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Abstract: As the first peripheral immune cells to enter the brain after ischemic stroke, neutrophils
are important participants in stroke-related neuroinflammation. Neutrophils are quickly mobilized
from the periphery in response to a stroke episode and cross the blood-brain barrier to reach the is-
chemic brain parenchyma. This process involves the mobilization and activation of neutrophils from
peripheral immune organs (including the bone marrow and spleen), their chemotaxis in the periph-
eral blood, and their infiltration into the brain parenchyma (including disruption of the blood-brain
barrier, inflammatory effects on brain tissue, and interactions with other immune cell types). In the
ARTICLE HISTORY past, it was believed that neutrophils aggravated brain injuries through the massive release of prote-
ases, reactive oxygen species, pro-inflammatory factors, and extracellular structures known as neu-
trophil extracellular traps (NETs). With the failure of early clinical trials targeting neutrophils and
Received: March 29, 2022 uncovering their underlying heterogeneity, our view of their role in ischemic stroke has become
iigfcﬁidl\/ﬁ;?;ggz more complex and multifaceted. As neutrophils can be divided into N1 and N2 phenotypes in tu-

mors, neutrophils have also been found to have similar phenotypes after ischemic stroke, and play

DOl different roles in the development and prognosis of ischemic stroke. N1 neutrophils are dominant
10.2174/1570159X20666220706115957 during the acute phase of stroke (within three days) and are responsible for the damage to neural
structures via the aforementioned mechanisms. However, the proportion of N2 neutrophils gradually

@ CrossMark increases in later phases, and this has a beneficial effect through the release of anti-inflammatory

factors and other neuroprotective mediators. Moreover, the N1 and N2 phenotypes are highly plastic
and can be transformed into each other under certain conditions. The pronounced differences in their
function and their high degree of plasticity make these neutrophil subpopulations promising targets
for the treatment of ischemic stroke.
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1. INTRODUCTION studies have shown that the inflammatory response mediated
by immune cells is one of the most important mechanisms
responsible for injuries to the neural tissue following ische-
mia/reperfusion [3]. Neutrophils, one of the main immune
cell types responsible for neuroinflammation after ischemic
stroke, were thought to be the perpetrators of brain injuries
following ischemia via disruption of the blood-brain barrier,
edema, and oxidative stress [4]. However, clinical trials for
the treatment of cerebral infarction by suppression of neutro-
phil infiltration into ischemic lesions have not been success-
ful [5, 6]. One reason for this failure may be due to the het-
erogeneity of neutrophils: Those that cause damage ("harm-
ful neutrophils") may be only a subgroup within the total
population. Neutrophil heterogeneity has been confirmed in
many diseases [7], but currently there is no unified standard
for their classification. In recent years, the application of
single-cell sequencing technology has allowed researchers to

Ischemic stroke is a worldwide public health problem
due to its high morbidity and frequency resulting in perma-
nent disability [1]. Rescuing the ischemic penumbra, the area
around the infarct core that is potentially salvageable if
reperfused is the main objective of treatment during acute
ischemic stroke. Currently, the most effective solutions are
intravenous thrombolysis (IVT) using recombinant tissue
plasminogen activator (rt-PA) and/or rapid recanalization by
mechanical thrombectomy (MT) [2]. In addition to restoring
blood supply during the initial time window, it is also neces-
sary to tackle a series of pathophysiological mechanisms
triggered by the acute ischemic episode. More and more
studies have shown that the inflammatory response mediated
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have found that neutrophils play a dual role in ischemic
stroke, participating both in the injury to the tissue and also
in the protection mechanism against such injuries. This func-
tional duality is based on two distinct functional phenotypes
of neutrophils, N1 and N2. Neutrophils polarize into either
the N1 or the N2 phenotype after ischemic stroke [10, 11].
The N1 phenotype promotes inflammation and aggravates
brain injuries, while the N2 phenotype inhibits inflammation
and promotes nerve repair. Therefore, promoting the polari-
zation of neutrophils into the N2 phenotype is expected to
become a new therapeutic strategy. Unfortunately, the tem-
poral details and specific factors mediating the polarization
into either of these two phenotypes after an ischemic attack
are not yet known. In this article, we summarize the criteria
used in the classification of neutrophil heterogeneity, then
expound on the infiltration of neutrophils from the periphery
to the brain after cerebral ischemia, as well as highlight the
different roles of N1 and N2 neutrophils in ischemic lesions.
Finally, we discuss the possible polarization mechanisms and
locations during the entire inflammation process.

2. NEUTROPHILS: ORIGINS, FUNCTION, HETER-
OGENEITY, TRANSCRIPTOMIC ANALYSIS AND
FUNCTIONAL DIFFERENCES

2.1. Origins of Neutrophils

Bone marrow is the main source of neutrophils. About
107 neutrophils in mice and 10" in humans are produced per
day [12]. Neutrophils originate from myeloid progenitors
(myeloblasts) and differentiate into mature neutrophils
through five stages: promyelocytic cells (PMs), bone marrow
cells (MCs), mesenchymal cells (MMs), band neutrophils,
and segmented neutrophils (BC/SCs), under the common
regulation of transcription factors such as C/EBP a, B and &,
as well as PU.1 and Gfi-1 [13]. During this differentiation
process, neutrophils gradually produce three kinds of gran-
ules and develop the ability to follow chemotactic cues and
generate reactive oxygen species (ROS) in a phenomenon
known as “respiratory burst” [14]. Neutrophils constantly
undergo generation and maturation in the bone marrow, in a
process mainly regulated by granulocyte colony-stimulating
factor (G-CSF). G-CSF promotes the differentiation of mye-
loblasts into the myeloid lineage, the proliferation of neutro-
phil precursor cells, and the release of mature neutrophils
from the bone marrow [15]. The retention and release of
neutrophils in the bone marrow depend on the balance be-
tween the levels of chemokine receptors CXCR4 and
CXCR2. Both CXCR4 and CXCR2 are expressed on the
surface of mature neutrophils. CXCR4 is essential for
neutrophil retention in the bone marrow [16]. Its ligand is
CXCL12 (former stromal-derived factor 1 [SDF1]), which is
expressed by the bone marrow stromal cells [16]. While
CXCR2 promotes neutrophil influx to the blood by binding
to its ligands CXCL1 and CXCL2, which are expressed by
bone marrow endothelial cells [17]. G-CSF down-regulates
the expression of SDF-1 and up-regulates the expression of
CXCL-1 and CXCL2 in endothelial cells of the bone mar-
row, tilting the balance towards CXCR2 expression and thus
promoting the release of neutrophils [17, 18]. Neutrophils
can also be found in extramedullary tissues such as the
spleen, lung, and liver. One possible explanation is that these
organs function as reservoirs for mature neutrophils, which
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can then be quickly mobilized to the appropriate site in re-
sponse to inflammation and infection [19].

2.2. Physiological and Pathological Functions of Neutro-
phils

As one of the main cell types of the innate immune sys-
tem, neutrophils are involved in various immune and in-
flammatory processes. Accumulating evidence implicates
neutrophils in the pathogenesis of a wide range of human
diseases, including infectious diseases, sterile inflammation
(trauma, ischemic stroke, chronic obstructive pulmonary
disease (COPD), cardiovascular and autoimmune syn-
dromes), and cancer [20]. The role of neutrophils varies ac-
cording to the type of disease. Traditionally, neutrophils
have been considered as the first line of defense against mi-
crobial invasion. When microorganisms (especially bacteria
and fungi) invade the organism, neutrophils respond quickly
by protecting the body through killing mechanisms (such as
phagocytosis or respiratory burst) aimed at eliminating them
[19]. The defective neutrophil function can lead to aggrava-
tion of the infection. In addition, the involvement of neutro-
phils in sterile inflammation is far beyond what was known
in the past. In cases of acute sterile inflammation, such as
ischemic stroke or myocardial infarction, peripheral hyperac-
tivated neutrophils elicit an excessive inflammatory response
and aggravate tissue damage via the release of proteases,
ROS, and NETs [21]. However, in the later stages of in-
flammation, neutrophils create a favorable environment for
tissue repair and remodeling through phagocytosis. The tran-
sition to an anti-inflammatory phenotype is regulated by an-
ti-inflammatory mediators such as IL-10, inflammation-
resolving factors such as lipoxins, and the release of matrix
metalloproteinases (MMPs) and vascular endothelial growth
factor (VEGF), which promotes angiogenesis [22, 23]. In
addition, persistently activated and infiltrated neutrophils are
also involved in the pathogenesis of some chronic inflamma-
tions. For instance, the main pathological change of COPD is
chronic bronchitis caused by the activation and recruitment
of local neutrophils in response to external stimuli [24]. Neu-
trophils have also been shown to be involved in atherosclero-
sis and plaque rupture, with high numbers found in human
atherosclerotic plaques. Histone H4, a major component of
neutrophil-derived NETs, disintegrates smooth muscle cells
and leads to plaque rupture [25]. Neutrophil-derived NETs
also play a key role in autoimmune diseases. For example,
NETs act as autoantigens that activate autoantibody produc-
tion in systemic lupus erythematosus and in rheumatoid ar-
thritis [26, 27]. Neutrophils also play a critical and complex
role in tumor biology. Tumor-associated neutrophils (TANs)
can exert both anti-tumor and pro-tumor effects in response
to the tumor microenvironment. In the early stages of tumor
development, neutrophils usually exhibit antitumor proper-
ties by releasing ROS and reactive nitrogen species (RNS),
mediating antibody-dependent cellular cytotoxicity (ADCC),
and recruiting other immune cell types such as T and natural
killer (NK) cells. However, as cancer progresses, neutrophils
gradually shift from an anti-tumor to a pro-tumor phenotype
and promote tumor development and metastasis by inducing
angiogenesis (through MMPs and VEGF) and by inhibiting
the anti-tumor effect of T cells [28]. Neutrophils are also
involved in the regulation of adaptive immunity: They regu-
late the proliferation, activation, chemotaxis and even polari-
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zation of T and B cells (see section 7 for a more detailed
description of the interaction between neutrophils and lym-
phocytes in ischemic stroke), and they can also act as anti-
gen-presenting cells (APCs) to promote cellular immunity
[29].

2.3. Neutrophil Heterogeneity and Lifespan

Neutrophils are the most abundant white blood cells in
circulation. In humans, neutrophils account for 50-70% of all
circulating white blood cells, and 10-25% in mice [30]. Alt-
hough it is generally accepted that circulating neutrophils are
short-lived cells with a half-life of seven to nine hours [31],
current research suggests that the lifespan of neutrophils is
extended. A study calculated that the lifespan of circulating
neutrophils in humans is five days, whereas in mice, it is 18
hours [32]. Another study showed that the average life span
of human neutrophils is approximately 5.4 days [33]. Neu-
trophils released from the bone marrow to the periphery un-
dergo phenotypic changes. The newly-released neutrophils
are characterized by high levels of L-selectin (CD62L) ex-
pression. Later, CD62L expression on the surface of neutro-
phils gradually decreases and CXCR4 expression gradually
increases over time [34]. This process is known as neutrophil
aging, it is accompanied by changes in transcriptional prop-
erties and promotes the transition of neutrophils to a pro-
inflammatory phenotype. The process of neutrophil aging in
healthy humans and mice follows circadian rhythms and is
regulated by the microbiota [35]. The upregulation in
CXCR4 expression levels attracts aging neutrophils back to
the bone marrow to be cleared by macrophages [36]. Mean-
while, neutrophils that died while still at the vasculature are
phagocytosed and cleared by Kupffer cells in the liver [37].
The IL-23/IL-17/G-CSF axis is involved in the regulation of
the process described above. Macrophages that engulf neu-
trophils downregulate the expression of IL-23, thereby re-
ducing the production of IL-17A by T cells, decreasingthe
production of G-CSF and inhibits neutrophil maturation [38].
There is yet another form of neutrophil death in which neu-
trophils decompose and externalize nuclear contents as neu-
trophil extracellular traps (NETs). NETs contain complex
components that lead to a range of inflammatory responses
and contribute to the pathogenesis of multiple autoimmune
diseases [39].

Due to a poor understanding of neutrophil lifespan and
transcriptional activity,neutrophils have always been regard-
ed as a homogeneous population in the past [40]. However, a
large number of studies in recent years support the heteroge-
neity of neutrophils [33]. As mentioned, neutrophils are not
the short-lived cells that have been identified in the past.
Furthermore, under certain stimuli, including inflammation,
tissue hypoxia, and exposure to cytokines and bacterial
products, the lifespan of neutrophils can be abnormally pro-
longed [41-43]. This extended lifespan sets the foundation
for phenotypic and functional changes in neutrophils [40].
Meanwhile, studies targeting the genome of neutrophils have
shown extensive dynamic changes in transcription and epi-
genetic modifications through their entire developmental
cycle [44]. The extent of transcriptional plasticity is particu-
larly evident when neutrophils are exposed to inflammatory
conditions [45].
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2.3.1. Morphological Characteristics and Maturation Stag-
es

Neutrophil heterogeneity has been demonstrated under
both physiological and pathological conditions [46]. The
original model for neutrophil development and maturation
was initially established based on their morphological char-
acteristics, starting from granulocyte-monocyte progenitor
cells (GMPs) and progressing through a continuum of matu-
ration stages that ranged from myeloblasts (MBs), promye-
locytic cells (PMs), bone marrow cells (MCs), and mesen-
chymal cells (MMs) to band cells and segmented neutrophils
(BC/SCs) [7]. Subsequently, it was discovered that circulat-
ing neutrophils from healthy humans and mice could be di-
vided into three groups according to their relative positions
in a density gradient after centrifugation: high-density
(HDDs), normal density (NDNs), and low-density (LDNs)
neutrophils. Moreover, these three subgroups were shown to
have different functions in disease states such as tumors and
autoimmune diseases [47]. However, these functional differ-
ences are not specific. For example, LDNs may exhibit pro-
inflammatory and anti-inflammatory properties in different
inflammatory diseases [48]. Therefore, the clustering of neu-
trophils based on density may not be ideal.

Several subpopulations of neutrophils with specific sur-
face markers were found in the peripheral blood of healthy
donors. For instance, a subpopulation of aging neutrophils
that follows circadian rhythms and is characterized by high
expression of CXCR4 and CD11b and low levels of CD62L
has been shown to have increased anti-inflammatory activity
in ischemic stroke and other inflammatory diseases. Another
group of CD49d" neutrophils with high expression of
VEGFR1 and CXCR4 demonstrated pro-angiogenic proper-
ties [49]. However, this classification method has a fatal
weakness: it is unknown whether there is a overlap between
the various subgroups and whether the entire neutrophil pop-
ulation is represented. A study focused on the cell cycle
analysisusing mass cytometry described for the first time a
proliferative neutrophil precursor population: pre-neutrophils
(pre-Neu), which differentiate into non-proliferating imma-
ture and mature neutrophils [50]. Transcription analysis also
indicated that the pattern of gene expression changes
throughout the entire process, leading to differential respons-
es to tumors and inflammation: pre-neutrophils are not mobi-
lized to the peripheral circulation, whereas both immature
and mature neutrophils are actively deployed to the injury
site [S1]. Although this has provided a new framework for
the early development of neutrophils in healthy and diseased
states, the functional differences between immature and ma-
ture neutrophils in different diseases are still poorly under-
stood.

2.3.2. Transcriptome Sequencing Analysis

In recent years, the maturity of single-cell sequencing
technology has allowed for the analysis of the whole tran-
scriptome from a single neutrophil, which can be compared
across species without bias [52]. This technology is currently
considered to be the best way to explore the essence of neu-
trophil heterogeneity. Some recent single-cell sequencing
studies have further characterized the subdivisions of neutro-
phils in healthy individuals and the context of cancer and
inflammatory diseases. Under physiological conditions,
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based on different transcriptional characteristics, neutrophils
are considered to form a single continuum across tissues
named neutrotime, which converges with chronological or-
der. Neutrophils in the bone marrow represent the immature
end of the continuum, while those in the spleen and periph-
eral blood represent the mature end [53]. Transcription-based
unbiased and unsupervised clustering divides neutrophils
into eight clusters: GO-4, mainly derived from the bone mar-
row, and G5a-c, located in the peripheral blood. The GO, G1,
G2, G3 and G4 clusters correspond to BM GMP, neutrophil
progenitors (pro-Neu), pre-Neu, immature and mature neu-
trophils, respectively. The G5a, G5b, and G5c clusters from
the peripheral blood represent the most mature neutrophils,
with transcriptomes that are significantly different from the
rest of the clusters and remain unchanged during infection
[54]. A different study described a classification system for
neutrophils derived from humans and mice affected by can-
cer: Human neutrophils were resolved into five subsets (hu-
man N1-5 or hN1-5), while murine neutrophils were re-
solved into six subsets (mouse N1-6 or mN1-6) via cluster
analysis [55]. N5 and mNS5 are both tumor-specific and pro-
mote tumor growth. Unfortunately, single-cell analysis of
neutrophils has not yet been reported in ischemic stroke.

2.3.3. Functional Differences

At present, the most extensively adopted system for neu-
trophil classification after ischemic stroke is based on the
"N1" and "N2" phenotypes, defined by function. The concept
of N1 and N2 neutrophils, similarly to M1/M2 macrophages,
was first proposed in the field of cancer research [56]. The
presence of transforming growth factor beta (TGF-f) in the
tumor microenvironment induces the differentiation of TANs
with the N2 pro-tumorigenic phenotype characterized by
high expression of CCL2, CCLS, and arginase, whereas
blockage of the TGF-P signal induces TANs to differentiate
instead into the N1 anti-tumorigenic phenotype, with high
expression of tumor necrosis factor alpha (TNF-a), intercel-
lular Adhesion Molecule 1 (ICAM-1) and ROS. The concept
of N1 and N2 neutrophils was later extended to the pro- and
anti-inflammatory phenotypes in other diseases such as myo-
cardial infarction, infection, and ischemic stroke [57-59].
Some experimental stroke models have validated the exist-
ence of N1 and N2 phenotypes and their almost opposite
effects. Conditioned medium from ischemic neurons has
been shown to induce the polarization of neutrophils into the
N1 phenotype, which enhances the neuronal damage caused
by oxygen and glucose deprivation (OGD) [59]. A mouse
model for permanent stroke proved that peroxisome prolifer-
ator-activated receptor-y (PPAR-y) could increase the num-
ber of N2 neutrophils in ischemic brain tissue [10]. Interest-
ingly, this mouse model was also the first to reveal that the
increase in phagocytic ability and clearance rate exhibited by
N2 neutrophils plays a role in neuroprotection and amelio-
rates inflammation. It is noticeable that, due to the lack of
specific surface markers, the research on N1/N2 polarization
of neutrophils was performed using the same cell surface
markers used to distinguish between M1 and M2 macro-
phages, and microglia. Despite the lack of clear phenotypic
markers, the evident functional difference between the N1
and N2 phenotypes determines its value for clinical research
in ischemic stroke: Both inhibiting the polarization of neu-
trophils to the N1 phenotype and promoting their polariza-
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tion to the N2 phenotype have resulted in outcome improve-
ments in animal models of stroke. This has therefore laid the
foundation for a clinical treatment of ischemic stroke based
on cell polarization.

3. DYNAMICS OF PERIPHERAL NEUTROPHILS
AFTER ISCHEMIC STROKE: MOBILIZATION,
PRESENCE IN BLOOD, CHEMOTAXIS

3.1. Neutrophil Mobilization

3.1.1. Mobilization of Neutrophils from the Peripheral
Bone Marrow and Spleen and its Mechanisms

There is a large number of activated neutrophils in the
peripheral circulation 24 hours after cerebral ischemia [60],
and this is mainly due to mobilization from the bone marrow
and the spleen in response to central nervous humoral-
immune signals after cerebral infarction. After transient
middle cerebral artery occlusion (tMCAO), the number of
neutrophils in the mouse bone marrow increased between 10
minutes and four hours, which was accompanied by rapid
activation, and then decreased again within 12 hours [61].
The number of neutrophils in the spleen reached a peak 12-
24 hours after reperfusion and returned to baseline levels on
days 2-7 [62, 63] (Table 1).

3.1.1.1. Mechanism: Sympathetic Nervous System and Hy-
pothalamic-Pituitary-Adrenal Axis

The main neural signaling pathways involved in ischemic
stroke are the sympathetic nervous system (SNS) and
hypothalamic-pituitary-adrenal (HPA) axis. Pro-inflam-
matory factors such as Interleukin 1 beta (IL-1B), TNF-a,
and interleukin 6 (IL-6) released by ischemic brain tissue or
peripheral immune cells directly induce the activation of the
SNS and HPA axis [64]. The SNS and the HPA axis are ac-
tivated and release norepinephrine (NE) and cortisol as main
effectors, respectively [65, 66]. The two jointly mediate
complex peripheral immune activities, including immediate
immune activation and subsequent immune suppression,
which is specifically manifested in the early neutrophil ex-
pansion in the bone marrow and spleen and subsequent
spleen atrophy (Fig. 1). Increased levels of NE in the bone
marrow drive the proliferation of myeloid cells through B3
adrenergic receptors acting on stromal niche cells, resulting
in a significant increase in the number of neutrophils and in
their activation (mediated by a rapid change in the phosphor-
ylation status of NF-«xB, p65 and p38 mitogen-activated pro-
tein kinases [MAPK]) [67]. The spleen also releases mono-
cytes and neutrophils to the periphery in response to the dual
signal from the SNS and the HPA axis [68, 69]. The spleen
volume gradually shrinks and lymphocytes decrease between
24 and 72 hours after permanent middle cerebral artery oc-
clusion (pMCAO), due to the activation of al adrenergic
receptor (a1-AR) in the splenic smooth muscle sac by cate-
cholamines and glucocorticoids that continue to increase for
several days in the peripheral blood [65].

3.1.1.2 Mechanism: Immune Signals from the Ischemic
Brain

The bone marrow and spleen also respond to strong im-
mune signals released by the ischemic brain (Fig. 1). Vascu-
lar occlusion triggers neuronal ischemic damage, which
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Table 1. Temporal and spatial changes of the total neutrophil count and N1/N2 phenotype proportion after ischemic stroke.
Bone Marrow /Spleen
- Blood Brain References
Bone Marrow Spleen
0d-3d:1
[10, 11],
3d-7d: )
10 min-4 h: 6 h-12 h: 1 15 min-1d: 1 [61, 62],
NLR:
Total 4h-1d: | 12 h-24 h: peak he12 b f 1 d-3 d: Peak [63, 67],
. 6 h-12 h:
neutrophils 1d-7d: ¢ 2 d-7 d: base line 4d-7d: | [86, 125],
12 h-1 d: peak
[126]
1d-5d: |
N1 1d:N1} 3d:N1 | 1d:N11 3d:N11¢ 1d-2d: N1 ¢ [10, 191, 286]
N2 1d:N2 | 3d:N2} 1d:N21 3d:N21¢ 1d-2d: N21 [10, 191, 286]
pMCAO:
1d-2 d: NI/N2=~3
pMCAO:
tMCAO: [10, 11],
1d: N1/N2=1
NI/N2 1 d: N1I/N2<1 0 d-7 d: N1/N2 stable 1 d: NI/N2~1 [62, 140],
tMCAO:
1d-3d: NI/N2 ¢ [191]
0 d-7 d: N1/N2 stable
3d: NI/N2=3
3d-7d: NI/N2 |

Note: Changes in the amount of total neutrophils, N1 and N2, as well as the proportion of N1 and N2 in the bone marrow, spleen, peripheral blood and ischemic brain within 7 days

after ischemic stroke; N1, N1 neutrophils; N2, N2 neutrophils.

releases ROS, chemokines (such as CXCL-1, CXCL-3, and
CCL2), and damage-associated molecular patterns (DAMPs)
including high mobility group protein 1 (HMGBI1), heat
shock protein 72 (HSP72), S100A9, and adenosine 5’ tri-
phosphate (ATP) [70-73]. Soon afterward, the resident cells
of the brain (microglia, astrocytes, and endothelial cells) are
activated. This is followed by the release of a series of in-
flammatory signals, including proinflammatory cytokines
(such as IL-1, TNF-o and granulocyte colony-stimulating
factor [G-CSF]) and chemokines (such as IL-8 [KC in mice],
CCL-2, leukotriene B4 [LTB4] and complement factor C5a)
[74-77]. In addition to the activation of resident cells, the
permeability of the blood-brain barrier (BBB) also increases
significantly. The inflammatory signals previously men-
tioned cross the BBB barrier into the peripheral blood and
induce an immune response in the bone marrow and spleen.
DAMPs activate neutrophils directly by binding to the pat-
tern recognition receptors (PRRs) on their surface, such as
Toll-like receptors (TLRs) and NOD-like receptors (NLRs).
G-CSF promotes the release of CXCR2-positive neutrophils
from the bone marrow by inhibiting the expression of
CXCR4 on their surface and increasing instead the expres-
sion of CXCL1 and CXCL2 in bone marrow endothelial
cells [78]. Leukotriene B4 and C5a also play a key role in
bone marrow mobilization [77]. In addition, the expression
of receptors for the chemokines CCL-2, CCL-3, and CXCL-
1 is significantly increased in the spleen [79]. At the same
time, pro-inflammatory mediators such as TNF-a, interferon
v (IFN-y), and IL-6 are upregulated in the spleen, inducing
the activation and release of neutrophils from this organ [80].
Triggering receptor expressed on myeloid cells 1 (TREM1),
which is highly expressed by spleen neutrophils, also induces
their release [81]. The proteins, lipids, and other immuno-

genic substances released by the ischemic brain are its en-
dogenous ligands.

3.1.2. Mobilization of Neutrophils from Skull Bone Mar-
row

Traditionally, it was believed that peripheral immune
cells should not exist in the central nervous system under
physiological conditions due to the existence of the BBB, but
recent studies have refuted this view. A study in mice
demonstrated that under homeostatic conditions, there is a
substantial pool of neutrophils and monocytes present at the
border of the CNS (in particular, at the perivascular spaces
and meninges), which are being continuously replenished
from bone marrow niches in the adjacent skull or vertebrae
[82]. Furthermore, thanks to the vascular connection between
the bone marrow and the meninges, neutrophils located at
the border of the CNS can be rapidly mobilized to the lesion
area in response to CNS injury or inflammation [83]. To
explore the contribution of different neutrophil subpopula-
tions to neuroinflammation after ischemic stroke, Herisson
and colleagues used different fluorescent membrane dyes to
label bone marrow cells in the mouse skull and tibia and
found that neutrophils derived from skull bone marrow en-
tered the ischemic brain preferentially [84]. This recruitment
bias may be due to the anatomical proximity between the
skull bone marrow and the brain and to the direct vascular
connection between the skull bone marrow and the menin-
ges, which could provide a shortcut for neutrophil migration.
In addition, it is unclear whether there are differences in
terms of inflammatory stimulation, chemotactic signals, and
chemotactic capacity between neutrophils from the peripher-
al blood and those originating in the skull bone marrow, but
they may represent different neutrophil subpopulations and
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therefore have distinct roles. Taken together, the studies de-
scribed above suggest a novel pathway for neutrophil infil-
tration into the CNS and provide new ideas for therapeutic
strategies targeted at neutrophils. Thus, it is necessary to
further explore the differences between neutrophils derived
from the skull and from blood.

3.2. Neutrophils in the Peripheral Blood after Ischemic
Stroke

Thanks to the rapid mobilization from peripheral immune
organs, the neutrophil count in the peripheral blood increases
exponentially and reaches a peak 24 hours after ischemic
stroke [85]. This high neutrophil count in the peripheral
blood during the early stages of cerebral ischemia is associ-
ated with a larger infarct volume, worse clinical symptoms,
and a poorer prognosis [60, 86].

As a marker of systemic inflammation, the neutrophil-to-
lymphocyte ratio (NLR) is believed to be a better predictor
for the series of events that take place after ischemic stroke.
These include clinical outcomes, risk of death, and prognosis
of the patients with or without endovascular treatment. A
higher NLR (above 3.5) in patients with acute ischemic
stroke at admission has been associated with a worse prog-
nosis at three months [87]. It also has strong predictive value
for special types of ischemic stroke. A high NLR within 48
hours of symptom onset in patients with acute supratentorial
cerebral infarction is indicative of a poorer outcome and a
higher risk of death after three months [88]. In addition, a
higher NLR predicted stroke-associated pneumonia and de-
lirilum events in patients with cerebral infarction during hos-
pitalization [89, 90]. Higher NLRs at admission in patients
undergoing endovascular thrombectomy (EVT) were associ-
ated with cerebral hemorrhage, worse functional outcomes
and a higher risk of death after three months [91], whereas
another study demonstrated that the NLR measured between
three and seven days after an EVT episode is an even better
predictor for these parameters [92].

In addition to the surge in numbers, neutrophils in the pe-
ripheral blood are highly activated within a few hours after
ischemic stroke. Adhesion molecules such as B2-integrin
(CD11b/CD18), P-selectin glycoprotein ligand-1 (PSGL-1),
and macrophage-1 antigen (Mac-1) are highly expressed in
activated neutrophils, while expression of CD62L is low [4].
Cellular products derived from neutrophils such as elastase,
lactoferrin and ROS are also significantly increased [93].
The activated state prepares neutrophils to infiltrate the is-
chemic brain and mediate inflammation.

3.3. Neutrophil Chemotaxis
3.3.1. Adhesion Cascade

The infiltration of neutrophils into the lesion relies on
their ability to migrate along blood vessels and eventually
through the vessel wall. This involves a complex interaction
between neutrophils and vascular endothelial cells known as
the adhesion cascade (Fig. 1) [94]. The entire process in-
cludes capture, rolling adhesion, and crawling along the ves-
sel wall. The activated vascular endothelium upregulates the
expression of luminal surface adhesion molecules (E-, L- and
P-selectin, ICAM-1, ICAM-2 and vascular cell adhesion
protein 1 [VCAM-1]), which initiates the first step of the
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adhesion cascade [95]. P-selectin and E-selectin capture ac-
tivated neutrophils by interacting with their respective lig-
ands P-Selectin glycoprotein ligand-1 (PSGL-1) and E-
selectin glycoprotein ligand (ESGL-1) expressed on their
surface, thus mediating their rolling movement over endothe-
lial cells [96]. Then, B2 integrin/lymphocyte function-
associated antigen 1 (LFA-1) expressed by neutrophils initi-
ates their adhesion to the vessel wall by binding to ICAM-1.
Mac-1 and very late antigen-4 (VLA-4) expressed by mature
CXCR2" neutrophils are also involved in this process [19,
97]. Firm adhesion is a prerequisite for crawling and migra-
tion of neutrophils into the vascular endothelium.

3.3.2. Neutrophils and Platelets

Platelets are also involved in neutrophil migration
through the blood vessels. Stagnant blood flow in the vessel
after arterial occlusion causes high shear stress on the endo-
thelium and platelets resulting in the release of P-selectin,
which is stored in the a-granules within the platelets [98].
Crawling neutrophils generate a domain known as uropod
expressing PSGL-1 (a glycoprotein ligand for P-selectin)
clustered in the plasma membrane. This region extends into
the vessel lumen and “captures” platelets in the bloodstream
by identifying and binding to P-selectin [99]. Platelet-
specific GPIb (glycoprotein receptor Ib) also proved to be
essential for the recruitment of neutrophils [100]. GPIb pro-
vides a binding site for Mac-1, which is expressed in activat-
ed neutrophils and acts as an important adhesion molecule
(Fig. 1) [101]. In addition, platelets can adhere to endothelial
cells and stimulate them to secrete chemokines such as
CXCL1 and CXCLS5, which are strong chemoattractants for
neutrophils [102]. The activated platelets themselves are one
of the sources of neutrophil chemotactic factors since o-
granules contain chemical attractants for neutrophils such as
CXCL1, CXCL2, and CXCLS5 [103].

4. INFILTRATION INTO THE BRAIN PARENCHY-
MA THROUGH BBB BREAKDOWN: ROLE OF NEU-
TROPHILS, MICROGLIA AND ASTROCYTES

Due to the differences in the time points for detection and
processing of ischemic events between animal models, as
well as the inherent differences between humans and ani-
mals, there is no consensus on the spatial and temporal dis-
tribution of neutrophils in the ischemic brain. Many experi-
mental stroke models have nevertheless suggested that neu-
trophils are mainly accumulated in the pia mater vessels and
the perivascular spaces, instead of entering the brain paren-
chyma [104]. However, more recent studies have refuted this
hypothesis. The fact that neutrophils mainly infiltrate the
brain parenchyma has been confirmed in permanent middle
cerebral artery occlusion (pMCAOQO) models and also in
stroke patients [105, 106].

4.1. Direct BBB Breakdown

The destruction of the BBB is the first step for the infil-
tration of neutrophils into the brain parenchyma. The BBB is
a complex structure composed of capillary endothelial cells
(ECs), astrocyte end-feet, pericytes, and extracellular matrix
(ECM) [77]. Unlike endothelial cells at other sites, there is a
junctional complex involving tight junctions (TJs) and ad-
herens junctions (AJs) between brain endothelial cells. TJ
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Fig. (1). Recruitment of neutrophils after ischemic stroke. After ischemic stroke, the SNS and the HPA axis are immediately activated and
release norepinephrine (NE) and cortisol as main effectors, respectively. Dying neurons and activated glial cells release damage-associated
molecular patterns (DAMPs), chemokines (CXCL-1, CXCL-2, CCL2, CCL5, C5a and LTB4), and cytokines (IL-1f, IL-6, TNF-a, INF-y and
G-GSF) to the periphery. Under the dual action of neuronal and immune signaling, CXCR2" neutrophils in the bone marrow and spleen are
mobilized and released into the peripheral blood. Then neutrophils start to migrate within the blood vessels and eventually through the vessel
walls. This involves a complex interaction between neutrophils and vascular endothelial cells known as the adhesion cascade, which includes
sequential phases of capture, rolling adhesion, and crawling. Platelets are also involved in the migration of neutrophils along the blood vessels
by releasing P-selectin and GPIb. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

proteins are composed of three complete protein types: clau-
din, occludin, and junctional adhesion molecules (JAMs),
and the AJ proteins known as cadherins are anchored to the
actin cytoskeleton by multiple accessory proteins (for exam-
ple, zonula occludens [ZO]-1, -2 and -3) [107]. BBB disrup-
tion induced by cerebral ischemia is mainly manifested by
loss of the structural integrity of endothelial TJs and degra-
dation of the basal lamina. Under ischemic stimulation, the
integrity of TJs is slightly damaged 30 to 60 minutes after
ischemia/reperfusion (I/R) due to persistent actin polymeri-
zation and protein redistribution [108]. Redistribution of
connexins is mainly mediated through enhanced endocytosis
by endothelial cells. A study using the OGD model showed
that caveolin-1 mediates the separation of occludin and clau-
din-5 from the cytoskeleton through endocytosis [109]. In
this way, the paracellular pathway is temporarily loosened,
allowing neutrophils to pass through the tight endothelial
junctions. Hypoxia-derived events such as ATP depletion, a
decrease of Na'/K'-ATPase, calcium overload, glutamate
release and oxidative stress trigger endothelial swelling and
BBB breakdown [110]. After ischemic stroke, the neural
(nNOS) and inducible (iNOS) forms of nitric oxide synthase
are upregulated in endothelial cells and neurons, resulting in
increased NO production. NO reacts with oxygen to form
peroxynitrite, which causes endothelial damage. Matrix met-
alloproteinase 9 (MMP9) and 2 (MMP2) have been regarded
as the main proteases acting in the disruption of the BBB.
After ischemic stroke, MMPO is activated by inflammatory

factors (such as TNF-a and IL-1f) and peroxides, whereas
MMP?2 is induced by hypoxia-inducible factor 1-alpha (HIF-
la) [111]. These proteases share the property of degrading
endothelial junction proteins and basement membranes (i.e.,
collagen IV, fibronectin and laminin), causing further severe
and lasting disruption of the BBB [106]. As a result, large
numbers of neutrophils readily infiltrate the brain. The mi-
grating neutrophils in turn release effector molecules that
aggravate the destruction of the BBB even further. Innate
brain cell types such as astrocytes, microglia, and pericytes
also participate in this process.

4.2. Role of Immune Cells in BBB Breakdown
4.2.1. Role of Neutrophils in BBB Breakdown

Acting together, the proteases, ROS, pro-inflammatory
factors, and NETs produced by neutrophils are powerful
destructive factors for the BBB. MMP9 disrupts endothelial
connections and troponin to increase the extravasation of
neutrophils, and it also degrades the parenchymal basement
membrane to help neutrophils penetrate the brain parenchy-
ma [108]. The massive amount of ROS produced by neutro-
phils can directly damage connexins (such as the E-
cadherin/B-catenin complex and occludin) and the endotheli-
al cytoskeleton [112]. Furthermore, pro-inflammatory factors
such as IL-1B and TNF-a, and chemokines such as CCL2
and CCL3 produced by neutrophils can also destroy the BBB
integrity [85]. These inflammatory mediators can also reduce
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transendothelial electrical resistance and promote neutrophil
extravasation in conjunction with the action of MMP2 and
MMP9 [81]. NETs appear in the ischemic cerebral hemi-
sphere a few hours after the stroke and also take part in the
disruption of the structural integrity of the BBB due to the
presence of myeloperoxidase (MPO) and neutrophil elastase
(NE) in these structures [113].

4.2.2. Role of Microglia in BBB Breakdown

Microglia, as the innate immune cells in the brain, are
rapidly activated after ischemic stroke, which is manifested
in changes at the morphological and transcriptional levels.
The microglial cells located in the penumbra respond to is-
chemic signals by stretching out flat protrusions to migrate
towards blood vessels. The endothelial cells are captured and
swallowed, causing endothelial dysfunction [114]. At the
same time, microglial cells upregulate the expression of the
pro-inflammatory mediators IL-1a, IL-1pB, IL-6 and TNF-a
due to the activation of the TLRs/NF-kB signaling pathway
and the NLRP3 inflammasomes [115]. IL-1a and TNF-q are
pivotal activators of reactive astrocytes, which play an im-
portant role in the disruption of the BBB [116]. In addition,
IL-1P directly degrades and redistributes the connexins ex-
pressed by endothelial cells (such as ZO-1) [117]. TNF-a not
only down-regulates the expression of occludin in endotheli-
al cells but also causes endothelial necrosis directly, increas-
ing BBB permeability [118]. Activated microglia can also
produce a considerable amount of ROS and MMPs, which
leads directly to the disintegration of the BBB [119].

4.2.3. Role of Astrocytes and Pericytes in BBB Breakdown

After ischemic stroke, DAMPs released by damaged neu-
rons activate astrocytes, resulting in what is known as reac-
tive astrogliosis. It is characterized by cell hypertrophy and
overexpression of glial fibrillary acidic protein (GFAP)
[120]. Reactive astrogliosis upregulates the expression of
cytokines (such as IL-1 and IL-6), ROS, Lipocalin 2 (LCN-
2), VEGF and MMP?9, all of which are involved in BBB dis-
ruption. LCN-2 increases the permeability of the BBB by
downregulating the expression of connexin [121]. As the
downstream effector of hypoxia-inducible factor (HIF),
VEGF derived from astrocytes is upregulated in the penum-
bra after ischemic stroke. It not only downregulates the tight
junction proteins claudin-5 (CLN-5) and occludin of endo-
thelial cells directly, but also activates MMP9 to further de-
grade connexins, which leads to BBB collapse [122]. Peri-
cytes, as the main component of the BBB, respond quickly
after ischemic stroke by detaching from the basement mem-
brane, contracting and eventually undergoing cell death, thus
increasing the permeability of the BBB [123]. Recent studies
have found that pericytes can also potentially behave as im-
mune cells, releasing pro-inflammatory factors, ROS and
MMPs to mediate the disruption of the BBB after ischemic
stroke [119].

5. ROLES OF NEUTROPHILS IN NEUROINFLAM-
MATION AFTER ISCHEMIC STROKE

Neutrophils begin to infiltrate the ischemic brain 15
minutes after ischemic stroke and reach a peak after 24 to 72
hours [124] (Table 1). The number of neutrophils gradually
decreases after four to seven days and becomes almost unde-
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tectable in the second week [85, 125]. In the acute phase of
stroke (within three days of onset), the proportion of N1 neu-
trophils is significantly higher than that of N2 neutrophils
[10, 62] (Table 1). We will sequentially describe the role of
N1 and N2 neutrophils after ischemic stroke (Fig. 2).

5.1. Role of N1 Neutrophils in Neuroinflammation after
Ischemic Stroke

5.1.1. Oxidative Burst

Neutrophils that enter the brain are highly activated and
are one of the main sources of ROS [126]. In comparison to
N2 neutrophils, N1 neutrophils produce higher levels of
ROS. This has been supported by transcriptional analysis of
neutrophils in vitro after polarization [127, 128]. The pro-
duction of ROS in neutrophils depends on two enzymes:
NADPH oxidase (Nox) and NOS [129]. There are seven
known members in the Nox family, with Nox-, being preva-
lent in neutrophils. After ischemic stroke, the Nox-, present
in neutrophils is rapidly activated and generates a series of
free radicals such as superoxide anion (O;), hydrogen perox-
ide (H,0;) and hydroxyl radical (-OH) [130]. -OH is consid-
ered a typical ROS generated by neutrophils. It reacts with
unsaturated fatty acids to produce peroxyl radicals (ROOS),
which trigger lipid peroxidation, further intensifying oxida-
tive stress and causing neuronal apoptosis, brain edema, and
BBB destruction [126]. NOS is another ROS-generating en-
zyme active in neutrophils. There are three different varieties
known as nNOS, endothelial (eNOS) and iNOS. Neutrophil-
derived iNOS is upregulated after cerebral ischemia due to
the activation of the transcription factors NF-xB and STAT]I,
which have been shown to induce nerve damage [131]. iNOS
is considered a marker for N1 neutrophils in experimental
stroke models [59]. NO is generated via the conversion of L-
arginine to L-citrulline [132]. NO reacts with O; to generate
peroxynitrite (ONOO-), which leads to lipid peroxidation,
protein nitration, and DNA damage, causing neuronal apop-
tosis and disrupting the BBB [133]. The NO/caveolin-
1/MMP9 signaling cascade is the main mechanism for the
production of MMP9 after ischemia-reperfusion. Using a rat
model for experimental transient MCAOQ, it was proven that
NO upregulation inhibits the expression of caveolin-1, which
in turn activates iNOS and MMP9 [134]. MMP9 mediates
BBB destruction, cerebral edema, and hemorrhagic trans-
formation (HT) by breaking down the extracellular matrix.
ROS can also upregulate the expression of endothelial cell
adhesion molecules, which in turn promotes the infiltration
of neutrophils and enhances inflammation [129]. In addition,
ROS have been proven to be an important step in the for-
mation of NETs [135], suggesting that N1 neutrophils may
be the main cell type producing these structures.

5.1.2. Pro-Inflammatory Mediators

Compared with N2 neutrophils, N1 neutrophils show a
general upregulation of pathways related to the immune re-
sponse, which includes the release of pro-inflammatory me-
diators [136]. High mobility group box protein 1 (HMBG1)
and ATP released from damaged brain tissues recognize
Toll-like receptors on the surface of neutrophils and activate
MyD88 and the transcription factor NF-«xB, or activate in-
flammasomes through the NLRP3 pathway to promote the
release of pro-inflammatory factors such as IL-1p and TNF-
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o [137, 138], which are considered surface markers for N1
neutrophils [139]. A biphasic mode of release for IL-1B and
TNF-a in ischemic tissue has been described in animal mod-
els for transient and permanent cerebral ischemia. The first
peak appears one hour after the ischemic injury, and the se-
cond peak becomes evident at approximately 24 hours after
injury [140, 141]. IL-1B and TNF-a are mainly produced by
activated microglia, astrocytes, macrophages, and endotheli-
al cells [107, 109]. They promote the expression of chemo-
kines (including cytokine-induced neutrophil chemoattract-
ant [CINC]) and adhesion molecules [142], together with the
activation of astrocyte MMPs to induce the infiltration of
neutrophils in the ischemic brain [143]. With the rapid in-
crease of infiltration into brain tissue, N1 neutrophils become
the main contributors to the second peak of IL-1p and TNF-a
[19]. The IL-1B and TNF-a released by neutrophils not only
attracts more neutrophils but also inhibits neutrophil apopto-
sis, enhancing the inflammatory response [4]. IL-1f can also
upregulate the expression of the pro-inflammatory factor IL-
6 [144]. The increase in the level of IL-6 in the blood and
cerebrospinal fluid in stroke patients is one of the factors that
determines the severity of stroke [145]. In addition, IL-1
and TNF-o can exert neurotoxic effects directly. IL-1p de-
rived from neutrophils can disrupt the BBB, cause vascular
edema, and increase HT [146, 147]. It can also promote cal-
cium influx in neurons and increase their vulnerability to
other injuries [148]. TNF-o has been shown to increase the
neurotoxicity of glutamate by inhibiting clearance of
extracellular excitatory glutamate [149].

5.1.3. Degranulation

Mature neutrophils can continuously form three different
types of granules: primary (azurophil) granules containing
MPO and NE, secondary (specific) particles containing lac-
toferrin, and gelatinase (level 3) granules containing MMP9
[46]. Activated neutrophils “degranulate” and release the
above-mentioned proteases. Transcriptional analysis of N1
and N2 neutrophils polarized in vitro (using lipopolysaccha-
rides and IL-4) showed that, compared to N2 neutrophils, N1
neutrophils exhibited increased MPO and MMP-9 activity
[128].

MPO can be expressed by a variety of immune cells, in-
cluding neutrophils, macrophages/microglia, and astrocytes,
among others. MPO derived from neutrophils reaches a peak
between one and three days after cerebral ischemia [150],
and its levels are positively correlated with infarct volume
and stroke severity. When neutrophils are depleted, there is a
reduction in cerebral infarction accompanied by a decrease
in MPO activity [151]. MPO mainly relies on the oxidants
produced by itself and by the MPO-H,0,-Cl,system to exert
its biological function. Hypochlorous acid (HOCL) is the
main toxic molecule that mediates oxidative damage after
MPO activation [152]. Neutrophils adhere to cerebral blood
vessels under inflammatory conditions. HOCL produced by
MPO leads to BBB dysfunction in mice through lipid perox-
idation in a process that involves the activation of the
ERK1/2 and JNK1/2 signaling pathways [153]. HOCL can
also aggravate oxidative stress, inducing the production of
ROS and then damaging the brain tissue and the BBB [154].
In addition to inducing oxidative damage, MPO can also
promote inflammation. The oxidants produced by MPO acti-
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vation, such as H,0O,, can promote the recruitment of neutro-
phils by upregulating B-integrin [155]. MPO can also in-
crease the release of pro-inflammatory factors and inhibit the
regression of inflammation by delaying neutrophil apoptosis
[156, 157]. Since it is such an important part and active
component of neutrophil-derived NETs, the role of MPO in
NETs will be further elaborated below.

NE, the most abundant protease in neutrophils, is re-
leased from the primary granules together with MPO [46].
NE is generally considered to mediate tissue damage after
stroke. The presence of NE was detected in the ischemic
brain within one day after tMCAO in mice [11]. NE de-
grades the basement membrane and extracellular matrix and
destroys the integrity of the BBB in parallel with the effects
of MPO and MMP, leading to angiogenic edema and neu-
ronal death [158]. NE is also involved in the adhesion of
neutrophils to the vascular endothelium, enhancing it by up-
regulation of ICAM-1 on the latter [159]. When the NE gene
was knocked out, mice subjected to ischemia-reperfusion
showed weakened neutrophil infiltration and reduced infarct
volume [160].

MMP9 (gelatinase B) is mainly produced by neutrophils
[161]. In recent years, it has been associated with several
neurological diseases, including Alzheimer’s, multiple scle-
rosis, spinal cord injury, and ischemic stroke [162]. MMP9
plays a dual role after the onset of ischemic stroke. It mainly
mediates injury in the acute phase after stroke, but partici-
pates in neurovascular remodeling in the delayed recovery
phase of stroke [163]. Studies based on clinical data and on
animal models for stroke have reported that expression of
neutrophil-derived MMP9 in brain tissue increases within
two days after cerebral infarction, and it is positively corre-
lated with infarct volume and stroke severity [164, 165].
Resident microglia and astrocytes are the main sources of
MMP9 within a few hours after cerebral infarction, which
promotes the recruitment of peripheral neutrophils to the
brain after BBB disruption [95]. The infiltrating neutrophils
(mainly belonging to the N1 phenotype) also express MMP9,
further increasing BBB permeability and causing vasogenic
edema [166]. This vicious circle causes the BBB (the "gate-
keeper") to almost collapse, accelerating the infiltration of
peripheral immune cells into the lesion and promoting the
release of inflammatory mediators that cause tissue damage.
The destruction of the basement membrane by MMP9 (deg-
radation of type IV collagen) allows extravasated red blood
cells to enter the parenchyma, leading to hemorrhagic trans-
formation after infarction [167]. MMP9 has also been shown
to directly cause neuronal loss by excitotoxicity [168].

5.1.4. NETs

In addition to the direct release of proteases and cyto-
kines, the activation of neutrophils leads to the decondensa-
tion of chromatin and the active release of granular contents
to form network-like DNA structures known as neutrophil
extracellular traps (NETs). NETs consist of histones, NE,
MPO, cathepsin G, and other components [169]. NETs were
originally considered as a defense mechanism of neutrophils
against infection [170]. Then it was gradually recognized
that NETs are also involved in the pathogenesis of aseptic
inflammatory diseases (such as atherosclerosis, thrombus,
myocardial infarction and ischemic stroke) [171]. Ischemic



630 Current Neuropharmacology, 2023, Vol. 21, No. 3

stroke provides an ideal environment for the formation of
NETs: Upregulation of pro-inflammatory factors [172], au-
tophagy activation [173], the release of ROS [135] and
DAMPs such as ATP [174] , HMGBI1 [175] and mitochon-
drial DNA [176]. All of these have been shown to promote
the release of NETs. The NADPH oxidase in neutrophils is
activated after ischemic stroke, which in turn induces the
production of massive ROS. ROS promotes the release of
NE and MPO from primary granules. NE translocates first to
the nucleus, where it promotes extensive chromatin decon-
densation. The late binding of MPO to chromatin enhances
decondensation [177]. Accumulated ATP in the ischemic
brain promotes Ca”  influx and ROS production by
activating P2X7R on the surface of neutrophils, leading to
the subsequent upregulation and action of PAD4 [174].
PAD4 is another key enzyme that promotes chromatin
decondensation. PAD4-mediated citrullination reduces the
affinity between histones and negatively charged DNA,
leading to the separation of histones from DNA, which leads
to the compression of chromatin structure loss and
deconcentration [178]. It was demonstrated using a MCAO
model that HMGBI1 induces the expression of citrullinated
histone H3" (CitH3, a marker of NETSs) via Toll-like receptor
4 (TLR4) and CXCR4 [175]. Using CitH3 as a specific
marker, NETs were found in different locations of the is-
chemic brain (including the vascular cavity, vascular space,
and brain parenchyma) as early as 24 hours after ischemic
stroke, and reached a peak in the brain parenchyma approx-
imately three days after stroke [98]. Circulating NETs were
also significantly elevated in patients that had suffered an
acute ischemic stroke, and their levels were correlated with
stroke severity [160].

By releasing MPO, NE, and other proteases, NETs can
directly damage the vascular endothelium and increase endo-
thelial permeability, which is conducive to the further re-
cruitment of inflammatory cells [179]. Another role of NETs
that cannot be ignored is their participation in the formation
of thrombosis after stroke. Some studies have reported the
presence of NETs and neutrophils in almost all of the throm-
bosis sites in the brain of stroke patients [180-182]. The use
of NET-targeting DNase 1 in vitro accelerates the dissolution
of the thrombus [181]. NETs combine with von Willebrand
factor (VWF) and fibrinogen to provide a stent for throm-
bosis and increase the stability of the thrombus. Moreover,
Histones H3 and H4 are able to induce platelet aggregation
through direct histone binding to platelet TLR2 and TLR4
[183], or indirectly through fibrinogen binding [184]. NETs
can also promote thrombosis by activating the coagulation
pathway [185]. Vascular endothelial damage caused by pro-
teases released by NETs can also induce platelet activation
and binding to promote thrombosis [186]. In turn, HMGBI1
released by activated platelets also promotes the release of
NETs [187].

There is no clear evidence supporting a differential abil-
ity of N1 and N2 neutrophils in the formation of NETs after
cerebral infarction, but not all neutrophils produce NETs
[188]. The ability to produce NETs may be restricted to a
neutrophil subpopulation, which should have strong inflam-
matory activity. It is usually believed that N1 neutrophils are
the main subgroup responsible for NET production after
stroke based on the following reasons: First, the peak in their
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levels matches that of NETs. OGD experiments in vitro
show that ischemic neurons drive neutrophils away from the
N2 phenotype and promote the formation of NETs [11]. An-
other study confirmed that the application of all-trans retin-
oic acid (atRA), the ligand of retinoic acid receptors (RARs),
promotes N2 phenotypic polarization and inhibits the for-
mation of NETs by downregulating STAT1 [137]. Second,
N2 neutrophils are considered to be a beneficial phenotype
that inhibits inflammation and promotes nerve repair, which
is the opposite of the harmful effects mediated by overex-
pression of NETs after stroke. The key mechanism for the
release of NETSs in aseptic inflammation is the production of
ROS. Transcriptional analysis of N1 and N2 neutrophils
showed that, compared with N2 neutrophils, N1 neutrophils
produce much higher levels of ROS [189]. Of course, more
in-depth studies are required to further elucidate the differ-
ence between N1 and N2 phenotypes in terms of their ability
to generate NETs.

5.2. Role of N2 Neutrophils in Neuroinflammation after
Ischemic Stroke

Three days after cerebral infarction, the pro-
inflammatory effect of N1 neutrophils is gradually weakened
due to a reduction in protease production and the levels of
effector molecules [71]. The anti-inflammatory effect of N2
neutrophils slowly begins to dominate and tissue repair
commences [59, 62] (Table 1). IL-4 has been used to induce
the in vitro expression of markers such as Argl, CD206,
Yml, VEGF, TGF-f and IL-10 in N2 neutrophils, in a pro-
cess analogous to the induction of M2 macrophages/
microglia [10, 57, 62, 190]. Similarly, a study in which
stroke was elicited in mice found that activation of the tran-
scription factor peroxisome proliferator-activated receptor
gamma (PPAR-y) promoted the polarization of neutrophils to
the N2 phenotype and the expression of the above-mentioned
molecules [10]. These molecules can be used not only as
markers for N2 neutrophils but also as effectors to inhibit
inflammation and mediate neuroprotection through these
cells.

5.2.1. Arginase 1

The two arginase subtypes, arginase 1 (Argl) and ar-
ginase 2 (Arg2), are expressed in the brain under physiologi-
cal conditions [191]. Argl is present in neutrophils at higher
levels than in any other white blood cells in the peripheral
blood after stroke [192]. A rat model for stroke showed that
the expression of the ARG1 gene is upregulated and the ac-
tivity of Argl in the infarct area is increased after cerebral
infarction, while the expression of Arg2 remains unchanged.
Argl competes with NOS by using the same substrate (L-
arginine), resulting in the inhibition of NOS activity. There-
fore, high levels of Argl expression can inhibit the produc-
tion of NO and reduce oxidative stress [193]. Argl also in-
creases the formation of polyamines, therefore playing a
positive role in neuroprotection and nerve regeneration
[194]. In addition, A mouse model of ischemia-reperfusion
showed that Argl restricts neurovascular degeneration by
stimulating repair mediated by M2 macrophages [195].

5.2.2 Release of Anti-Inflammatory Mediators

As a typical anti-inflammatory factor, IL-10 has been
confirmed to be secreted by neutrophils in response to stroke
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[115]. Its effects are thought to be beneficial, and they in-
volve regulation of the vascular endothelium, protection of
neurons affected by ischemia, and downregulation of pro-
inflammatory factors, among others. IL-10 can downregulate
ROS levels to alleviate vascular endothelial disorders caused
by oxidative stress. It can also inhibit the expression of endo-
thelial adhesion molecules, reducing leukocyte infiltration
and thus achieving endothelial protection [196]. In vitro
cultures of cortical neurons derived from knockout mice for
IL-10 were more vulnerable to OGD conditions, while exog-
enous IL-10 administration reversed this damage [197]. This
neuroprotective effect is achieved through the phosphatidyl-
inositol 3-kinase/protein kinase B (PI3K/AKT) and STAT3
signal transduction pathways [198]. IL-10 can activate the
downstream signal molecule STAT3 to promote the upregu-
lation of IL-1ra expression in neutrophils. IL-1ra acts as a
natural antagonist of the pro-inflammatory factor IL-1p and
competitively inhibits its effects [199]. Coincidentally, the
mouse pMCAO model demonstrated that IL-10" mice show
a higher infarct volume and increased expression of pro-
inflammatory factors, whereas the infarct volume in trans-
genic mice overexpressing IL-10 is significantly reduced
[200]. A clinical study also suggested that low serum IL-10
levels in the general population may be associated with an
increased risk of ischemic stroke [201].

TGF-B is a family of proteins that can regulate cell
growth and apoptosis, inflammation, and tissue repair, and it
is overexpressed by N2 neutrophils [202]. TGF-p was up-
regulated in the brain tissue of rats after cerebral ischemia
and reperfusion. It has also been shown that TGF-$ can up-
regulate the Smd3 signaling pathway and down-regulate the
JNK signaling pathway to reduce brain damage [203, 204].
Since it is downstream of the MAPK signaling pathway, the
JNK signaling pathway mediates apoptosis after activation.
TGF-B can also promote nerve repair. For example, TGF-f
can induce neurite growth and their elongation in hippocam-
pal neurons after injury. TGF-B has also been shown to be a
key factor that mediates axon formation and migration in
murine cortical neurons [205]. Importantly, the MCAO
mouse model showed improved nerve function and obvious
nerve regeneration between day 7 and day 28 after infarction
in response to exogenous TGF-f [206]. The ability of TGF-B
to promote neuroprotection and remodeling also translates as
post-stroke enhancements in hippocampal memory and de-
creases in depression levels [207].

5.2.3. Enhanced Phagocytosis

A recent study revealed for the first time the increased
phagocytic ability and clearance rate of N2 neutrophils [9].
On the one hand, the enhanced phagocytic capacity of N2
neutrophils accelerates the removal of debris from inflamed
tissues to promote tissue repair. On the other hand, clearance
of N2 neutrophils is accelerated by being preferentially
phagocytosed by microglia and macrophages. In vivo and in
vitro experiments have demonstrated the potential neuropro-
tective effect of microglia as the first line of immune defense
after cerebral infarction [208, 209]. This effect is achieved
by phagocytosis of infiltrating neutrophils and inhibition of
their immunotoxicity. Macrophages that migrate from the
peripheral blood to the brain play a similar role. The phago-
cytosis of N2 neutrophils by macrophages also inhibits their
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own production of IL-23, which in turn reduces the produc-
tion of IL-17A by yd T cells, leading to downregulation of
G-CSF and finally to inhibition of neutrophil production
[38]. In addition to the phagocytosis and clearing by the im-
mune cell types mentioned above, a mechanism of "self-
eating" has been described for neutrophils based on data ob-
tained from the mouse gout model. The apoptotic neutrophils
showed upregulation in the expression of TGF-B on their
surface and downregulation of ROS production [210]. Since
TGF-p is regarded as a marker of N2 neutrophils, this sug-
gests that under certain inflammatory conditions this self-
clearing mechanism may contribute to the polarization of
neutrophils towards the N2 phenotype.

5.2.4. Neurovascular Recovery

The "self-rescue" behavior of the brain, a neurovascular
recovery in the acute phase of ischemic stroke, begins four to
seven days after the event [211]. This phenomenon is ac-
companied by an increase in the proportion of N2 neutro-
phils [11]. On the one hand, the enhanced phagocytosis abil-
ity of N2 cells creates an appropriate microenvironment for
neurovascular repair and regeneration by contributing to the
removal of dead cells and debris. On the other hand, N2 neu-
trophils directly express molecules or proteins that promote
neurovascular regeneration and repair. Molecules such as
TGEF-p, IL-10, CD206, Ym1 and Argl (as mentioned above)
have all been shown to promote neurovascular regeneration
[212]. In addition, N2 neutrophils inhibit the death of is-
chemic neurons via the brain-derived neurotrophic fac-
tor/tropomyosin-related kinase B (BDNF/TrkB) signaling
pathway, thereby promoting the spontaneous recovery of
nerves in the late stage of cerebral ischemia. This effect has
been verified in vitro in oxygen-glucose deprivation/
reoxidation (OGD/R) conditions and in vivo in rat models for
transient cerebral ischemia [11]. Brain-derived neurotrophic
factor (BDNF) is thought to bind and activate tropomyosin-
related kinase B (TrkB) receptors to affect synapse formation
and neuronal development [213]. The VEGF overexpressed
by N2 neutrophils is widely known to be involved in neuro-
vascular regeneration and repair, and it has been shown to
promote neurite outgrowth in cerebral cortex neurons in vitro
by activating Rho/ROCK signals [214]. Overexpression of
VEGF in mice increases neuron production in the subven-
tricular zone (SVZ) and migration to the infarcted cortex
after stroke [215]. VEGF also promotes the regeneration of
blood vessels around the infarction site and increases the
supply of oxygen and nutrients required for neurogenesis
[216].

6. INTERPLAY BETWEEN NEUTROPHILS AND
NEURAL CELLS

6.1. Neurons

Neurons are the cell type that is more affected by ischem-
ic stroke. The interruption of the blood flow caused by vas-
cular occlusion leads to the immediate death of neurons in
the ischemic area due to nutritional and metabolic deficits.
Necrotic neurons immediately release heat shock proteins,
ATP, HMGBI1 and other DAMPs to induce the infiltration of
peripheral neutrophils into the brain. The correlation be-
tween neutrophil infiltration and neuronal death has been
confirmed in some early studies. The number of neutrophils
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in the peripheral blood is positively correlated with the in-
farct volume [49], and this volume is significantly reduced
after the infiltration of neutrophils into the brain has been
inhibited [217]. In addition, the upregulation of neutrophils
on the ischemic side of the brain after experimental stroke is
associated with the progressive neuronal loss in secondary
neurodegeneration (SND) sites that are remote from the pri-
mary infarction site, but synaptically connected to it [218].
Current research evidence indicates that neutrophils can
damage neurons both directly and indirectly. The stagnation
and attachment of neutrophils to the capillaries during the
migration process leads to the phenomenon known as "no-
reflow", in which the blood flow fails to be completely re-
established, aggravating the consequences of the infarction
(Fig. 3) [219]. The neutrophils present in the ischemic cere-
bral hemisphere are highly activated and express inflamma-
tory factors, proteases, and free radicals that cause neuronal
damage. The direct effects of neutrophils on neurons have
been mainly studied in vitro. Co-cultures of neutrophils and
mouse hippocampal neurons demonstrated that under phys-
iological conditions, neutrophils do not affect the survival of
neurons. However, neurons co-cultured with neutrophils
showed more obvious damage (severe loss of axons and
dendrites) in response to OGD conditions compared to neu-
ronal monocultures [220]. Compared with the control group,
LPS-induced activated neutrophils also exhibited stronger
neurotoxicity in vitro. In addition, it was observed under the
intravital microscope that neurons in contact with neutrophils
frequently exhibit neurite destruction [221]. Endothelial cells
treated with IL-B activate neutrophils and promote their tran-

sendothelial migration, triggering differentiation into the
neurotoxic phenotype [222]. An in vitro study revealed that
the neurotoxicity of neutrophils depends on the production of
MMPs, ROS and TNF-o (Fig. 3) [223]. Protease 3, pro-
duced by neutrophils, can also mediate neuronal death by
inducing the generation of ROS [224].

6.2. Astrocytes

As mentioned earlier, astrocytes are transformed into a
reactive state after ischemic stroke. It is currently believed
that reactive astrocytes comprise two different subtypes that
have been named "A1" and "A2". Al astrocytes, but not A2
astrocytes, significantly upregulate the expression of com-
plement C3 [120]. Al astrocytes are the main astrocyte sub-
type present in the early stages after ischemic stroke [225].
They promote the infiltration of neutrophils by expressing
chemokines and pro-inflammatory factors, by upregulating
adhesion molecules in endothelial cells, and by enhancing
the permeability of the BBB. Al astrocytes upregulate the
expression of IL-1, TNF-a, and the chemokines CXCLI,
CXCL2 and CXCLS5 by activating the NF-kB and the TGF-
B-activated kinase 1 (TAKI1) signaling pathways (Fig. 3)
[226, 227]. In addition to these indirect interactions, astro-
cytes contact neutrophils directly during migration. In vitro
co-culture showed that neutrophils induced the death of as-
trocytes [228]. In turn, astrocytes extend the lifespan of neu-
trophils, promote the expression of its pro-inflammatory fac-
tors IL-1pB, IL-6, TNF-a and enhance their phagocytic ability
[229]. In summary, direct interaction with astrocytes enhanc-
es the inflammatory response of neutrophils.
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The proportion of A2 astrocytes in the brain gradually in-
creases 72 hours after ischemic stroke, when the proliferation
and formation of glial scars (“glial hyperplasia”) limits the
spread of neutrophils in the area surrounding the infarction
[230]. A2 astrocytes reduce tissue damage around the infarc-
tion site by swallowing neutrophils in the penumbra and re-
stricting their further migration (Fig. 3) [231]. The anti-
inflammatory factors produced by N2 neutrophils and mi-
croglia play a key role in the transition of astrocytes from the
Al to the A2 phenotype by downregulating P2Y IR [232].
As the most abundant cells in the brain, astrocytes are bound
to play diverse roles in stroke. Whether as source of nutrients
or as immune cells, their functions are probably far more
complex than what has been described so far. Therefore, the
current evidence for the interaction of neutrophils with
astrocytes is far from sufficient.

6.3. Microglia

Microglia are brain-intrinsic macrophages derived from
the yolk sac. After ischemic stroke, activated microglia un-

dergo a significant morphological transition from a ramified
to a round or amoeboid form. Functionally, activated micro-
glia exhibit enhanced phagocytosis and mediate inflamma-
tion [233]. When in vivo two-photon microscopy was used to
study the vascular extravasation and active migration of neu-
trophils in the parenchyma it was at the same time observed
that microglia extended flat protrusions to the proximal lu-
minal side in response to endothelial injury signals to capture
and engulf neutrophils [97]. The formation of an extensive
cell to cell contact between neutrophils and microglia attracts
more microglia to the contact site (Fig. 3) [234]. Compared
with neutrophils in the parenchyma, which are not phagocy-
tosed, neutrophils in contact with microglia are almost im-
mobile [235]. The morphology of microglia differs accord-
ing to capillary blood flow. A decrease in the blood flow
induces the de-ramification of microglia, while its complete
blockage prevents microglial activation [236]. At day 1 and
day 4 after pMCAO, the number of microglia in the ischemic
core of the mouse brain is sparse and those cells that are pre-
sent appear to be in a malnourished state, while the microglia
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surrounding the infarct area is abundant in number, have
been activated and have adopted an ameboid morphology.
This directly leads to the accumulation of neutrophils in the
ischemic core, while their number remains scarce in the is-
chemic penumbra [237]. Thus, the phagocytosis of neutro-
phils by microglia is of great significance in the rescue of the
ischemic penumbra. Interestingly, neutrophils interacting
with microglia in the brain parenchyma exhibit reverse tran-
sendothelial migration (rTEM) to the bloodstream, which is
conducive to the resolution of brain inflammation. It has
been postulated that the interaction with microglia triggers
molecular modifications in the neutrophils that make them
more prone to perform rTEM [234]. The neuroprotective
effect of microglia is also achieved by the release of anti-
inflammatory mediators such as progranulin (PGRN). Exog-
enous administration of recombinant PGRN inhibits the re-
cruitment of neutrophils and the pro-inflammatory NF-«xB
signaling pathway [238]. PGRN production by microglia is
significantly increased in rats after stroke, but NE released
by neutrophils induces the conversion of PGRN into the pro-
inflammatory mediator GRN, enhancing the inflammatory
response [239]. Microglia are considered to be polarized into
two distinct phenotypes following ischemic stroke: pro-
inflammatory (M1) and anti-inflammatory (M2) [240]. Theo-
retically, there exists a crosstalk between these two pheno-
types, and N1 and N2 neutrophils. M1 microglia expresses
high amounts of the pro-inflammatory factor IFN-y, which is
an inducer of N1 neutrophils in vitro. In turn, N1 neutrophils
also express IFN-y to promote the polarization of microglia
into the M1 phenotype [8]. NETs formed by neutrophils
have also been shown to induce microglia to shift to a pro-
inflammatory phenotype (Fig. 3) [241]. A few days after the
stroke episode, the microglia gradually shift to an M2 pheno-
type [242]. The production of the anti-inflammatory factors
IL-4, IL-10 and TGF-B by M2 microglia not only inhibits the
expression of pro-inflammatory factors such as TNF-o, and
adhesion molecules such as ICAM-1 and VCAM-1, thereby
limiting the infiltration of neutrophils, but also induces the
polarization of neutrophils to the N2 phenotype [119].

7. INTERPLAY BETWEEN NEUTROPHILS AND
OTHER IMMUNE CELLS

An intricate interplay between neutrophils and other im-
mune cells is inevitable and cannot be ignored. Immune cells
that reach the ischemic brain immediately after neutrophils
include macrophages, lymphocytes, NK cells, and dendritic
cells (DCs) [243]. The crosstalk between neutrophils and
these cells is achieved through direct contact or the release of
cell products.

7.1. Monocyte-Derived Macrophages

After ischemic stroke, monocyte-derived macrophages
infiltrate the brain following neutrophils. Monocytes are
mainly derived from bone marrow and are divided into two
subgroups, pro-inflammatory (M1) and anti-inflammatory
(M2). The former expresses C-C motif chemokine receptor 2
(CCR2), while the latter expresses C-X3-C motif chemokine
receptor 1 (CX3CR1), a receptor for fractalkine (CX3CL1),
but not CCR2 [240]. Monocyte chemoattractant protein-1
(MCP-1)/CCL2 released by N1 neutrophils, astrocytes, and
endothelial cells is critical for monocyte-macrophage re-
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cruitment after ischemic stroke (Fig. 4). By recognizing
CCR2, M1 monocytes in the bone marrow or spleen are mo-
bilized to the peripheral blood and eventually infiltrate the
ischemic brain, becoming activated M1 macrophages [244].
The chemokines CXCL-1 and CCL-3 and the pro-
inflammatory factors IL-1p and TNF-a produced by neutro-
phils promote macrophage infiltration [244]. The protease
PR3 released by neutrophils enhances macrophage recruit-
ment by upregulating the expression of endothelial ICAM-1
and CCL-2 [245]. NETs have been shown to promote cyto-
kines production by macrophages in vitro [246]. M1 macro-
phages, in turn, cause nerve injury and neutrophil infiltration
by releasing proinflammatory factors (TNF-a, IL-1B, IL-6)
and chemokine CCL2 and CCLS5 [240, 247]. Macrophages
phagocytosis of apoptotic neutrophils can induce their polar-
ization to the M2 phenotype and promote the release of lipid
mediators known as specialized pro-degradation mediators
(SPM), including resolvins, lipoxinA4 (LXA4), protectin
(PD), maresins, among others (Fig. 4) [248]. These media-
tors contribute to the amelioration of inflammation [188].

7.2. T Lymphocytes

Compared with neutrophils, lymphocytes (which include
T cells, NK cells and B cells) enter the ischemic site at a
later stage [249]. More and more studies have identified the
vital role of T cells in the development of ischemic stroke. T
cells are divided into two large subpopulations: CD8" cyto-
toxic T cells and CD4" T helper (Th) cells. As the main T
cell subset infiltrating the ischemic brain, CD4" Th cells,
including Thl, Th2 and Th17, and regulatory T cells (Treg)
not only promote inflammation in the early stage of ischemic
stroke but also participate on neural repair in later stages
[250]. Thl cells and Th17 cells have always been considered
to be pro-inflammatory phenotypes and therefore to exacer-
bate ischemic damage, while Th2 cells and Treg cells are
thought to be essential for neuroprotection and repair [251].
Early-arriving neutrophils contribute to the recruitment of T
cells. The chemokines CXCL9 and CXCL10, or CCL2 and
CCL20 (produced by neutrophils) attract Th1 or Th17 cells,
respectively, to the ischemic site [252]. Treg cells are in-
duced by CCL17 released by neutrophils [253]. N1 neutro-
phils exhibit a high expression of CXCL-10 and CCL2,
while N2 neutrophils express CCL17 also at high levels
[139]. Therefore, we speculate that N1 and N2 neutrophils
might enhance their effects by interacting with pro-
inflammatory and anti-inflammatory T cells, respectively
(Fig. 4). Activated CD4" and CD8" T cells mediate neutro-
phil activation and anti-apoptotic effects by releasing granu-
locyte-macrophage colony-stimulating factor (GM-CSF),
TNF-o and IFN-y [254]. IL-17 released by Th17 cells and yd
T cells upregulates G-CSF and CXCL1 to promote neutro-
phil mobilization [255]. Th17 cells can also attract neutro-
phils directly by releasing CXCL-8 (Fig. 4) [252]. In vitro
co-culture demonstrated that CD4" and CD8" T cells can
induce neutrophils to acquire DC-like identity (resulting in
the expression of the surface markers CD11lc, MHC I,
CD80, and CD86), which in turn mediates T cell activation
and differentiation through antigen presentation [256]. The
NETs released by neutrophils contribute to T cell activation
by lowering the activation threshold and inducing them to
polarize towards the pro-inflammatory phenotype [257]. Of
course, not only is there reciprocal promotion and amplifica-
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tion between neutrophils and T cells, but also reciprocal in-
hibition. Argl produced by N2 neutrophils consumes extra-
cellular L-arginine, thereby inhibiting the proliferation of T
lymphocytes and reducing inflammation (Fig. 4) [258]. The
contribution of Treg cells to neural repair in the late stages of
ischemic stroke has been revealed in recent years. Although
the infiltration of Treg cells in the ischemic brain does not
reach a peak until 14 to 30 days after MCAO, they have been
shown to have an effect on stroke outcomes within the first
days after ischemic stroke [259]. The anti-inflammatory fac-
tors IL-10 and TGF-B released by Treg cells not only inhibit
the inflammatory response of immune cells with a pro-
inflammatory phenotype such as N1 neutrophils and M1
microglia but also promote their transition to anti-
inflammatory phenotypes (such as N2 neutrophils and M2
microglia) [260]. Treg cells can also upregulate the expres-
sion of programmed death ligand-1 (PD-L1) to inhibit the
release of MMP9 by neutrophils (Fig. 4) [261].

7.3. NK Cells

The infiltration of NK cells in the brain reaches a peak 24
hours after MCAO and gradually decreases after 72 hours.
They are one of the culprits of neuronal damage in the acute
phase of stroke [262]. Neutrophils are involved in regulating
the differentiation and functional responsiveness of NK cells.
Neutrophil function loss, either innate or mediated by an
anti-Ly6G antibody, leads to defects in the maturation and
functionality of NK cells [263]. Neutrophils, as one of the
main sources of IL-18, activate NK cells and promote their
secretion of a variety of cytokines, including IFN-y, GM-
CSF and TNF-a (Fig. 4) [264]. Both ROS and prostaglandins
produced by neutrophils can inhibit the survival and cytotox-
ic activity of NK cells [265]. In turn, the cytokines released
by NK cells play a key role in neutrophil activation, recruit-
ment, lifespan extension, and enhancement of phagocytosis
[254].

7.4. B Lymphocytes

Compared with T lymphocytes, the contribution of B
cells to inflammation associated to ischemic stroke is minor.
B cells mainly play a neuroprotective effect in the acute
phase of stroke through the release of anti-inflammatory fac-
tors such as IL-10 and TGF-B [266]. A specific subpopula-
tion of neutrophils in the perifollicular area of the spleen in
humans and mice has been defined as B cell helper neutro-
phils (NBH) because they mediate T cell-independent anti-
body responses by secreting a B cell-activating factor of the
tumor-necrosis-factor family (BAFF), in addition to prolifer-
ation-inducing ligand (APRIL), IL-21 and CD40L (Fig. 4)
[267]. In autoimmune diseases and tumors, NBHs signifi-
cantly increase the release of BAFF, APRIL, and NETs, in-
ducing excessive B cell activation [268]. In neutrophils other
than NBHs, a considerable amount of BAFF is also released
under the stimulation of G-CSF, mediating the development
and maturation of B cells during inflammation [269]. Unfor-
tunately, the interaction between neutrophils and B cells in
ischemic stroke has not been studied in detail.

7.5. DCs

DCs are divided into two subgroups according to their
source: brain resident DCs (BDCs) and peripheral DCs.
BDCs are not recruited within 6 hours after MCAO but their
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number reaches a peak at the edge of the infarction area after
24 hours. After 72 hours, peripheral DCs gradually infiltrate
the brain and occupy the ischemic core [270]. The differ-
ences in the timing and the location of infiltration between
DCs and neutrophils determine the nature of the interaction
between the two cell types. The chemokines CCL3 and
CCLS5, produced by neutrophils, promote the migration of
bone marrow DCs in vitro [271]. Both TNF-a and IFN-y,
highly expressed by N1 neutrophils, are involved in the acti-
vation of DCs [272]. Activated DCs mediate in turn the acti-
vation and differentiation of T cells, which are regulated by
cell derivatives (MPO, NE, NETs, and endosomes) produced
by neutrophils. MPO derived from neutrophils inhibits the
activity of CD4" cells and the response to antigens by pre-
venting the maturation of DCs [273]. NE induces the polari-
zation of T cells to the Thl7 phenotype by processing
CXCLS8 produced by DCs [274]. There is no consensus on
the role of NETs on DCs. A study showed that NETs pro-
mote the activation of DCs and induce T cells to polarize
towards the pro-inflammatory Th1 phenotype [275]. Howev-
er, another study revealed that DCs treated with NETSs inhibit
the proliferation of T cells and drive them to polarize into the
anti-inflammatory Th2 phenotype (Fig. 4) [230].

8. POLARIZATION OF NEUTROPHILS
8.1. Location of Neutrophil Polarization

As mentioned above, the current definition of N1 and N2
neutrophils in experimental stroke is mainly based on
whether the classic surface markers for M2 microglia such as
Ym1 and CD206 are expressed [10, 62, 190]. Under physio-
logical conditions, the relative proportions of N1 (Ym1") and
N2 (Ym1") neutrophils in the bone marrow and peripheral
blood of mice are comparable. However, the number and
ratio of N1 and N2 neutrophils changes dramatically after
pMCAO: The total number of neutrophils decreases in the
bone marrow and increases dramatically in the periphery and
in the brain between 24 and 48 hours after episode onset.
The ratio between N1 and N2 neutrophils decreases signifi-
cantly in the bone marrow but remains almost constant in the
periphery. Moreover, almost two thirds of the total number
of neutrophils in the ischemic brain belong to the N1 pheno-
type [10, 190]. This indicates that ischemic stroke induces
neutrophil polarization, and that this process begins in the
bone marrow. Furthermore, the polarization of neutrophils
during this period is generally biased towards the N1 pheno-
type. As for the site of polarization, whether it is limited to
the bone marrow is still unclear. Transcriptional analysis of
N1 and N2 neutrophils suggests that N1 neutrophils exhibit
enhanced chemotactic and adhesion capacity compared to
N2 neutrophils. Specifically, N1 neutrophils express higher
levels of the chemokines CCL3, CCL5, CXCLI1, and
CXCL10 as well as the adhesion molecules CD11b (Mac-1)
and ICAM-1 [128, 139]. If neutrophil polarization only oc-
curred in the bone marrow, the number of N1 neutrophils
released to the periphery should be significantly higher than
the number of N2 neutrophils. However, their enhanced
chemotactic ability may significantly reduce the total time
spent in the bloodstream, since they can infiltrate the brain
more efficiently. Taking this into account, it makes sense
that the number of N1 neutrophils is almost equal to that of
N2 neutrophils in the peripheral blood, but significantly
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exceeds this number within the brain. With the development
of transcription analysis technology, it has gradually been
recognized that the N1 and N2 phenotypes are not the prod-
uct of two independent transcription programs but are likely
to represent two different activation states [47] instead. The
neutrophils mobilized from the bone marrow do not neces-
sarily belong to the N1 or N2 subtype: There may be some
"neutral" neutrophils present in the peripheral blood and is-
chemic brain as well, which may be polarized to the N1 or
N2 phenotype under the right conditions. Moreover, the N1
and N2 neutrophils present in the peripheral blood and is-
chemic brain may also be transformed into each other in re-
sponse to changes in the internal environment. This hypothe-
sis is supported by studies on mouse models for stroke: In
the subacute phase of ischemic stroke, the dominance of the

pro-inflammatory N1 phenotype in brain neutrophils was
reported to gradually decrease in favor of the anti-
inflammatory N2 phenotype [48, 51]. Therefore, the periph-
eral blood and the brain may also be additional sites of neu-
trophil polarization, besides the bone marrow. Next, we will
discuss the mechanism of neutrophil polarization and the
process of reciprocal transformation between phenotypes.

8.2. Mechanisms of Neutrophil Polarization
8.2.1. Norepinephrine

Norepinephrine (NA) released in response to SNS activa-
tion is involved in the polarization of bone marrow neutro-
phils after cerebral ischemia. This induction is unbalanced,
as confirmed by a recent study [276]: In vitro NA promotes
neutrophil polarization towards the N2 phenotype, which
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shows impaired chemotaxis. Similar results were observed in
the mouse model for stroke, in which the SNS is in a state of
pathological activation [276] (Fig. 5).

8.2.2. Toll-Like Receptors

Neutrophils express almost all of the Toll-like receptors
(with the exception of TLR3 and TLR7). As endogenous
ligands of DAMPs, Toll-like receptors are essential for the
activation, recruitment, and polarization of neutrophils in the
bone marrow (Fig. 5). An experimental model of myocardial
infarction demonstrated that HMGB1 and heat shock protein
60 (HSP60) induce neutrophils to polarize to the N1 pheno-
type by binding to the TLR4 receptors on their surface [46].
The DAMPs released in the brain after ischemic stroke also
include the alarmins S100A8 and S100A9, which have been
shown to participate in the polarization of N1 neutrophils by
activating the TLR4/MD2 receptor complex in vitro [128].
Moreover, the experimental stroke model confirmed that the
neutrophils from mice deficient in TLR4 tend to polarize
towards the N2 phenotype and to exhibit neuroprotective
effects [190]. The polarization towards the N1 phenotype
induced by TLR4 can be attributed to the downstream signal-
ing pathways it activates, namely MyD88-dependent NF-xB
and mitogen-activated protein kinases MAPKs (including
extracellular signal-regulated kinases [ERKs], c-Jun N-
terminal kinases [JNKs] and p38) [277]. These signaling
pathways are involved in neutrophil activation and in pro-
moting the expression of pro-inflammatory mediators. An
analysis of the transcription characteristics of N1 and N2
neutrophils in vitro showed that, in contrast with N2 neutro-
phils, the signaling molecules ERK and the P65 subunit of
NF-kB were activated in N1 neutrophils [113]. The tran-
scription factor NF-kB promotes the expression of pro-
inflammatory factors such as IL-18, TNF-a and IL-6 by neu-
trophils [278]. ERK phosphorylation has been shown to
promote the polarization of N1 neutrophils in inflammatory
bowel disease, and the polarization is switched towards the
N2 phenotype when it is inhibited [279]. The phosphoryla-
tion of ERK1/2 and p65 in NI neutrophils is reduced in re-
sponse to a SI00A8/A9 antagonist, leading to a decrease in
the production of the chemotactic factors CCL2, CCL3, and
CCLS5, and in the activity of NO, MPO and MMP-9.
MARKSs also promote the release of pro-inflammatory fac-
tors, ROS and MMPs [137].

8.2.3. Intracellular Signals

Studies have shown that several transcriptional regulators
play a key role in the polarization of the N1 and N2 pheno-
types. The signal transducer and activator of transcription
(STAT) family play an important role in neutrophil function
[280]. STATSs are generally activated by Janus kinase (JAK),
and it is well known that JAK/STAT] can be inhibited by the
suppressor of cytokine signaling 1 (SOCS1) [281]. atRA
pretreatment of transient MCAO in mice promotes the polar-
ization of neutrophils to the N2 phenotype and reduces brain
damage, and this is mediated by the inhibition of JAK/
STATI1 resulting from upregulation in the expression of
SOCSI [105] (Fig. 5).

Peroxisome proliferator-activated receptor-y (PPAR-y) is
another transcription factor belonging to the nuclear receptor
superfamily that can coordinate the conversion of macro-
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phages and microglia from the M1 to the M2 phenotype
[282]. It has been shown in a mouse model of permanent
cerebral ischemia that the polarization of neutrophils to the
N2 phenotype can be regulated by PPAR-y activation [7].
Retinoid X receptors (RXR), as a heterologous partner of
PPAR-y, also play an important role in the differentiation
and function of bone marrow cells, including the promotion
of polarization of bone marrow cells towards the anti-
inflammatory phenotype by inhibiting the activation of NF-
kB [283]. Intravenous administration of the RXR agonist
bexarotene to mice can significantly reduce the nerve dam-
age caused by transient MCAO. This neuroprotective effect
has been attributed to the activation of the RXR/PPAR-y
heterodimer, and it also extends to a decrease in the spleen
atrophy caused by MCAOQ, an increase in the density of N2
neutrophils in the spleen, and an increase in their infiltration
into the ischemic brain [284] (Fig. 5).

MicroRNA 494 (miR-494) is another small intracellular
molecule involved in the polarization of neutrophils. High
levels of miR-494 derived from circulating neutrophils in
patients with ischemic stroke are considered to be a clinical
indicator of poor prognosis [285]. miR-494 regulates the
expression of MMPs by binding to histone deacetylase 2
(HDAC?2) in neutrophils. Intravenous administration of the
miR-494 antagonist antagomiR-494 in a mouse model for
stroke inhibited the shift of neutrophils towards the N1 phe-
notype and their infiltration into the brain, resulting in neu-
roprotection [286] (Fig. 5). Therefore, miR-494 may be a
key node in the complex network regulating neutrophil po-
larization.

8.2.4. Aging

Compared with healthy individuals, patients affected by
acute ischemic stroke have an enlarged subpopulation of
senescent peripheral neutrophils (with high expression of
CXCR4 and B2 integrin, and low expression of CD62L),
which are overactive and generate high levels of NO and
NETs [287]. Aging is a key factor affecting the polarization
of macrophages and microglia. It is believed that aging mac-
rophages and microglia are more likely to be induced to M1,
accompanied by upregulation of neurotoxicity [288]. In vivo
analysis of aging shows that the pro-inflammatory activity of
neutrophils is positively correlated with total time in circula-
tion. Aging upregulates several molecules and pathways in
neutrophils that are also enhanced during activation, includ-
ing B2 integrin (Mac-1) and molecules related to leukocyte
adhesion (CDI11b, CD49d and ICAM-1), TLR, NOD-like
receptor (NLR) and the NF-xB signaling pathway [289].
This suggests a high degree of overlap between senescent
neutrophils and N1 neutrophils. In contrast, the expression
pattern of N2 neutrophils is more similar to the one dis-
played by non-aged neutrophils [190]. Therefore, we specu-
late that senescent neutrophils may be part of the N1 neutro-
phil category. Neutrophils may also undergo a phenotypic
transformation from the N2 to the N1 phenotype as they go
through the process of senescence in the peripheral blood
(Fig. 5).

8.2.5. Threshold Hypothesis

The brain is very likely to be the site where the pheno-
type of neutrophils transforms, given that they are present
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When the number of N1 neutrophils in the damaged tissue reaches a certain critical threshold, they respond by switching to the N2 phenotype.

(A4 higher resolution/colour version of this figure is available in the electronic copy of the article).

there in high enough numbers and for a sufficient period of
time. N1 neutrophils are dominant in the brain during the
hyperacute phase. This has been attributed, on the one hand,
to the peripheral response to central pro-inflammatory sig-
nals, and on the other hand, to the fact that the brain experi-
ences an inflammatory burst during this phase under the ac-
tion of several different inflammatory cell types [290]. The
neutrophils will therefore inevitably polarize to the N1 phe-
notype in response to these pro-inflammatory signals in or-
der to eliminate necrotic tissues and cells. It has been pro-
posed that when the number of N1 neutrophils in the dam-
aged tissue reaches a certain critical threshold, they respond
by switching to the N2 phenotype to mediate damage repair
[291] (Fig. 5). At the same time, experimental stroke models
indicate that the neuroprotective effect of the N2 phenotype
is based on an increase in neutrophil infiltration [7,159].
When this infiltration is reduced, the neuroprotective effect
of the N2 phenotype is also weakened or even disappears.
The increasing levels of N2 neutrophils thus mediate the
transition between inflammation on the one hand, and nerve
regeneration and repair on the other.

CONCLUSION AND FUTURE PERSPECTIVES

This article systematically describes the entire process of
mobilization and migration of neutrophils from the periphery

to the brain after ischemic stroke. The innovative aspect of it
is that the role of N1 and N2 neutrophils and their crosstalk
with other immune cells were individually discussed. In ad-
dition, we explored the potential mechanisms of neutrophil
polarization and reciprocal transformation. In this way, it is
easier to understand the role of neutrophils in ischemic
stroke from a more comprehensive perspective. Overall, the
predominance of N1 neutrophils in the early stage aggravates
brain damage through overexpression of pro-inflammatory
factors, proteases and ROS. In later stages, N2 neutrophils
gradually begin to dominate and exert neuroprotective ef-
fects through overexpression of cytokines. The alternation of
the two phenotypes implies a high degree of plasticity for
this functional classification. Based on recent research re-
sults, we discussed the possible mechanisms regulating this
phenotypic plasticity and concluded the following: After
ischemic stroke, the polarization of neutrophils begins in the
bone marrow and is biased towards the N1 phenotype. As the
infarction progresses and the inflammatory environment
changes, neutrophils may undergo a phenotypic transfor-
mation in the peripheral blood and ischemic brain. This pro-
cess is co-regulated by both exogenous and intracellular sig-
nals. This model of neutrophil polarization provides more
precision in terms of timing and location, and it may there-
fore prove useful for the specific targeting of the N1 and N2
neutrophil subpopulations to treat ischemic stroke.
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Nevertheless, due to the lack of specific surface markers,
the present conclusions are based on the expression of M1-
and M2-like markers by neutrophils. Their specificity and
accuracy remain to be verified. There are still many unsolved
problems that need to be explored in depth: The differences
in chemotactic adhesion between the N1 and N2 phenotypes
have not been systematically compared. There is also no
concrete evidence on potential differences in the overexpres-
sion of protease and NETs between the N1 and N2 pheno-
types. The specific mechanism of neutrophil polarization in
the brain, and how it is affected by the surrounding inflam-
matory environment and other factors, remains to be further
characterized. Most importantly, it is necessary to find more
accurate markers to define the N1 and N2 neutrophil sub-
populations. At present, single-cell sequencing is the most
accurate and promising method to reveal the subtypes of
neutrophils after ischemic stroke. It is to be hoped that, with
the application of this technology to the study of ischemic
stroke in the future, the mystery surrounding neutrophil sub-
types will eventually be solved.
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NETs = Neutrophil Extracellular Traps
IVT = Intravenous Thrombolysis
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