-driven repair, namely,
angiogenesis, which is an important process by which nutrients
and oxygen are transported to healing tissue. Endothelial
progenitor cells recruited by activating N-formyl peptide
receptor 2 (FPR2) promote reendothelialization by directly
covering the injured site but also initiate vascular repair via
vascular endothelial growth factor (VEGF) and epidermal
growth factor (EGF) in a paracrine manner (10, 11). Here, we
reassess the contribution of inflammation and immunity to the
pathophysiology of stroke. In this review, we will focus on the
spatiotemporal role of neutrophils in ischemic brain injury,
evaluate their effects on tissue damage and repair, and further
explore the possible molecular and immune mechanisms
underlying these effects. In addition, we propose a new
possible therapeutic strategy involving local targeting of
neutrophils at the onset of cerebral ischemia rather than
nonselective overall inhibition of neutrophil function.
THE ROLE OF NEUTROPHILS IN
ISCHEMIC BRAIN INJURY

Considering their central role in early brain accumulation and
subsequent immune responses, neutrophils may be key targets
for brain injury and stroke recovery. Neutrophils are the first
blood-derived immune cells to invade ischemic tissue, followed
by monocytes (12). After stroke, neutrophils migrate through the
endothelial vessel wall. Later, neutrophils are attracted to the
ischemic area along a concentration gradient of chemokines.
Neutrophils further cause secondary injury by releasing
proinflammatory factors, ROS, proteases and matrix
metalloproteinases (MMPs) (13) (Figures 1 and 2). These
factors damage the endothelial cell membrane and basal layer,
leading to changes in BBB permeability and edema after
ischemia. After neutrophil invasion (4-6 hours), monocytes
adhere to the vascular wall and move into the ischemic area.
The activity of monocytes peaks 3-7 days after cerebral ischemia
(14). Increasing evidence from animal models of ischemic stroke
and cerebral hemorrhage supports this view. A model ischemic
stroke induced by intracavitary middle cerebral artery occlusion
(MCAO) was reported in 1994, and it was found that neutrophils
accumulated in cerebral vessels and veins as early as 30 minutes
after MCAO. Gelderblom et al. used immunohistochemistry and
flow cytometry to quantify the infiltrated immune cell subsets.
They analyzed the time dynamics of immune cell accumulation
in rodent stroke models in detail. Circulating monocytes and
macrophages are first detected in capillaries and venules, and the
numbers of these cells in the brain increase from 4 to 6 hours
after stroke, peaking on days 2 to 7 (15). Neutrophils play a
major role in acute ischemic injury and may also lead to
atherosclerosis and thrombosis (16).
July 2021 | Volume 12 | Article 692061
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To clearly assess the potential accumulation of neutrophils,
Enzmann et al. studied the temporal and spatial localization of
PMNs after transient middle cerebral artery occlusion (t MCAO) in
mice and human stroke samples (17). Using specific markers that
can specifically label PMN (Ly6G) and monocyte/macrophage
(Ly6C) and defining the cell and basement membrane boundaries
of neurovascular unit (NVU), histology and confocal microscopy
showed that almost no PMN entered the infarcted CNS
parenchyma. No matter the duration of t MCAO, PMNs are
mainly confined to the lumen surface or perivascular space. Their
results showed that neurovascular units rather than brain
Frontiers in Immunology | www.frontiersin.org 3
parenchyma were the main parts of PMN after central nervous
system ischemia (17). Using in vivo two-photon microscopy
combined with conventional immunohistochemistry, researchers
subsequently demonstrated that neutrophils rapidly attach to
inflammatory brain endothelial cells in mouse models of
permanent peripheral and transient intracavitary MCAO (18).
After this attachment, the cells migrate to the brain parenchyma.
Invasive neutrophils interact with local microglia rapidly and are
engulfed by them (19); this was previously observed in an ischemic
tissue model in vitro (20). Another similar study recently confirmed
this observation in a more advanced animal model in which
FIGURE 1 | The inflammatory response after cerebral ischemia. Acute ischemic events lead to oxidative stress and excitotoxicity, which lead to the activation of
microglia and astrocytes and then promote the secretion of cytokines, MMPs and GFAP(glial fibrillary acidic protein). These proinflammatory signaling molecules lead
to upregulation of the expression of ICAM-1 and selectins on endothelial cells and promote the entry of neutrophils, macrophages, lymphocytes and other blood-
derived inflammatory cells into the ischemic area. Neutrophils are the first group of leukocytes to enter the CNS. At inflammatory sites, high levels of proinflammatory
cytokines such as GM-CSF and TNF-a can enhance the release of ROS. ROS can induce the production of MMP-9 through signaling pathways, which leads to
tissue damage and excessive inflammatory responses, such as microvascular basement membrane damage and BBB damage, and then cause more peripheral
neutrophils to enter the damaged area, aggravating the nerve injury response. The activation of neutrophils can also lead to the release of nuclear and particulate
matter, which form a wide network of DNA complexes (NETs) that further aggravate neuronal damage. In addition, DAMPs, which in turn activate microglia and
peripheral immune cells (neutrophils, macrophages and lymphocytes), are released by dying neurons, resulting in the production of proinflammatory factors and thus
leading to further activation of neutrophils. These pathological events lead to neuronal death and further increase damage to the ischemic brain.
July 2021 | Volume 12 | Article 692061
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FIGURE 2 | (A) Active NADPH oxidase complexes promote ROS production. The activated NADPH oxidase complex uses fad to transfer electrons (e-) to oxygen to
form O−

2 from phagocytes. O−
2 is produced by the activation of NADPH oxidase. O−

2 . O
−
2 from phagocytes. O−

2 is produced by the activation of NADPH oxidase. O−
2

produced by NADPH oxidase can react with protons to form H2O2, which in turn produces HOCl under the action of MPO. O−
2 from phagocytes. O−

2 is produced by
the activation of NADPH oxidase. O−

2 can react with H2O2 in the presence of Fe2+ or Cu2+ to form OH- or ROS. (B) The role of neutrophil activation in host defense
and the inflammatory response. As shown on the left side, the initiation of proinflammatory cytokines or microbial molecules under physiological conditions is an
immune-monitoring mechanism that ultimately enhances the antibacterial activity of neutrophils. However, as shown on the right side, excessive activation of neutrophil
NADPH oxidase leads to excessive production of ROS, causing tissue damage and an excessive inflammatory response. Mediated by various proinflammatory
mediators, receptor signals on the vascular endothelial surface are involved in neutrophil rolling, adhesion and endothelial barrier crossing. Phagocytosis of neutrophils
leads to the activation of a series of processes, leading to the release of antimicrobial peptides, proteases, MPO and O−

2 from phagocytes. O−
2 is produced by the

activation of NADPH oxidase. O−
2 , which is produced by the activation of NADPH oxidase, from phagocytes.
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microglia and neutrophils express highly specific and unique
fluorescence markers (21). Experiments on mice showed that
PMN also expressed VLA-4, and could inhibit the brain entry of
PMN by blocking VLA-4 with antibody or down regulating
VACM-1 (22). Jens Neumann et al. recorded neutrophils and
microglia in the brain of mice after experimental stroke using a
two-photon microscope in vivo. The results showed that brain
resident microglia recognized both endothelial injury and
neutrophil invasion. In a cooperative manner, they activate
endothelial cells and capture infiltrated neutrophils. Interestingly,
systemic blockade of very late antigen-4 immediately and effectively
inhibited neutrophil endothelial interaction and brain entry of
neutrophils (22). These results further explain the importance of
neutrophils in the invasion of brain regions after ischemic stroke,
and the importance of T cells in this process. This may be a new
therapeutic target and significantly reduce ischemic tissue damage
and effectively protect mice from stroke-related behavioral damage.

Importantly, an in vivo study revealed that CD3 and VLA-4
blockers have a significant synergistic effect in protecting mice
from behavioral defects associated with experimental stroke, but
such a synergistic effect is not exerted by the binding of an anti-
Gr-1 or anti-Ly6G antibody to VLA-4. Based on the research
results of Jens Neumann et al., VLA-4 - mediated neutrophil
entry into the brain is a key influencing factor of behavioral
injury after cerebral ischemia, while T cells contribute the least
to the early behavioral dysfunction after stroke, but they reduce
the infarct volume, indicating that only the of lesion volume
may not be sufficient as a basis for nerve protection. But this
does not deny the important role of T cells in the chronic
recovery of ischemic stroke (22). Another study showed that in
terms of mechanism, Treg-derived osteopontin played a role
through integrin receptors on microglia to enhance the repair
activity of microglia, thereby promoting the formation of
oligodendrocytes and the repair of proteins. After stroke, the
number of Treg cells was increased by the delivery of IL-2: IL-2
antibody complex, which improved the integrity of white matter
and saved nerve function for a long time. Other studies have
found that regulatory T cells can directly promote myelin
regeneration (23). These results indicate that T cells have little
effect on acute injury after cerebral ischemia, but play an
important role in chronic recovery. Furthermore, VLA-4-
mediated neutrophil entry into the brain has been confirmed
by other studies (24), and neutrophils invading the brain have
been shown to form extracellular DNA traps, which directly
damage neurons in the CNS (25), or to induce thrombosis (26)
(Figures 1 and 4). The importance of neutrophils in stroke
outcomes has recently been demonstrated in transgenic mouse
models. The study also suggested that neutrophil expression of
CD39 (a cell surface ATPase) inhibits neutrophil invasion into
the brain parenchyma, leading to a significant reduction in
behavioral deficits after stroke (27).

Mechanistically, leukocytes may aggravate ischemic injury in
many ways. First, white blood cells adhere to endothelial cells
and prevent red blood cells from flowing through microvessels,
which leads to the aggravation of cerebral ischemia (28, 29).
Second, activated leukocytes produce proteases, MMPs and ROS,
Frontiers in Immunology | www.frontiersin.org 5
which can significantly damage the vascular endothelium and
increase the permeability of the BBB (Figure 1). In addition,
activated leukocytes can produce bioactive substances, such as
leukotrienes, prostaglandins and platelet-activating factors,
which can cause vasoconstriction and platelet aggregation.
Finally, infiltrating leukocytes aggravate neuronal damage by
activating proinflammatory factors in and around the infarct
core (30). Through a series of motor coordination tests, anti-
Ly6G antibody-mediated neutrophil depletion and an anti-VLA-
4 antibody were shown to block neutrophil entry into the brain,
thus continuously alleviating motor coordination deficits in mice
subjected to transient MCAO. In contrast, in the same study, T
cell depletion was shown to not cause this change in motor
coordination, although it did reduce the infarct volume (31). In
conclusion, these findings suggest that neutrophils have a
significant adverse effect on brain remodeling and plasticity,
thus exacerbating brain injury.
DIFFERENT NEUTROPHIL PHENOTYPES
AND THEIR SPATIOTEMPORAL
CHARACTERISTICS AFTER
ISCHEMIC STROKE

Various animal and clinical studies have shown that in addition
to activating microglia in the ischemic brain, the infiltration of
circulating cells (such as granulocytes, neutrophils, monocytes/
macrophages and T cells) can aggravate cell death after ischemia.
In the acute phase, damaged tissues release ROS and
proinflammatory factors, such as chemokines and cytokines,
which induce the expression of adhesion molecules on
leukocytes and brain endothelial cells and then promote the
adhesion and trans endothelial metastasis of leukocytes (32).
After the acute phase and in the subacute phase, the infiltrated
leukocytes further release cytokines, chemokines and, more
importantly, excessive ROS, which promote the production of
MMPs, especially MMP-9. In addition, astrocytes usually secrete
MMP-2 from the end, which acts on adjacent structures. MMP-9
and MMP-3 are produced by ECs, especially microglia and
pericytes, which are the main sources of MMP-3. Neutrophils
are the source of MMP-8. Therefore, MMP production is not
limited to neutrophils (33). Studies by different groups have
shown that MMPs activate the inflammatory response, leading to
BBB destruction, brain edema, neuronal death, and hemorrhagic
transformation due to overactivation of proteases and resident
immune cells, and further enhance leukocyte infiltration (34)
(Figure 2). However, MMP-9 not only plays a proinflammatory
role in early ischemic brain injury but also plays an important
role in brain regeneration and neurovascular remodeling,
which reflects the complexity of the interaction between
proinflammatory factors and tissues (35).

Similar to microglia and blood-derived macrophages,
neutrophils are some of the most important white blood cells
(36). The number of neutrophils in the ischemic brain reaches
a peak on days 1-3 and then gradually decreases with time (2).
July 2021 | Volume 12 | Article 692061
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At 48 and 96 hours after cerebral ischemia, the percentage of
neutrophils found in the brain parenchyma was higher than at
14 hours. And their findings suggest that most ischemic mice
have neutrophils around the pia mater and blood vessels,
but only some have neutrophils in the brain parenchyma.
After ischemia-reperfusion, neutrophils reach different brain
septa after leaving the blood circulation, and may release
intracellular components during infiltration. Then, neutrophils
were detected in the perivascular space between endothelial cells
and basement membrane (37). In summary, a large number of
neutrophils were seen around the pia mater and blood vessels on
the 4th day after ischemia. In some severely injured mice,
neutrophils reached the ischemic brain parenchyma, and
showed time-dependent changes in the distribution from
within and around the blood vessels to the parenchyma. This
effect is related to the loss of basement membrane integrity (38).

Similar to M2 macrophages, N2 neutrophils are thought to
promote a reduction in inflammation by releasing anti-
inflammatory mediators (39). A previous study explored the
role of the peroxisome proliferator-activated receptor gamma
(PPAR-g) agonist rosiglitazone in C57BL6 mice subjected to
permanent peripheral MCAO. In this study, neutrophils were
found to adopt the N2 phenotype and express M2 markers,
namely, Ym1 and CD206. Importantly, rosiglitazone was shown
to increase the phagocytosis of neutrophils by microglia/
macrophages, preferentially affecting N2 neutrophils. The
switch of neutrophils to the N2 phenotype during
differentiation is related to alleviation of cerebral infarction,
which is prevented by neutrophil depletion (40). These results
suggest that N2 neutrophils have neuroprotective effects in the
ischemic brain. Specifically, pro-inflammatory neutrophils
secrete chemokines such as CCL2 (monocyte chemoattractant
protein-1) and CCL17, which recruit monocytes and T
regulatory cells, respectively (41). The secretion of IL-8 causes
more neutrophils to be recruited to inflammatory sites. In
addition, Oncostatin M is a member of the IL-6 family,
secreted by neutrophils, which has a variety of pro-
inflammatory and angiogenesis effects, including inducing
neutrophil adhesion and chemotaxis, increasing endothelial
cells to produce chemokines, stimulating vascular endothelial
growth factor production (42).

Studies have shown that Toll-like receptor 4 (TLR4)
deficiency increases the number of neutrophils (N2), which is
related to neuroprotection after stroke, suggesting that the
regulation of neutrophil polarization is the main target of
TLR4 and emphasizing the key role of TLR4 in the prognosis
of stroke (43). It has also been found that the loss of TLR4 in
neutrophils regulates the induction of several pathways
previously associated with inflammatory processes after
ischemia, all of which may be the basis of neurological
outcome during stroke (44). TLR4 deficiency not only affects
the differentiation of neutrophils, but also affects the activation of
microglia and macrophages (45). Another study showed that G
protein-coupled receptor 30 (GPR30) was highly expressed in
microglia and increased significantly after ischemic injury. The
activation of GPR30 reduced the activation of microglia,
Frontiers in Immunology | www.frontiersin.org 6
significantly reduced infarct volume, improved neurological
deficits and reduced neuronal damage. The mechanism is that
GPR30 activation reduces the expression of Iba1 and TLR4
protein and TLR4 mRNA level, and inhibits the activity of NF-
kB (46).

Generally, neutrophils are mainly harmful, and they affect
prognosis, severity and the infarct volume by exerting their
effects, including inducing the no-reflow phenomenon;
releasing elastase, which may increase tissue damage; and
producing reactive oxygen species (ROS), which can damage
the blood-brain barrier (BBB) (47) (Figure 2). Consistent with
the harmful effects of neutrophil infiltration, neutrophil
depletion in WT animals results in a significant reduction in
infarct size, which is consistent with previous data (48).
However, when combined with TLR4 deletion, depletion of
neutrophils not only does not induce neuroprotection but also
exacerbates brain injury after stroke. Thus, neutrophils do not
play a harmful role in the absence of TLR4, and the
neuroprotective effect of TLR4 deletion requires neutrophils
(49). Neutrophils may respond to different molecules, such as
cytokines (TGF-b, IL-27), injury-related molecular patterns and
growth factors released after stroke, which have been reported to
be related to neutrophil polarization (50). At present, it is
believed that some neutrophil subsets show different
characteristics, with the characteristics of anti-inflammatory,
angiogenesis or dissolution. For example, the presence of IL-
10, TGFb, IL-13 and IL-4 will induce N2 polarization, while the
presence of IFNb, IFNg and IL-12 will facilitate N1 polarization
(51). TGF b Induced differentiation of neutrophils into N2
phenotype (52). TGF b is mainly up-regulated in microglia
and macrophages after ischemia a profound impact on
immune cells in addition to its neuroprotective properties.
Despite known pro-inflammatory effects, TGF-b inhibits
inflammation by inhibiting Th1 and Th2 responses and
promoting Treg cell development (41). Therefore, the
production of TGF-b、IL-10 after cerebral ischemia promotes
tissue repair by promoting the regression of inflammation and
the direct cell protection of surviving cells in ischemic area (53).
In conclusion, TLR4 plays an important role in the phenotypic
polarization of neutrophils after stroke, suggesting that TLR4
deletion is related to an increase in the number of N2 neutrophils
in such a proinflammatory environment, which may be related to
the neuroprotective effect observed in these mice.
EVOLUTION AND MIGRATION OF
NEUTROPHILS FROM THE PERIPHERY,
WHERE THEY ARE PRODUCED,
TO THE BRAIN

Production of Neutrophils
The production of neutrophils mainly depends on the
hematopoietic activity of bone marrow. Bone marrow is
responsible for two-thirds of all hematopoietic activity in adults.
Hematopoietic stem cells are located in the niches formed by
July 2021 | Volume 12 | Article 692061
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osteoblasts, which are characterized by low blood flow and low
oxygen tension, while mature and active proliferating stem cells are
located on the side near the edge of sinusoids, which are special
vascular structures of bone marrow (54). In a study on peripheral
bone marrow hematopoietic stem cells after ischemic stroke,
increased sympathetic nervous system signals activate
hematopoietic stem cell activity in bone marrow and increase the
output of neutrophils and inflammatory Ly-6Chighmonocytes after
stroke (55). Adam Denes et al. evaluated whether experimental
stroke caused the activation of leukocytes in bone marrow by
evaluating two common signaling pathways NFkB and
p38MAPK in different hematopoietic cells. They identified the
rapid induction of NFkB p65 in bone marrow after 70 min of
ischemia by western blotting and further enhanced it for 4 h. Single
cell analysis by flow cytometry showed that NFkB p65
phosphorylation occurred in myeloid cells after stroke, mainly in
Gr-1 positive granulocytes. Compared with the sham operation
group, the phosphorylation of NFkB p65 in granulocytes was
significantly increased after 4 h reperfusion after stroke. Bone
marrow is the main source of circulating monocytes and
granulocytes (56). The release of CXCR2-positive granulocytes in
bone marrow at the early stage of cerebral ischemia (4 hours) is
related to the rapid systemic up-regulation of CXCL1 (CXCR2
ligand) and granulocyte colony-stimulating factor (key cytokines
involved in bone marrow leukocyte mobilization). This process
involves the rapid activation of NFkB and p38 mitogen-activated
protein kinases in marrow-like cells (57). David Weisenburger-Lile
et al. reported that the inflammatory characteristics of circulating
neutrophils increased during ischemic stroke (IS), which was related
to the expansion of harmful neutrophil subsets. The percentage
of neutrophils with reverse transendothelial migration
(CD54highCXCR1low) phenotype increased. These changes in
neutrophil homeostasis are associated with the severity of the
disease and may play an important role by causing systemic
inflammation and breakdown of the blood-brain barrier (58).
And another study shows that, in the first week after ischemic
stroke, the number of monocytes expressing IL-8 mRNA in
circulation increased significantly, and the level of IL-8 in plasma
increased significantly. Because of its strong chemotaxis, IL-8 can
mediate the accumulation of neutrophils in damaged tissues after
cerebral ischemia (59). b-1 integrins such as a4b1, a6b1, and a9b1
are expressed on hematopoietic stem cells and interact with
osteoblasts and extracellular matrix (ECM) in stem cell niches
(60, 61). The chemokine receptor CXC motif receptor (CXCR)4
is essential for stem cells and more mature neutrophils to home to
bone marrow (62). CXCR4 binds to CXCL12, which is expressed by
bone marrow stromal cells, including osteoblasts and vascular
endothelial cells in bone marrow (63, 64).

The production of neutrophils is widespread under stable
conditions. Normal adults produce 1~2 × 10^11 cells per day.
Granulocyte colony-stimulating factor (G-CSF) is needed to
regulate the production of neutrophils to meet the need for an
increased number of neutrophils during infection, but G-CSF is
not absolutely necessary for granulopoiesis; in G-CSF knockout
mice, approximately 25% of the normal number of residual
Frontiers in Immunology | www.frontiersin.org 7
granulocytes is generated, and mature neutrophils are produced
(65). The production of neutrophils is largely regulated by the rate
of neutrophil apoptosis. When macrophages and dendritic cells
phagocytize apoptotic neutrophils, the production of interleukin
(IL)-23 is reduced (66). IL-23 stimulates specific T cells known as
neutrophil regulatory T cells, which are mainly located in
mesenteric lymph nodes, to produce IL-17A, an important
stimulator of G-CSF production (67). They are collectively
called neutrophil regulatory T cells or Tn cells. About 60% of
Tn cells were gd T cells, about 25% were NKT-like cells, and less
than 15% were CD4 T cells. IL-17A produced by Tn cells
regulates G-CSF production, thereby promoting promyelocyte
proliferation and neutrophil maturation (68). G-CSF is produced
by mononuclear/macrophage-derived bone marrow stromal
cells, vascular endothelial cells, fibroblasts and mesothelial
cells, and its expression is strictly regulated. G-CSF binds to a
known receptor G-CSFR, which is expressed in all neutrophil
precursor cells in bone marrow, and mature neutrophils express
the most receptors on its surface. When G-CSF binds to its
receptor, it causes the proliferation, differentiation and activation
of granulocyte precursors (68). A physiological feedback circuit,
IL-23 – IL-17 – G-CSF axis is the main way to regulate
mouse neutrophil homeostasis (69). Therefore, the production
of G-CSF decreased with the increase of apoptotic neutrophils
in tissues.

The Inflammatory Complex Stimulates the
Differentiation of Premature Bone Marrow-
Derived Granulocytes
The inflammatory complex is a potential major regulator of
hematopoiesis, which involves a combination of cholesterol
and glucose metabolism and myeloid differentiation. During
the process of granulopoiesis in the context of chronic
inflammation, inflammatory cells play a central role in myeloid
differentiation because caspase 1-dependent cleavage of the
transcription factor GATA1 promotes the production of
neutrophils, while red blood cell differentiation is impaired
(70). Therefore, patients with chronic inflammatory diseases
often have anemia. In addition, IL-1b directly stimulates the
differentiation of premature granulocytes by activating a PU.1-
dependent gene program. Regulation of IL-1b signal-dependent
hematopoietic stem and progenitor cell (HSPC) proliferation is
achieved in these cells through regulation of glucose and
cholesterol metabolism, which is a key process in immune
training (71). In contrast, hypercholesterolemia mediates the
long-term proliferation of bone marrow progenitor cells and
enhancement of the immune response in these cells in an NLRP3
inflammasome-dependent manner (72). In addition, inhibition
of cholesterol efflux from neutrophils can also increase the
activation of NLRP3 inflammatory bodies, promote neutrophil
infiltration and release NETs, thus accelerating the formation of
atherosclerotic lesions. Therefore, these results provide evidence
for the role of inflammatory corpuscles and cholesterol
metabolism in the regulation of neutrophil activation, not just
bone marrow hematopoiesis (73).
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Neutrophils Are Released From
Bone Marrow
An increase in the number of neutrophils is positively correlated
with infarct size and functional defects (74). CXCR4 plays an
important role in maintaining bone marrow neutrophils. The
absence of CXCR4 can lead to the migration of mature neutrophils
from bonemarrow to the circulation without affecting the life span
of circulating neutrophils (63). In contrast, mutations in CXCR4
lead to increased signaling, leading to clinical syndromes
characterized by a lack of neutrophils in the circulation and an
increase in the accumulation of mature neutrophils in the bone
marrow (verruca, hypogammaglobulinemia, infection, and
myelodysplasia) (75). CXCR2 is another cytokine receptor
expressed on myeloid cells. CXCL1 and CXCL2 (KC and Grob
or MIP-2, respectively) are expressed by bone marrow endothelial
cells. The deletion of CXCR2 can also lead to a myeloproliferative
phenotype, with mature neutrophils remaining in the bone
marrow, while deletion of both CXCR2 and CXCR4 results in a
similar phenotype as CXCR4 deletion; that is, neutrophils cannot
be retained in bone marrow (57). Therefore, CXCR4 is necessary
for retaining neutrophils in bone marrow. Release of neutrophils
may be affected by CXCR2, G-CSF receptor (G-CSFR), or
TLR signaling, all of which occur in the late stages of bone
marrow neutrophil maturation (76). CXCR4 signaling mainly
regulates the transport of bone marrow neutrophils, and
disruption of CXCR4 signaling may be a common mechanism
of cytokine- and chemokine-induced release of bone marrow
neutrophils (77). The expression of SDF-1 is downregulated by
G-CSF, while the expression of KC and Grob is upregulated by G-
CSF, making CXCR4-CXCR2 signal transduction beneficial
for the release of CXCR2 and neutrophils (57). These data
suggest that drugs that regulate CXCR4 signaling may be
effective in controlling neutrophil responses in infectious and
inflammatory diseases.

Chemotactic Movement of Neutrophils
Into the CNS
In the ischemic core area, a sharp decrease in cerebral blood flow
leads to the rapid death of neurons followed by the release of
DAMPs, which promote the activation and proliferation of local
microglia (resident macrophages of the CNS) (78). Although
they are vulnerable to the adverse effects of ischemic injury,
microglia can be polarized toward the M2 phenotype, which is an
anti-inflammatory phenotype characterized by phagocytic
activity, which contributes to debris clearance and tissue
repair (79, 80). In addition, activated microglia release
proinflammatory mediators, such as cytokines, TNF and ROS,
causing BBB damage (81), thus promoting the entry of
leukocytes (including monocytes, macrophages, neutrophils
and lymphocytes) into the brain (82). Inflammatory signals in
macrophages are very powerful and complex. Once macrophages
infiltrate the ischemic brain, they express high levels of
proinflammatory cytokines, such as IL-1b (32).

Acute ischemic stroke is a hypoxic-ischemic disease related to
aseptic inflammatory response (83). Ischemic injury triggers
immune responses that promote the migration and infiltration
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of immune cells into the brain parenchyma in a coordinated time
pattern (84). Due to the significant destructive potential of these
cells, neutrophils have received special attention for many years,
either through the direct neurotoxicity caused by the release of
proteolytic enzymes (85), or through the indirect effect of
neutrophil aggregation in blood vessels, blocked capillary blood
flow and no reflow phenomenon (86). Isabel Perez−de−Puig
et al. used immunofluorescence and flow cytometry to study the
recruitment process of brain neutrophils in two mouse models of
permanent ischemia induced by distal ligation of middle cerebral
artery (c- MCAo) or intraluminal MCA occlusion (il- MCAo)
(30). The results showed that during MCAo, neutrophils exuded
from the perileptomeningeal blood vessels around the infarcted
tissue and reached the cortical parenchymal basement
membrane and the perivascular space of the cortical arterioles,
reaching the cortical area without blood flow. After long-term
ischemia, neutrophils are activated, showing signs of forming a
network structure in the lumen and around the blood vessels,
indicating that neurovascular units are the targets of neutrophils
in stroke. In addition, they investigated the brains of three stroke
patients, all of whom died within 1 – 5 days after stroke. The
anatomical localization of neutrophil infiltration in fatal human
stroke patients was evaluated in the brain tissue after death,
which confirmed that neutrophils were indeed recruited to the
central part after ischemic stroke and participated in the
subsequent pathophysiological process (30).

Effect of Neutrophils on BBB Damage and
Intracerebral Hemorrhage
The relationship between neutrophil count and the NLR in the
peripheral blood of patients with ischemic stroke, cerebral
hemorrhage and cerebral edema indicates that the effect of
neutrophils on the microvasculature leads to the destruction of
BBB (87). In an immunohistochemical study of patients with
fatal ischemic stroke, MMP-9-positive neutrophils were shown
to infiltrate around the cerebral microvessels, resulting in the
loss of type IV collagen in the basement membrane and
the formation of cerebral hemorrhage, which indicates that
the degradation of ECM mediated by MMP-9 may be related
to hemorrhagic transformation (88) (Figures 1 and 2).
In Sprague-Dawley rats with type IV collagenase-induced
intracerebral hemorrhage, neutrophils were shown to induce
BBB disruption (34). In this study, neutrophil depletion induced
by anti-neutrophil antibodies reduced BBB leakage in the
perihematomal area. The expression of MMP-9 decreased
significantly due to neutrophil depletion. The tight junction
proteins (TJPs) combine with ECs to form a blood-brain
barrier. In the brains of rodents and adults, ZO-1, claudin-1,
claudin-5 and occludin were found to exist in the tight junction
of the brain endothelium forming BBB (89). Occludin, claudin-5
and ZO-1 are the main structural barrier proteins of BBB, which
are considered to be sensitive indicators of normal and
disordered functional status of BBB. In the reperfusion model,
the increase of MMP-2 at the early stage of injury was observed
in rodents and non-human primates (90). Treatment with MMP
inhibitor or neutralizing antibody can reduce infarct size and
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prevent BBB damage after focal ischemic stroke (91, 92). These
findings have also been supported by previous studies showing
that chronic BBB breakdown is associated with a decrease in the
number of microvessels (93). In conclusion, neutrophils play an
important role in the destruction of the BBB in ischemic stroke
due to the destruction of microvessels.
THE POSSIBLE MECHANISMS BY WHICH
NEUTROPHILS PLAY DIFFERENT ROLES
AFTER ISCHEMIC STROKE

Neutrophil-Mediated Excessive Production
of ROS Aggravates Neurological Damage
After Ischemic Stroke
In healthy individuals, circulating neutrophils are dormant, and
the efficiency with which endothelial cells capture and block
them is very low. Subsequently, inflammatory mediators and
neutrophils are released across the endothelial barrier during
infection (94). Phagocytosis triggers the activation of neutrophils,
resulting in the release of antimicrobial peptides, proteases, MPO
and O−

2 from phagocytes (95). O−
2 is produced by the activation

of NADPH oxidase. O−
2 is the “blasting fuse” of ROS, namely,

hydrogen peroxide (H2O2), hydroxyl radical (OH-) and
hypochlorite (HOCl) (96) (Figure 2A). ROS produced by the
phagocyte NADPH oxidase NOX2 play a key role in host defense
against microbial pathogens. However, excessive ROS release can
also damage surrounding host tissues, thereby amplifying the
inflammatory response (Figure 2B).

The accumulation of neutrophils and the release of ROS from
inflammatory sites are believed to contribute to tissue damage in
inflammatory diseases. At inflammatory sites, high levels of
proinflammatory cytokines such as GM-CSF and TNF a can
enhance the release of ROS, and anti-TNF a therapy is very
beneficial in RA (97), As (98), Crohn’s disease (99) and other
autoimmune diseases and infectious diseases. In vitro data have
shown that ROS increase endothelial-neutrophil interactions
(100), TNF-induced fMLF stimulates neutrophil activation to
increase microvascular permeability (101), and the activation of
neutrophils is related to neutrophil-mediated endothelial cell
injury (102). In animal models, TNF induces neutrophils to
interact with intravascular immune complexes and to adhere to
endothelial cells (103). Neutrophil-derived ROS mediate
endothelial cell injury and organ inflammation (104). In
addition, neutrophil respiratory burst initiation predicts
capillary leakage (105) and mediates inflammation in rats (7).
In an in vitro model, cells from severe sepsis patients showed
neutrophil promoter groups, and the initiation of neutrophil
respiratory burst by TNF or GM-CSF has been observed in
human subjects. These data suggest that neutrophil-derived ROS
can induce tissue damage in vitro and in vivo by activating
NADPH oxidase (Figure 2B). Therefore, there is convincing
evidence that neutrophil respiratory burst, which also aggravates
neurological damage after ischemic stroke, is associated with
human inflammatory diseases (106).
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Neutrophils Accelerate Atherosclerosis
Atherosclerosis is the pathological basis of myocardial infarction
and stroke, which have become major causes of death worldwide
(107). A prospective study showed that there was a significant
interaction between carotid atherosclerotic plaque and VIM
(vimentin) in the incidence of ischemic stroke. After stratified
by carotid plaque, high VIM had a stronger correlation with
stroke in carotid plaque participants, especially the risk of
ischemic stroke (108). Sepideh Amin-Hanjan et al. studied the
hemodynamic stability over time and its association with stroke
risk in a prospective cohort study of VERiTAS (Vertebrobasilar
Flow Evaluation and Risk of Transient Ischemic Attack and
Stroke). The results showed that the risk of stroke in patients
with recently symptomatic vertebrobasilar atherosclerosis
disease and posterior circulation hemodynamic injury after one
year was five times that in patients without hemodynamic injury
(22% vs 4%) (109). Therefore, there is an important correlation
between atherosclerosis and ischemic stroke, and neutrophils
play an important role in this pathophysiological process.
Atherosclerosis is characterized by arterial wall injury driven
by an unbalanced lipid profile, oscillatory shear stress and
proinflammatory cytokines. Activation of arterial endothelial
cells leads to the adhesion of myeloid cells to endothelial cells
and their infiltration of the arterial intima. The accumulation of
immune cells, lipoproteins and cell debris in the arterial intima
leads to the aggregation and instability of atherosclerotic plaques
(110). Neutrophils promote monocyte recruitment (111).
Cathepsin G, cathepsin- or neutrophil-derived a-defensin and
the platelet-associated CCL5 complex are immobilized on
endothelial cells and can induce monocyte adhesion in a
mouse vascular inflammation model (112). In the initial stage
of atherosclerosis, the imbalance between and activation of the
endothelial layer and the disintegration of the underlying ECM
increase the adhesion and transfer of immune cells and induces
the transfers LDL from the lumen side to the basal surface.
Neutrophil granule proteins, such as neutrophil-derived azurol,
proteinase-3 and a-defensin, can increase the surface expression
of endothelial cell adhesion molecules and regulate the
permeability of endothelial cells (113). In addition to
regulating the entry of monocytes and macrophages, they also
regulate other factors that promote atherosclerosis (Figure 3).
For example, the production of hydrochloric acid by MPO
can lead to LDL oxidation, thereby accelerating the formation
of foam cells (114). Furthermore, the protein granulosa
directly activates human and mouse macrophages, induces
proinflammatory signals in macrophages and promotes the
secretion of cytokines, which have been proven to promote
atherosclerosis. NETs can drive atherosclerosis by activating
macrophages. In atherosclerotic mice, NETs can stimulate
macrophages to produce IL-1b by stimulating NLRP3
inflammatory bodies (16) (Figure 3).

Neutrophils promote endothelial desquamation of
atherosclerotic plaques. In human specimens, neutrophils
colocalize with TLR2-expressing plaques on endothelial cells.
The stimulation of TLR2 on endothelial cells leads to endothelial
cell stress and apoptosis, which is enhanced in the presence of
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neutrophils (115). Similar results have been found in a newly
established mouse model of endothelial cell erosion (101). In this
model, neutrophil adhesion to endothelial cells is negatively
correlated with endothelial continuity, which is regulated by
TLR2-dependent endothelial cell activation. These effects are
abolished by TLR2 deficiency, neutropenia, or neutrophil
adhesion arrest, suggesting that neutrophils are involved in
endothelial cell invasion (116) (Figure 3). In conclusion,
neutrophils are involved in the induction and development
of atherosclerosis.

The Role of NETs in Ischemic Stroke
NETs are large, extracellular, reticular structures composed of
cytoplasmic proteins and granular proteins assembled on a de-
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aggregated chromatin scaffold. Although most of the DNA in
NETs originate from the nucleus, these structures also contain
mitochondrial DNA. NETs capture, neutralize and kill bacteria,
fungi, viruses and parasites and are considered to prevent
bacterial and fungal transmission. However, if the regulation is
disordered, NETs can contribute to the pathogenesis of immune-
related diseases (117). NETs are produced as follows. High
mobility group box 1 (HMGB1) is a danger associated
molecular pattern (DAMP) molecule (118). Seung woo Kim
et al. showed that a large amount of accumulation in serum
after permanent MCAO played a key role in CitH3 induction
of brain parenchymal neutrophils and peripheral blood
neutrophils. The all-thiol and disulfide types of HMGB1
induce CitH3 through its specific receptors CXCR4 and TLR4
FIGURE 3 | In the process of atherosclerosis, platelet-derived chemokines, such as CC chemokine ligand 5, promote the activation and recruitment of neutrophils.
On the lumen side, activated neutrophils secrete granule proteins, including cathepsin G, which directly or indirectly promote the recruitment of myeloid cells. ROS
and proteases secreted by neutrophils in the lumen and intima of atherosclerotic plaques lead to activation and dysfunction of the extracellular matrix in the layer and
bottom of endothelial cells (ECs), resulting in leukocyte infiltration and low-density lipoprotein (LDL) extravasation. In the process of atherosclerotic plaque formation,
the neutrophil-derived granule proteins antimicrobial peptides and a-defensin activate macrophages and cause them adopt a proinflammatory state. Neutrophils
secrete MPO, which mediates the oxidation of low-density lipoprotein (oxLDL) and promotes the formation of foam cells. NETs stimulate plasma-like dendritic cells
(pDCs) to produce atherogenic interferon (IFN)-a through NLRP3, and macrophages produce IL-1b and IL-18 but not AIM2 In the late stage of atherosclerosis,
neutrophils can destroy plaque stability by secreting a network of proteins including cytotoxic histone H4, which penetrates and eventually dissolves vascular smooth
muscle cells (VSMCs). Neutrophil-derived metalloproteinases can also induce VSMC death by degrading ECM. The death of VSMCs and degradation of ECM lead to
the thinning of fiber caps and the formation of vulnerable plaques. Neutrophils can trigger epithelial cell desquamation, which is specifically manifested by the
stimulation of endothelial cell stress and apoptosis by neutrophils, leading to endothelial cell detachment. This process is regulated by Toll-like receptor 2 (TLR2)
signaling and other neural network signals in endothelial cells.
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respectively. Importantly, HMGB1 not only induces NETosis,
but also is included as a part of squeezing NETs, which
contributes to NETosis mediated neuronal death. Therefore,
there is a vicious cycle between neuronal cell death and
NETosis, and HMGB1 mediates the harmful effect of this cycle
(119). After MCAO animals were treated with PAD inhibitor to
inhibit NETosis, delayed immune cell infiltration was
significantly inhibited, and vascular injury was significantly
reduced (120). NETosis, mediated by HMGB1, aggravates
inflammation and subsequent damage in ischemic brain tissue
(5). After neutrophils are stimulated, they undergo the following
changes at the cellular level: elimination of lobulated nuclei,
chromatin deconcentration, separation of the inner and outer
nuclear membranes, disintegration of cytoplasmic granules, and
destruction of nuclear membranes. Finally, chromatin is excreted
with cytoplasmic granules from the cell (121). At the molecular
level, phorbol 12 myristate 13 acetate (PMA; a protein kinase C
activator extracted from plants) can activate NADPH oxidase
and then induce ROS production in cells. ROS can induce the
activation of protein arginine deiminase 4 (PAD4). Under the
action of PAD4, the arginine residues of histones on chromatin
become citrullinated, causing them to lose the ability to firmly
bind to the DNA strand (122). Then, the hinge is opened and
becomes loose, chromatin disintegrates, histones fall off, and the
DNA becomes naked (Figure 4A). At the same time, elastase and
MPO in characteristic cytoplasmic azurophilic granules of
central granulocytes enter the nucleus through the broken
nuclear membrane, further destroying the integrity of the
chromosome and causing it to disintegrate (5). Finally, DNA
strands, histones, granule proteins and cytoplasmic proteins are
secreted together into the ECM, resulting in the formation of a
three-dimensional network structure based on the DNA chain
network and attached by a variety of intracellular effluents
(123) (Figure 4B).

In addition, NETs promote the growth of thrombi, thus
increasing the stroke area. Finally, neutrophils increase neural
cell death, a process likely involving NETs. Mechanistically,
neutrophils can amplify thrombosis through the cleavage of
coagulation factors and the activation of platelets (124)
(Figures 3 and 4B). Cathepsin G promotes firm adhesion and
exosmosis of neutrophils and monocytes in arterial endothelial
cells (125). The number of neutrophils that produce NETs in
blood vessels and the brain parenchyma reaches a peak at 3-5
days. Neutrophil depletion can reduce damage to the BBB and
promote neovascularization 14 days after stroke. PAD4 is an
enzyme essential for the formation of reticular structures, and its
expression is upregulated in the brain after ischemia.
Overexpression of PAD4 promotes the formation of reticular
structures, decreases neovascularization and increases BBB
injury (126). In addition to bacterial death, activation of
neutrophils also results in the release of nuclear and granular
contents, which form a wide network of DNA complexes (NETs,
reticular networks) (127). Reticular structures contain double-
stranded DNA, histones and granins, including neutrophil
elastase (NE), cathepsin G and MPO (123). These reticular
networks are associated with autoimmune diseases (128),
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cardiovascular and pulmonary diseases (129), and inflammation
(130), which are related to thrombosis (131).

Studies have shown that neutrophils isolated from
ischemic mice form more spontaneous reticular structures
and show a greater tendency to form reticular structures after
lipopolysaccharide (LPS) exposure. In summary, the data suggest
that stroke-activated neutrophils release excessive reticular
networks into blood vessels and the parenchyma, which is
consistent with elevated levels of circulating DNA (5). In a
previous study, circulating DNA levels were found to be
elevated and to peak 3-5 days after cerebral ischemia.
Neutrophil-dependent net formation was observed in blood
vessels and brain parenchyma around the infarct. Digestion of
NETs with DNase#I#can significantly reduce BBB injury and
increase microvascular cell coverage and the formation of new
functional vessels; this finding suggests that the formation of
NETs is the cause of vascular injury (5). It has also been proven
that neutrophils and reticular structures can improve cerebral
vascular remodeling and functional recovery in the delayed stage
after stroke (5).

Stroke leads to upregulation of STING expression, activation
of TBK1 and IRF3, and induction of IRF3-dependent IFN-b
synthesis. Previous studies have shown that free DNA can
combine with cyclic GMP-AMP synthetase to promote the
synthesis of STING-dependent IFN type I (132, 133). STING
(STimulator of INterferon Genes) is considered to be necessary
to control the host defense strategy caused by cytoplasmic DNA
and CDNs. Chronic STING activation may also be the cause of
some inflammatory diseases manifested by its own DNA. Studies
have shown that circulating GMP-AMP synthase (cGAS) plays a
key role in STING activation. Silencing of STING and an IFNAR
antibody can promote angiogenesis and repair in mice. In
addition, it was found that the PAD inhibitor CL amidine
inhibits the activation of the STING pathway and the
production of IFN-b. Therefore, the type I IFN response may
be related to reticular structures and ischemic vascular
remodeling (5, 134). In conclusion, it is important to increase
the clearance of NETs, which regulate harmful vascular
remodeling and promote vascular repair after stroke. Reticular
structures are considered key targets for promoting stroke-
mediated neovascularization and functional recovery.

Neutrophils Regulate Endothelial Cell
Function in the Repair Process After
Ischemic Stroke
The core pathophysiological mechanism of neutrophil-driven repair
is angiogenesis, which is an important process by which nutrients
and oxygen are delivered to healing tissue. The mechanism of how
neutrophils are directly involved in endothelial repair has been
partially explained in studies of neutropenic mice and mice lacking
cationic antimicrobial peptides with chemotactic properties.
Cathepsin deposition along the injured arterial lumen induces
activation of circulating endothelial progenitor cells in an FPR2-
dependent manner (135). Endothelial progenitor cells recruited in
this way promote re endothelialization by directly covering the
injured site but also releasing angiogenic growth factor in a
July 2021 | Volume 12 | Article 692061

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


Chen et al. Stroke, Neuroinflammation, Ischemia, Neutrophils
A

B

FIGURE 4 | (A) The classic pathway of NETosis. Upon stimulation, ROS produced by NADPH oxidase activate the binding of PAD4 to citrullinated histones, leading
to the unfolding of chromatin, and induce the translocation of enzymes such as NE and MPO in azurophilic granules to the nucleus, where they exacerbate the
dissociation of histones and DNA. Finally, after the nuclear membrane and cytomembrane are dissolved, cell components including DNA, histones and granzymes are
released into the intercellular space. (B) The effect of NETosis in ischemic stroke. Upon stimulation, neutrophils in the thrombus release NETs, which act as scaffolds
to consolidate the thrombus. Some circulating neutrophils migrate from the blood stream into brain tissue, and they also release NETs to exacerbate neural damage.
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paracrine manner (136) (Figure 5). At the site of arterial injury,
activated neutrophils deposit cathelicidin antimicrobial peptide,
which promotes the adhesion of circulating endothelial progenitor
cells through FPR2. Cathelicidin stimulates endothelial cell
progenitors to release VEGF and EGF in a paracrine manner.
These two processes complement each other to promote the
recovery of endothelial cells (137). In addition, previous studies
have shown that neutrophils penetrate the vascular endothelium by
reacting with endothelial adhesion molecules to reduce blood flow
velocity in blood vessels, and then neutrophils cross the BBB with
the help of a series of adhesion molecules, such as P-, E-, and
L-selectin; ICAM-1; and integrins (CD11b, a, and c) (Figure 5).

We recognize that according to some points of view, the role of
neutrophils in ischemic stroke is two-sided. The proinflammatory
characteristics of neutrophils may further aggravate cerebral
ischemic injury. A study showed that infiltrating neutrophils
exert harmful effects by releasing oxygen free radicals, proteases
and proinflammatory cytokines, which can aggravate
inflammatory damage (2). Neutrophil activation can activate
immune cells, drive complete immune function, and promote
neovascularization by repairing damaged vascular endothelium,
which indicates that neutrophil infiltration also exert beneficial
effects (138). MMPs have harmful effects in the early stages of
ischemia, but are beneficial in the recovery phase, especially
during angiogenesis and cerebral blood flow reconstruction
(139). Nerve repair involves three processes: angiogenesis,
neurogenesis and synaptic plasticity. After stroke, ischemic
penumbra tissue releases angiogenic factors, which can form
new blood vessels through endothelial progenitor cell migration
and induce endothelial cell proliferation. Angiogenesis promotes
neural repair, including neurogenesis and synaptic initiation
(137). In addition, the factors released by ECs trigger the
Frontiers in Immunology | www.frontiersin.org 13
proliferation of neural stem cells (140). The main migration
process of neural progenitor cells (NPCs) is closely related to
blood vessels, which indicates that this interaction provides
directional guidance for NPCs. These findings suggest that
blood vessels play a key role in the migration of NPC to infarct
area. Angiogenesis requires the degradation of vascular basement
membrane and the remodeling of ECM in order for ECs to
migrate and invade surrounding tissues (141). Long-term MMP
inhibition reduces neuronal plasticity, damages new angiogenesis,
and promotes cortical hemorrhage and tissue damage around
infarction (142). The time distribution of MMP-9 after
intracerebral hemorrhage was similar to that after stroke/
reperfusion, suggesting that the increase of MMP-9 showed a
bimodal pattern (88). On day 7 and 14, MMP-9 signal increased
and co localized with NeuN positive and GFAP positive cells.
MMP-9 expression in astrocytes was associated with ECs
markers. Consistent with these findings, inhibition of MMP 7
days after stroke reduces neuronal plasticity and vascular
remodeling, and increases tissue damage in the infarcted cortex
(143). It is suggested that the second mode of MMP-9 elevation
may involve neurovascular remodeling in the surrounding area of
infarction within 7 – 14 days.

The Role of Neutrophils in Hyperlipidemic
Ischemic Stroke
Compared with WT mice, which exhibit normal blood lipid
levels, hyperlipidemic ApoE-/- mice suffer from severe brain
injury following focal cerebral ischemia, which is related to the
increase in granulocyte counts in the spleen and blood (144,
145). Another study explored the relationship between residual
cholesterol level and cIMT in patients with ischemic stroke.
Common carotid intima-media thickness (cIMT) is an imaging
FIGURE 5 | The mechanism by which neutrophils repair the vascular endothelium. First, activated neutrophils deposit the antimicrobial peptide cathelicidin, which
promotes the adhesion of circulating endothelial progenitor cells through FPR2, at the site of arterial injury. Endothelial progenitor cells recruited in this way can
directly cover the injury site but also release angiogenic growth factor in a paracrine manner, thus promoting reendothelialization. Cathelicidin stimulates endothelial
progenitor cells to secrete VEGF and EGF, which can promote the repair of damaged endothelial cells. Neutrophils penetrate the vascular endothelium by reacting
with endothelial adhesion molecules to reduce blood flow velocity in the vasculature, and then neutrophils cross the vascular wall with the help of a series of
adhesion molecules, such as P-, E-, and L-selectin; ICAM-1; and integrins (CD11b, a, and c).
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indicator of subclinical atherosclerosis. The results showed that
the elevated fasting residual cholesterol level in patients with
ischemic stroke was positively correlated with the average cIMT
and the maximum cIMT, even in patients with the best LDL
cholesterol level (146). CXCR2 antagonist reduced neurological
deficits and infarct volume in hyperlipidemic ApoE-/- mice. This
effect is the same as that of neutropenia. After hyperlipidemia
and ischemia, brain neutrophil infiltration and peripheral
neutrophil increase, and the use of CXCR2 antagonist reduces
neutrophil infiltration. The decrease of neutrophil response
was related to the increase of neutrophil apoptosis and the
decrease of CXCR2, iNOS and NOX2 expression in bone
marrow neutrophils (147). Neutrophils produce and release (a)
proinflammatory cytokines, which promote the opening of the
BBB; (b) ROS, which induce structural damage to brain ECM
proteins; and (c) hydrolases such as elastases, which degrade
ECM proteins and proteoglycans. These effects may lead to brain
injury and poor neurological recovery. The CXCR2 antagonist
SB225002 regulates the expression of oxidative stress-related
enzymes in bone marrow neutrophils and alleviates oxidative
damage in the ischemic brains of hyperlipidemic ApoE-/- mice.
Pharmacology or antibody-mediated antagonism of neutrophil
depletion by CXCR2 or an anti-Ly6G antibody can restore neural
function and reverse brain injury caused by hyperlipidemia, thus
revealing the functional significance of neutrophils in the
pathogenesis of ischemic brain injury (148). How neutrophils
activated by the ischemic microenvironment affect brain
remodeling and plasticity after stroke remains to be further
elucidated. In conclusion, neutrophils play an important role
in cerebral ischemic injury in hyperlipidemic mice. The results
show that neutrophils can aggravate brain injury and lead to
poor recovery of neurological function in a hyperlipidemia
mouse model.
THE VALUE OF CLINICAL
TRANSFORMATION

Immunomodulatory Therapy Associated
With Neutrophils
In rodent models, as in patients with ischemic stroke, leukocyte
counts, cytokine levels and inflammatory marker levels are
increased within hours after ischemia. This acute phase reaction
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is followed by immunosuppression, especially in stroke patients,
which is characterized by decreased lymphocyte counts, decreased
monocyte function, increased anti-inflammatory cytokine levels,
lymphocyte apoptosis and spleen atrophy. These immune changes
are associated with increased respiratory and urinary tract
infections, and respiratory and urinary tract infections are the
cause of the high incidence and mortality of stroke. Infection often
occurs in patients with large stroke, low CD4 lymphocyte counts,
and elevated levels of IL-10 and IL-6, which reflect
immunodeficiency. How these systemic immune changes are
mediated is not fully understood, but there is evidence that
sympathetic activation is associated with the subsequent release
of stress steroids and catecholamines (149). Therefore, cortisol and
catecholamine levels are elevated in the most susceptible stroke
patients, while the steroid antagonist and b-adrenergic receptor
antagonist propanol can antagonize lymphocyte apoptosis and
infection susceptibility after stroke in rodent models (1).

Peripheral blood neutrophils play an important role in
predicting neurological deterioration and stroke prognosis. In
patients, a higher peripheral blood neutrophil count and
neutrophil-to-lymphocyte ratio (NLR) are independently
associated with poor prognosis (150). The NLR can also
predict poor prognosis and death in patients with AIS
receiving intravascular therapy (151, 152). Neutrophils
infiltrate diseased arteries at all stages of atherosclerosis, so
inhibition of neutrophil recruitment is an important
therapeutic strategy. Some recent studies also support our
hypothesis. For example, compared with no treatment, long-
term use of an anti-cathepsin G antibody in atherosclerotic mice
was shown to reduce the size of atherosclerotic lesions (153).
Studies have shown that CEACAM1 inhibits inflammation in
reperfusion injury by controlling the MMP-9 level in
neutrophils. Therefore, lower MMP-9 levels can reduce BBB
breakdown, reduce secondary tissue damage, and improve
neurological prognosis and survival after ischemic stroke (154)
(Table 1). Similarly, driving endogenous pathways to inhibit the
activation of integrin induced by various chemokines may be an
innovative therapeutic method for effectively inhibiting the
adhesion of myeloid cells. For example, annexin A1 and
growth differentiation factor 15 can antagonize the activation
of b2 integrin induced by various chemokines, thus inhibiting
neutrophil recruitment during chronic inflammation in mice
(155). Studies have shown that pharmacological activation of the
a-7 nicotinic acetylcholine receptor (a-7nAChR), an
TABLE 1 | Immunomodulatory therapy associated with neutrophils.

Mechanism Exemplar Reference

Suppressing the generation or release
of NETs and accelerating cleanup

PAD4 inhibitors and Externalized histone H4 (126, 134)
DNase I digesting NETs (156)
Blocking ccl5-cxcl4 heterologous substance or blocking platelet neutrophil communication by P-selectin (157)

Inducing differentiation direction of
neutrophils

Activation of RXR PPARg promotes neutrophil polarization to N2 phenotype (40, 158)

Promoting vascular repairing Silencing STING or an IFNAR antibody promotes angiogenesis and vascular repair (59)
Inhibiting chemotactic factor Annexin A1 and growth differentiation factor 15 antagonized chemokine-induced b2 integrin activation, thereby

inhibiting neutrophil aggregation in chronic inflammation
(155)

Inhibition of blood brain barrier damage CEACAM1 controls the secretion of matrix metalloproteinase-9 by neutrophils in inflammatory sites after brain-
deficient stroke, thereby protecting the function of BBB and improving the outcome after stroke.

(159)
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immunomodulatory receptor, during stroke promotes a decrease
in the M1/M2 macrophage ratio (160, 161), thus conferring
neuroprotection in rodent models. Similarly, in view of the
different roles of different neutrophil phenotypes in ischemic
stroke, activation of RXR-PPARg can promote neutrophil
polarization to the beneficial N2 phenotype, which may
contribute to a reduction in inflammation; this explains the
neuroprotective effect of the agonists besarotene and
rosiglitazone (40, 158) (Table 1).

However, the mice used in existing experimental studies lack
genetic and species diversity, and the differences between species
make the generalization of the findings challenging. Therefore,
further research is needed to overcome these obstacles.

Considering the importance of reticular structures in
atherosclerotic formation, plaque instability, plaque erosion
and atherosclerotic thrombosis, the pathway by which reticular
structures are formed and their inflammatory responses are
induced are obviously promising therapeutic targets in vascular
inflammation after stroke. The interaction between neutrophils
and platelets along blood vessels plays a decisive role in the
release of NETs (162). Therefore, blocking platelet-derived ccl5-
cxcl4 heterologous substances or blocking platelet neutrophil
communication through high mobility group protein B1 or P-
selectin may limit the release of NETs (112, 157). In a mouse
model of atherosclerosis, therapeutic administration of Cl-
amidine, a PAD4 inhibitor, prevents the release of nets and
reduces vascular inflammation (134). It has a profound impact
on the effects of chromatin NET degradation and DNaseI
treatment on cardiovascular inflammation and thrombosis
(156) (Table 1). Moreover, NET chromatin is believed to
activate absent in melanoma 2 (AIM2) inflammatory bodies in
macrophages, thus promoting the production of IL-1b and IL-18
in atherosclerotic lesions in mice. The therapeutic inhibition of
the AIM2 inflammasome in mice increases damage stability, so it
may be an important therapeutic target downstream of the
release of NETs (163). In conclusion, based on the results of
studies of neutrophils in animal models, we expect more people
to pay attention to the research progress in this field. We hope
that future research can supplement the current knowledge and
fill in related gaps. We also hope that animal studies can provide
references for improving neurological function and long-term
prognosis in patients with ischemic stroke through new
treatment strategies.
Frontiers in Immunology | www.frontiersin.org 15
CONCLUSIONS

Although neutrophils have been neglected in the field of stroke
for a long time, studies in the past decade have revealed the
important regulatory function of neutrophils in the
inflammatory process after stroke. According to these studies,
these immune cells are important promoters at each stage of
atherosclerosis, and the downstream process driven by
neutrophil proteinases or neutrophils is an important new
therapeutic target for improving the prognosis of stroke
patients. However, neutrophils also have reparative effects on
poststroke inflammation. Therefore, the two-sided nature of the
effects mediated by neutrophil activity needs to be further
explored. Whether these differences in the roles of neutrophils
are the result of different functions of neutrophil subsets remains
to be further confirmed. Therefore, regardless of the cause of
these differences, we need to focus on the dual roles of
neutrophils to identify neutrophil-targeted therapeutic
strategies for poststroke inflammation.
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115. Quillard T, Araújo HA, Franck G, Shvartz E, Sukhova G, Libby P. TLR2 and
Neutrophils Potentiate Endothelial Stress, Apoptosis and Detachment:
Implications for Superficial Erosion. Eur Heart J (2015) 36:1394–404.
doi: 10.1093/eurheartj/ehv044

116. Franck G, Mawson T, Sausen G, Salinas M, Masson GS, Cole A, et al. Flow
Perturbation Mediates Neutrophil Recruitment and Potentiates Endothelial
Injury via TLR2 in Mice: Implications for Superficial Erosion. Circ Res (2017)
121:31–42. doi: 10.1161/CIRCRESAHA.117.310694

117. Papayannopoulos V. Neutrophil Extracellular Traps in Immunity and
Disease. Nat Rev Immunol (2018) 18:134–47. doi: 10.1038/nri.2017.105

118. Yang Q-W, Lu F-L, Zhou Y, Wang L, Zhong Q, Lin S, et al. HMBG1
Mediates Ischemia-Reperfusion Injury by TRIF-Adaptor Independent Toll-
Like Receptor 4 Signaling. J Cereb Blood Flow Metab (2011) 31:593–605.
doi: 10.1038/jcbfm.2010.129

119. Kim S-W, Lee H, Lee H-K, Kim I-D, Lee J-K. Neutrophil Extracellular Trap
Induced by HMGB1 Exacerbates Damages in the Ischemic Brain. Acta
Neuropathol Commun (2019) 7:94. doi: 10.1186/s40478-019-0747-x

120. Martinez NE, Zimmermann TJ, Goosmann C, Alexander T, Hedberg C,
Ziegler S, et al. Tetrahydroisoquinolines: New Inhibitors of Neutrophil
Extracellular Trap (NET) Formation. Chembiochem (2017) 18:888–93.
doi: 10.1002/cbic.201600650

121. Jorch SK, Kubes P. An Emerging Role for Neutrophil Extracellular Traps in
Noninfectious Disease. Nat Med (2017) 23:279–87. doi: 10.1038/nm.4294

122. Wang Y, Li M, Stadler S, Correll S, Li P, Wang D, et al. Histone
Hypercitrullination Mediates Chromatin Decondensation and Neutrophil
Extracellular Trap Formation. J Cell Biol (2009) 184:205–13. doi: 10.1083/
jcb.200806072

123. Urban CF, Ermert D, Schmid M, Abu-Abed U, Goosmann C, Nacken W,
et al. Neutrophil Extracellular Traps Contain Calprotectin, a Cytosolic
Protein Complex Involved in Host Defense Against Candida Albicans.
PloS Pathog (2009) 5:e1000639. doi: 10.1371/journal.ppat.1000639
July 2021 | Volume 12 | Article 692061

https://doi.org/10.2174/1570159X18666200620230321
https://doi.org/10.2174/1570159X18666200620230321
https://doi.org/10.1016/j.nbd.2009.04.006
https://doi.org/10.1111/micc.12352
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.07.005
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.07.005
https://doi.org/10.1007/978-1-61779-185-7_24
https://doi.org/10.1159/000489241
https://doi.org/10.1038/hr.2010.58
https://doi.org/10.1038/jcbfm.2013.56
https://doi.org/10.14740/gr1264
https://doi.org/10.1089/ars.2014.6054
https://doi.org/10.1189/jlb.0607421
https://doi.org/10.1186/s12974-019-1516-2
https://doi.org/10.1016/S0140-6736(18)32203-7
https://doi.org/10.1161/STROKEAHA.120.032111
https://doi.org/10.1161/STROKEAHA.120.032111
https://doi.org/10.1161/STROKEAHA.120.029909
https://doi.org/10.3390/jcm8111798
https://doi.org/10.1182/blood-2009-06-221630
https://doi.org/10.1182/blood-2009-06-221630
https://doi.org/10.1126/scitranslmed.aad5330
https://doi.org/10.1096/fj.201900627R
https://doi.org/10.1096/fj.201900627R
https://doi.org/10.1194/jlr.M047449
https://doi.org/10.1093/eurheartj/ehv044
https://doi.org/10.1161/CIRCRESAHA.117.310694
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1038/jcbfm.2010.129
https://doi.org/10.1186/s40478-019-0747-x
https://doi.org/10.1002/cbic.201600650
https://doi.org/10.1038/nm.4294
https://doi.org/10.1083/jcb.200806072
https://doi.org/10.1083/jcb.200806072
https://doi.org/10.1371/journal.ppat.1000639
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Stroke, Neuroinflammation, Ischemia, Neutrophils
124. Fuchs TA, Brill A, Duerschmied D, Schatzberg D, Monestier M, Myers DD,
et al. Extracellular DNA Traps Promote Thrombosis. Proc Natl Acad Sci
U.S.A. (2010) 107:15880–5. doi: 10.1073/pnas.1005743107

125. Folco EJ, Mawson TL, Vromman A, Bernardes-Souza B, Franck G, Persson O,
et al. Neutrophil Extracellular Traps Induce Endothelial Cell Activation and
Tissue Factor Production Through Interleukin-1a and Cathepsin G. Arterioscler
Thromb Vasc Biol (2018) 38:1901–12. doi: 10.1161/ATVBAHA.118.311150

126. Franck G, Mawson TL, Folco EJ, Molinaro R, Ruvkun V, Engelbertsen D,
et al. Roles of PAD4 and NETosis in Experimental Atherosclerosis and
Arterial Injury: Implications for Superficial Erosion. Circ Res (2018) 123:33–
42. doi: 10.1161/CIRCRESAHA.117.312494

127. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
et al. Neutrophil Extracellular Traps Kill Bacteria. Science (2004) 303:1532–5.

128. Dwivedi N, Radic M. Citrullination of Autoantigens Implicates NETosis in
the Induction of Autoimmunity. Ann Rheum Dis (2014) 73:483–91.
doi: 10.1136/annrheumdis-2013-203844

129. Ebrahimi F, Giaglis S, Hahn S, Blum CA, Baumgartner C, Kutz A, et al.
Markers of Neutrophil Extracellular Traps Predict Adverse Outcome in
Community-Acquired Pneumonia: Secondary Analysis of a Randomised
Controlled Trial. Eur Respir J (2018) 51. doi: 10.1183/13993003.01389-2017

130. Mangold A, Alias S, Scherz T, Hofbauer T, Jakowitsch J, Panzenböck A, et al.
Coronary Neutrophil Extracellular Trap Burden and Deoxyribonuclease
Activity in ST-Elevation Acute Coronary Syndrome Are Predictors of
ST-Segment Resolution and Infarct Size. Circ Res (2015) 116:1182–92.
doi: 10.1161/CIRCRESAHA.116.304944

131. Schauer C, Janko C,Munoz LE, Zhao Y, Kienhöfer D, Frey B, et al. Aggregated
Neutrophil Extracellular Traps Limit Inflammation by Degrading Cytokines
and Chemokines. Nat Med (2014) 20:511–7. doi: 10.1038/nm.3547

132. Barber GN. STING-Dependent Cytosolic DNA Sensing Pathways. Trends
Immunol (2014) 35:88–93. doi: 10.1016/j.it.2013.10.010

133. Kato K, Omura H, Ishitani R, Nureki O. Cyclic GMP-AMP as an
Endogenous Second Messenger in Innate Immune Signaling by Cytosolic
DNA. Annu Rev Biochem (2017) 86:541–66. doi: 10.1146/annurev-biochem-
061516-044813

134. Knight JS, Luo W, O'Dell AA, Yalavarthi S, Zhao W, Subramanian V, et al.
Peptidylarginine Deiminase Inhibition Reduces Vascular Damage and
Modulates Innate Immune Responses in Murine Models of Atherosclerosis.
Circ Res (2014) 114:947–56. doi: 10.1161/CIRCRESAHA.114.303312

135. Nakagomi N, Nakagomi T, Kubo S, Nakano-Doi A, Saino O, Takata M, et al.
Endothelial Cells Support Survival, Proliferation, and Neuronal
Differentiation of Transplanted Adult Ischemia-Induced Neural Stem/
Progenitor Cells After Cerebral Infarction. Stem Cells (2009) 27:2185–95.
doi: 10.1002/stem.161

136. Shen Q, Goderie SK, Jin L, Karanth N, Sun Y, Abramova N, et al. Endothelial
Cells Stimulate Self-Renewal and Expand Neurogenesis of Neural Stem Cells.
Science (2004) 304:1338–40.

137. Brea D, Sobrino T, Ramos-Cabrer P, Castillo J. [Reorganisation of the
Cerebral Vasculature Following Ischaemia]. Rev Neurol (2009) 49:645–54.

138. Hermann DM, Zechariah A. Implications of Vascular Endothelial Growth
Factor for Postischemic Neurovascular Remodeling. J Cereb Blood Flow
Metab (2009) 29:1620–43. doi: 10.1038/jcbfm.2009.100

139. Rundhaug JE. Matrix Metalloproteinases and Angiogenesis. J Cell Mol Med
(2005) 9:267–85.

140. Dumont CM, Piselli JM, Kazi N, Bowman E, Li G, Linhardt RJ, et al. Factors
Released From Endothelial Cells Exposed to Flow Impact Adhesion,
Proliferation, and Fate Choice in the Adult Neural Stem Cell Lineage.
Stem Cells Dev (2017) 26:1199–213. doi: 10.1089/scd.2016.0350

141. Greenberg DA, Jin K. From Angiogenesis to Neuropathology. Nature (2005)
438:954–9.

142. Zhao B-Q, Wang S, Kim H-Y, Storrie H, Rosen BR, Mooney DJ, et al. Role of
Matrix Metalloproteinases in Delayed Cortical Responses After Stroke. Nat
Med (2006) 12:441–5.

143. Zhu W, Khachi S, Hao Q, Shen F, Young WL, Yang G-Y, et al. Upregulation
of EMMPRIN After Permanent Focal Cerebral Ischemia. Neurochem Int
(2008) 52:1086–91. doi: 10.1016/j.neuint.2007.11.005

144. Bell RD, Winkler EA, Singh I, Sagare AP, Deane R, Wu Z, et al.
Apolipoprotein E Controls Cerebrovascular Integrity via Cyclophilin a.
Nature (2012) 485:512–6. doi: 10.1038/nature11087
Frontiers in Immunology | www.frontiersin.org 19
145. Herz J, Hagen SI, Bergmüller E, Sabellek P, Göthert JR, Buer J, et al.
Exacerbation of Ischemic Brain Injury in Hypercholesterolemic Mice Is
Associated With Pronounced Changes in Peripheral and Cerebral Immune
Responses. Neurobiol Dis (2014) 62:456–68. doi: 10.1016/j.nbd.2013.10.022

146. Qian S, You S, Sun Y, Wu Q, Wang X, Tang W, et al. Remnant Cholesterol
and Common Carotid Artery Intima-Media Thickness in Patients With
Ischemic Stroke. Circ Cardiovasc Imaging (2021) 14:e010953. doi: 10.1161/
CIRCIMAGING.120.010953

147. Herz J, Sabellek P, Lane TE, Gunzer M, Hermann DM, Doeppner TR. Role of
Neutrophils in Exacerbation of Brain Injury After Focal Cerebral Ischemia in
Hyperlipidemic Mice. Stroke (2015) 46:2916–25. doi: 10.1161/
STROKEAHA.115.010620

148. Hristov M, Zernecke A, Bidzhekov K, Liehn EA, Shagdarsuren E, Ludwig A,
et al. Importance of CXC Chemokine Receptor 2 in the Homing of Human
Peripheral Blood Endothelial Progenitor Cells to Sites of Arterial Injury. Circ
Res (2007) 100:590–7.

149. Kim M-H, Gorouhi F, Ramirez S, Granick JL, Byrne BA, Soulika AM, et al.
Catecholamine Stress Alters Neutrophil Trafficking and Impairs Wound
Healing by b2-Adrenergic Receptor-Mediated Upregulation of IL-6. J Invest
Dermatol (2014) 134:809–17. doi: 10.1038/jid.2013.415

150. Luo Y, Xia L-X, Li Z-L, Pi D-F, Tan X-P, Tu Q. Early Neutrophil-to-
Lymphocyte Ratio Is a Prognostic Marker in Acute Minor Stroke or
Transient Ischemic Attack. Acta Neurol Belg (2020). doi: 10.1007/s13760-
020-01289-3

151. Zhao L, Dai Q, Chen X, Li S, Shi R, Yu S, et al. Neutrophil-To-Lymphocyte
Ratio Predicts Length of Stay and Acute Hospital Cost in Patients With
Acute Ischemic Stroke. J Stroke Cerebrovasc Dis (2016) 25:739–44.
doi: 10.1016/j.jstrokecerebrovasdis.2015.11.012

152. Tao C, Wang J, Hu X, Ma J, Li H, You C. Clinical Value of Neutrophil to
Lymphocyte and Platelet to Lymphocyte Ratio After Aneurysmal
Subarachnoid Hemorrhage. Neurocrit Care (2017) 26:393–401.
doi: 10.1007/s12028-016-0332-0

153. Ortega-Gomez A, Salvermoser M, Rossaint J, Pick R, Brauner J, Lemnitzer P,
et al. Cathepsin G Controls Arterial But Not Venular Myeloid Cell
Recruitment. Circulation (2016) 134:1176–88.

154. Yang Y, Rosenberg GA. Matrix Metalloproteinases as Therapeutic Targets
for Stroke. Brain Res (2015) 1623:30–8. doi: 10.1016/j.brainres.2015.04.024

155. Drechsler M, de Jong R, Rossaint J, Viola JR, Leoni G, Wang JM, et al.
Annexin A1 Counteracts Chemokine-Induced Arterial Myeloid Cell
Recruitment. Circ Res (2015) 116:827–35. doi: 10.1161/CIRCRESAHA.
116.305825

156. Zhang Y, Jian W, He L, Wu J. Externalized Histone H4: A Novel Target That
Orchestrates Chronic Inflammation by Inducing Lytic Cell Death. Acta
Biochim Biophys Sin (Shanghai) (2020) 52:336–8. doi: 10.1093/abbs/gmz165

157. Vajen T, Koenen RR, Werner I, Staudt M, Projahn D, Curaj A, et al. Blocking
CCL5-CXCL4 Heteromerization Preserves Heart Function After Myocardial
Infarction by Attenuating Leukocyte Recruitment and NETosis. Sci Rep
(2018) 8:10647. doi: 10.1038/s41598-018-29026-0

158. Certo M, Endo Y, Ohta K, Sakurada S, Bagetta G, Amantea D. Activation of
RXR/Pparg Underlies Neuroprotection by Bexarotene in Ischemic Stroke.
Pharmacol Res (2015) 102:298–307. doi: 10.1016/j.phrs.2015.10.009

159. Ludewig P, Sedlacik J, Gelderblom M, Bernreuther C, Korkusuz Y, Wagener
C, et al. Carcinoembryonic Antigen-Related Cell Adhesion Molecule 1
Inhibits MMP-9-Mediated Blood-Brain-Barrier Breakdown in a Mouse
Model for Ischemic Stroke. Circ Res (2013) 113:1013–22. doi: 10.1161/
CIRCRESAHA.113.301207

160. Han Z, Li L, Wang L, Degos V, Maze M, Su H. Alpha-7 Nicotinic
Acetylcholine Receptor Agonist Treatment Reduces Neuroinflammation,
Oxidative Stress, and Brain Injury in Mice With Ischemic Stroke and Bone
Fracture. J Neurochem (2014) 131:498–508. doi: 10.1111/jnc.12817

161. Neumann S, Shields NJ, Balle T, Chebib M, Clarkson AN. Innate Immunity
and Inflammation Post-Stroke: An a7-Nicotinic Agonist Perspective. Int J
Mol Sci (2015) 16:29029–46. doi: 10.3390/ijms161226141

162. Sreeramkumar V, Adrover JM, Ballesteros I, Cuartero MI, Rossaint J, Bilbao I,
et al. Neutrophils Scan for Activated Platelets to Initiate Inflammation. Science
(2014) 346:1234–8. doi: 10.1126/science.1256478

163. Paulin N, Viola JR, Maas SL, de Jong R, Fernandes-Alnemri T, Weber C,
et al. Double-Strand DNA Sensing Aim2 Inflammasome Regulates
July 2021 | Volume 12 | Article 692061

https://doi.org/10.1073/pnas.1005743107
https://doi.org/10.1161/ATVBAHA.118.311150
https://doi.org/10.1161/CIRCRESAHA.117.312494
https://doi.org/10.1136/annrheumdis-2013-203844
https://doi.org/10.1183/13993003.01389-2017
https://doi.org/10.1161/CIRCRESAHA.116.304944
https://doi.org/10.1038/nm.3547
https://doi.org/10.1016/j.it.2013.10.010
https://doi.org/10.1146/annurev-biochem-061516-044813
https://doi.org/10.1146/annurev-biochem-061516-044813
https://doi.org/10.1161/CIRCRESAHA.114.303312
https://doi.org/10.1002/stem.161
https://doi.org/10.1038/jcbfm.2009.100
https://doi.org/10.1089/scd.2016.0350
https://doi.org/10.1016/j.neuint.2007.11.005
https://doi.org/10.1038/nature11087
https://doi.org/10.1016/j.nbd.2013.10.022
https://doi.org/10.1161/CIRCIMAGING.120.010953
https://doi.org/10.1161/CIRCIMAGING.120.010953
https://doi.org/10.1161/STROKEAHA.115.010620
https://doi.org/10.1161/STROKEAHA.115.010620
https://doi.org/10.1038/jid.2013.415
https://doi.org/10.1007/s13760-020-01289-3
https://doi.org/10.1007/s13760-020-01289-3
https://doi.org/10.1016/j.jstrokecerebrovasdis.2015.11.012
https://doi.org/10.1007/s12028-016-0332-0
https://doi.org/10.1016/j.brainres.2015.04.024
https://doi.org/10.1161/CIRCRESAHA.116.305825
https://doi.org/10.1161/CIRCRESAHA.116.305825
https://doi.org/10.1093/abbs/gmz165
https://doi.org/10.1038/s41598-018-29026-0
https://doi.org/10.1016/j.phrs.2015.10.009
https://doi.org/10.1161/CIRCRESAHA.113.301207
https://doi.org/10.1161/CIRCRESAHA.113.301207
https://doi.org/10.1111/jnc.12817
https://doi.org/10.3390/ijms161226141
https://doi.org/10.1126/science.1256478
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Stroke, Neuroinflammation, Ischemia, Neutrophils
Atherosclerotic Plaque Vulnerability. Circulation (2018) 138:321–3.
doi: 10.1161/CIRCULATIONAHA.117.033098
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.
Frontiers in Immunology | www.frontiersin.org 20
Copyright © 2021 Chen, Zhang, Gu, Zhu, Zhong, Ye, Xiong and Jian. 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.
July 2021 | Volume 12 | Article 692061

https://doi.org/10.1161/CIRCULATIONAHA.117.033098
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Stroke, Neuroinflammation, Ischemia, Neutrophils
GLOSSARY

ROS Reactive oxygen species
DAMPs Damage-associated molecular patterns
CD Cluster of differentiation
TCR T cell receptor
Th cells T helper cells
STAT Signal transducer and activator of transcription
IFN Interferon
IL Interleukin
Treg cells Regulatory T cells
NKT cells Natural killer T cells
IRF Interferon-regulatory factor
TGF-b Transforming growth factor-&beta;
GM-CSF Granulocyte-macrophage colony-stimulating factor
TNF Tumor necrosis factor
AHR Aryl hydrocarbon receptor
CCR C-C chemokine receptor
APCs Antigen-presenting cells
RA Rheumatoid arthritis
NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
Tfh Follicular helper T cells
CXCR C-X-C chemokine receptor
CXCL Chemokine (C-X-C motif) ligand
GCs Germinal centers
LPS Lipopolysaccharide
tMCAO Transient middle cerebral artery occlusion
pMCAO Permanent middle cerebral artery occlusion
CNS Central nervous system
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BBB Blood-brain barrier
CCL Chemokine (C-C motif) ligand
G-CSF Granulocyte colony-stimulating factor
TLRs Toll-like receptors
HMGB1 High-mobility group box 1
MAPCs Multipotent adult progenitor cells
PLR Platelet lymphocyte ratio
NLR Neutrophil-to-lymphocyte ratio
VEGF Vascular endothelial growth factor
FPR2 N-&ZeroWidthSpace;formyl peptide receptor 2
AIM2 Absent in melanoma 2
PAD4 Protein arginine deiminase 4
MPO Myeloperoxidase
NETs Neutrophil extracellular traps
ECM Extracellular matrix
ICAM-1 Intercellular cell adhesion molecule-1
fMLF N-formyl-methionyl-leucyl-phenylalanine
PAF Platelet activating factor
PAMPs Pathogen-associated molecular patterns
PRR Pattern recognition receptors
NADPH Reduced nicotinamide adenine dinucleotide phosphate
MMP-9 Matrix metalloproteinase-9
VLA-4 Very late antigen-4
ONC Optic nerve crush
DRG Dorsal root ganglion
NE Neutrophil elastase
MIP-2 Macrophage inflammatory protein 2
CRAMP DNA-cathelicidin-&ZeroWidthSpace;related antimicrobial

peptide
NLRs Nucleotide-binding oligomerization domain like receptors
NLRP3 NLR family pyrin domain containing 3
SDF-1 Stromal-derived factor 1
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