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Systemic immune responses
after ischemic stroke: From the
center to the periphery

Fan Wu®, Zongchi Liu™, Lihui Zhou®, Di Ye*, Yu Zhu?,
Kaiyuan Huang®, Yuxiang Weng®, Xiaoxing Xiong?,
Renya Zhan™ and Jian Shen™

Department of Neurosurgery, First Affiliated Hospital, College of Medicine, Zhejiang University,
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Ischemic stroke is a leading cause of disability and death. It imposes a heavy
economic burden on individuals, families and society. The mortality rate of
ischemic stroke has decreased with the help of thrombolytic drug therapy and
intravascular intervention. However, the nerve damage caused by ischemia-
reperfusion is long-lasting and followed by multiple organ dysfunction. In this
process, the immune responses manifested by systemic inflammatory responses
play an important role. It begins with neuroinflammation following ischemic
stroke. The large number of inflammatory cells released after activation of
immune cells in the lesion area, along with the deactivated neuroendocrine
and autonomic nervous systems, link the center with the periphery. With the
activation of systemic immunity and the emergence of immunosuppression,
peripheral organs become the second “battlefield” of the immune response after
ischemic stroke and gradually become dysfunctional and lead to an adverse
prognosis. The purpose of this review was to describe the systemic immune
responses after ischemic stroke. We hope to provide new ideas for future
research and clinical treatments to improve patient outcomes and quality of life.

KEYWORDS

ischemic stroke, immunosuppression, systemic immune response, neuro-immune
crosstalk, immune system disorder, neuroendocrine system, autonomic nervous
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1 Introduction: From the center to the periphery

Stroke is a common disease worldwide, characterized by a high incidence, disability
rate and mortality, that poses a notable threat to human health (1). Stroke is divided into
ischemic stroke and hemorrhagic stroke, which present distinct pathological changes.
Thus, different treatment plans should be selected according to different conditions.
Ischemic stroke is caused by an embolus or local thrombosis when it interrupts the blood
flow to some areas of the brain (2, 3). On the contrary, cerebral ischemia in hemorrhagic
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stroke is caused by rupture of the responsible artery or vein.
About 80% of strokes are reported to be ischemic (4). Unlike
hemorrhagic stroke, ischemic stroke is often insidious and arises
without warning. When obvious neurological symptoms appear,
it means that nerve damage has occurred, which can become
irreversible (5, 6). In addition to neurological damage, patients
with ischemic stroke also suffer from multiple systemic
complications (7). However, the mechanisms of multiple organ
dysfunction after ischemic stroke are complex. Nevertheless,
long-term studies have indicated that the systemic inflammation
caused by immune system disorder is involved in the
pathophysiological mechanism of these complications (8).

For a long time, the nervous and immune systems have been
studied independently. Because of the blood-brain barrier
(BBB), the entire central nervous system (CNS) seems to be
separated from the peripheral immune system. However, no
system can exist and operate independently. The nervous and
immune systems interact with and regulate each other from the
embryonic stage (9, 10). As research has progressed, the classical
concept of separation of the CNS and peripheral immune system
is gradually giving way to dynamic intermodulation (11).

Normally, under the protection offered by the BBB
constructed by endothelial cells, the end-feet of astrocytes, and
pericytes embedded in the basement membrane of capillaries,
microglia play a key role in immunosurveillance as resident
brain macrophages (12-14). When ischemic stroke occurs, the
brain tissue responsible for the affected blood vessels is hypoxic
and damaged, and even dies. The damage-associated molecular
patterns (DAMPs) released by dying cells trigger a cascade of
signals that activates the innate immune system (15, 16). These
DAMPs stimulate microglial activation and polarize into
phagocytic, proinflammatory phenotypes, releasing a large
number of proinflammatory factors (17). The presence of a
large number of inflammatory factors, known as an
inflammatory cytokine storm, damage nerve cells and the BBB
and attracts peripheral immune cells to infiltrate the lesion area
(18). Many inflammatory cytokines circulate through the
bloodstream into the periphery, resulting in a cytokine storm
that can cause peripheral organ dysfunction and further
aggravate systemic inflammation. Meanwhile, the
neuroendocrine system (such as the hypothalamic-pituitary-
adrenal (HPA) axis, as well as the autonomic nervous system,
are deactivated after onset (9). On the one hand, their
dysfunction manifests itself in the abnormal function of target
organs. On the other hand, due to the close relationship with the
immune system, their abnormal function can often cause
immune system disorders, such as immunosuppression. As
such, they may contribute to the process of neuroimmune
crosstalk after ischemic stroke and link the center to the
periphery (19). In conclusion, the central-peripheral crosstalk
after the onset of ischemic stroke begins with
neuroinflammation and is mediated by neural and humoral
regulatory pathways, linking the central and peripheral

Frontiers in Immunology

02

10.3389/fimmu.2022.911661

regions. The existence of this crosstalk disturbs the normal
operation of many organs and leads to poor prognosis.

In this review, we explore the central-peripheral crosstalk
after ischemic stroke with neuroinflammation as the entry point
and neural and humoral regulatory pathways as the clues.
Subsequently, we explore the consequences of this crosstalk. In
these discussions, we also touch on systemic immune system
activation and immunosuppression after crosstalk. We hope our
work will provide insights for researchers in the field and
contribute to the development of new treatments in the future.

2 The bridgehead:
Neuroinflammation

Neuroinflammatory response after ischemic stroke is
involved in both early nerve damage and late nerve repair.
Microglia, monocytes and neutrophils in the innate immune
system, along with astrocytes, traditionally considered to be the
major destructive factors after stroke, are also extensively
involved in brain repair after stroke. T and B cells in the
adaptive immune system have roles in CNS damage and repair
(20) (Figure 1).

2.1 Microglia

Microglia, as resident CNS macrophages, are the first line of
defense after brain damage (21). Under physiological conditions,
they play an important role in maintaining CNS homeostasis
and have no or only physiologically required phagocytic
function (22). Once brain damages occur, as nerve cells in the
central area of infarction die, a large number of DAMPs are
released and activate microglia (23).

Under physiological conditions, microglia show a resting
state characterized by a ramified morphology. With activation,
morphological changes in microglia are observed, accompanied
by upregulated expression of various cell surface markers (24).
In animal models, we can see that their numbers and phenotypes
change dynamically as the disease progresses. In a model of
permanent middle cerebral artery occlusion (MCAO), activated
microglia were detected at the boundary of ischemic lesions
30 min after stroke (25). In a photothrombotic stroke model,
neurons in the core lesion died within 2 h, accompanied by
activation of astrocytes and microglia (26). Despite a significant
decrease in the number of microglia in the core after stroke, the
number of microglia in the ischemic core and the boundary zone
increased within hours after IS and peaked at 2-3 days (27, 28).
At this stage, microglial responses can be characterized by
changes in morphology and act like amoeba (29). After
transient MCAO, these amoeboid microglia begin to appear in
ischemic lesions 2-10 h after reperfusion. These amoeba-like
microglia, along with rounded microglia, predominate in core
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After cerebral ischemia-reperfusion injury, DAMPs released by necrotic cells activate innate immune cells in the CNS and attract peripheral

immune cells to activate adaptive immune responses.

lesions and mingle with highly branched microglia to the
boundary 22 h after reperfusion (30, 31). Subsequently,
amoeboid microglia in the core are further enriched 3-7 days
after stroke (30). In the photothrombotic model, more amoeba
cells infiltrate into the core by day 4. By day 7, amoeba cells are
present throughout the lesion. However, over time, when the
course of the disease enters the chronic stage, only a small
number of deformed cells are found in the peripheral and distal
areas of the infarct, and the microglial response decreases (27).

In addition to morphological changes, the phenotype of
microglia also changes during this pathophysiological process.
It is noteworthy that the activated microglia in animal models
with different functions can be divided into M1 phenotype
(proinflammatory) and M2 phenotype (anti-inflammatory),
which are involved in tissue damage and repair, respectively
(22, 32). The M2 phenotype can be further subdivided into three
subtypes (M2a, M2b and M2c) (33). Microglial activation and
different phenotypes can be determined by detecting different
surface markers. The classical markers of M1 microglia include
integrin alpha-M (CD11b), CD16, CD32 and CD86, while the
classical markers of M2 microglia include macrophage mannose
receptor 1 (CD206) (34).

After ischemic stroke, Toll-like receptor (TLR)4 on the
surface of microglia recognizes and binds with high mobility
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group box (HMGB)1 protein, heat shock protein, purine and
other substances (21). This promotes activation of the nuclear
factor (NF)-xB pathway and the M1 phenotype transformation
of microglia, which exists in a proinflammatory state and
secretes proinflammatory cytokines (35). Overexpression of
signal transducer and activator of transcription (STAT)1 and
interferon (IFN) regulatory factor 5 is correlated with M1
polarization (36, 37). In mice, the number of TLR4" cells, as
well as NF-kB* and interleukin (IL)-1B" cells, increases
significantly 72 h after MCAO (38). At this stage, M1
microglia primarily serve a detrimental role by damaging the
BBB, aggravating brain edema and promoting neuronal
apoptosis by producing and secreting a large number of
inflammatory mediators (18). In mouse models, tumor
necrosis factor (TNF)-ou secreted by M1 microglia increases
endothelial necrosis and BBB leakage and further promotes
neuroinflammation and cerebral edema, leading to poor
outcomes, while increased IL-17A levels exacerbate neuronal
death (39, 40). Expression of chemokines and ligands increases,
attracting peripheral immune cells to the lesion area and
exacerbating the inflammatory response (41).

In contrast, the M2 phenotype, primarily as a protective
phenotype, promotes resolution of inflammation by secreting
IL-4, IL-10 and transforming growth factor (TGF)-, thereby
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indirectly preventing inflammation-induced BBB destruction.
IL-4 and IL-10 inhibit the expression of IFN-y, TNF-at and IL-1P
by inhibiting activation of the NF-xB signaling pathway, while
increasing expression of other anti-inflammatory factors (42).
IL-10 plays a protective role by limiting the expression and
activity of matrix metalloproteinase (MMP) by protecting
endothelial cells (42, 43). TGF-f decreases the levels of TNF-o
and monocyte chemoattractant protein-1 through the ALK5-p-
Smad2/3 signaling pathway (44).

It is important to note that this dichotomy is not perfect
because these two phenotypes have many overlapping functions.
The M1 phenotype can also help the repair process, but the M2
phenotype can also cause damage. Whether microglia promote
damage or repair depends on the stimuli they receive (45). That
is why the spatiotemporal phenotypic variation has puzzled
researchers for a long time. After analyzing changes in the
expression of M1 and M2 markers, researchers have concluded
that the M1/M2 expression pattern changes dynamically after IS.
The M2 phenotype is beneficial in the early stage and then
changes to harmful M1 phenotype in the late stage (34). This
microglia-targeting therapy provides insight that promotes early
M2 phenotype transformation and inhibits late M1
phenotype transformation.

2.2 Astrocytes

As the most abundant glial cells in the brain, astrocytes play
a CNS “steward” role in providing metabolic and nutritional
support, regulating synaptogenesis, ion homeostasis,
neurotransmitter buffering, maintaining the integrity of the
BBB, and promoting neural network activity patterns (46).

Astrocytes play a dual role in the pathophysiology of
ischemic stroke. Within minutes of onset, the astrocytes
activate and multiply in response to various inflammatory
factors released by ischemic/hypoxic cells. In this process,
known as reactive astrocyte hyperplasia, astrocytes exhibit cell
hypertrophy, proliferation, and increased expression of
intermediate proteins including glial fibrillary acidic protein
(GFAP), vimentin, and nestin (47). Among these markers, the
most prominent is upregulation of intermediate proteins,
especially GFAP, which is the main component of the
intermediate system of adult astrocytes (48, 49). Serum GFAP
level is positively correlated with the National Institutional
Health Stroke Scale (NTHSS), and may predict worse prognosis
(50). Within a few days, reactive astrocytes form glial scars
around ischemic lesions in the brain and confine the
inflammatory response locally (51, 52). The process of reactive
astrocyte proliferation is dynamic. Mild glial scars fade over time.
However, if the lesion is more extensive, more significant glial
scars may be permanent (53). With the accumulation of glial
scars, they go from helpers limiting inflammatory progression to
obstacles to axon growth and neuronal repair (54-56).
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As research progresses, astrocytes are not only bystanders of
the immune response after ischemic stroke, but also deeply
involved in the inflammatory response after ischemic stroke.
After reactive proliferation, astrocytes produce and release
various proinflammatory mediators, such as IL-6, TNF-o,, IL-
1o, IL-1P and IEN-y, as well as free radicals (57). Astrocytes, on
the one hand, damage the integrity of BBB and aggravate neuron
damage through these proinflammatory factors. On the other
hand, they interact with microglia and recruit peripheral
immune cells to participate in the inflammatory response (57).

In the study of astrocyte and microglia interactions,
astrocytes induced by IL-lo, TNF-o and complement
component Clq secreted by activated microglia are classified
as Al subtype. Although Al subtype astrocytes have lost their
ability to promote neuronal survival, growth, synaptic
formation, and phagocytosis, they induce neuronal and
oligodendrocyte death (58). In contrast, the A2 subtype is
considered protective. This subtype secretes IL-2, IL-10 and
TGEF-B, which accelerates inflammation resolution. In
particular, reactive astrocytes after transient MCAO show
increased transcription associated with the A2 subtype by
transcriptome analysis. This suggests that the A2 subtype is
more involved in inflammatory suppression and glial scar
formation (59).

A recent study found that the reactive-oxygen-species-
mediated NF-kB/STAT3 pathway can inhibit activation of Al
subtype astrocytes and increase activation of A2 subtype,
exerting neuroprotective effects (60). Although future
treatment regimens that reduce the Al subtype and increase
the A2 subtype will help improve the outcome of IS patients, it
should be noted that the excessive accumulation of the A2
subtype may lead to the accumulation of glial scars, which
may lead to adverse results.

2.3 Neutrophils

Neutrophils are the first peripheral immune cells to respond
to ischemic brain injury (61). They infiltrate the ischemic area a
few hours after cerebral ischemia occurs, and accumulation of
neutrophils may peak in the first 3 days (62). Ischemic brain
tissue releases a large number of DAMPs that activate microglia
and astrocytes to release proinflammatory mediators (e.g. IL-1B
and TNF) (63). Typically, chemokines including CXC
chemokine ligand (CXCL)1, CXCL2 and CXCL5 (CXCLS8 in
humans) contribute to the release of neutrophils from bone
marrow and recruitment to ischemic brain tissue (64).
Expression of neutrophil chemokine receptors is increased to
promote neutrophil activation (65). Animal studies have shown
that using CXC receptor (CXCR)1 and CXCR2 inhibitors can
significantly reduce neutrophil extravasation and infarct volume,
and improve functional outcomes (66). However, inhibition of
CXCRI1 or CXCR2 alone does not reduce infarct size or improve
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function (67). Neutralizing the bioactivity of CXCLI and CXCL2
only reduces neutrophil infiltration and does not reduce infarct
size or improve neurological deficits (68).

Expression of many endothelial adhesion receptors on
neutrophils is increased, including P-selectin glycoprotein
ligand-1, lymphocyte function-associated antigen 1 and
macrophage-1 antigen (69, 70). These components promote
the adhesion and infiltration of neutrophils. This process is
first mediated by selectin (P-selectin and E-selectin) to
neutrophil rolling. Secondly, neutrophils migrate to the
optimum anatomical location under the mediation of [B2-
integrins lymphocyte function-associated antigen 1 (oLfB2
integrin) and macrophage-1 antigen (0MP2 integrin) (71).
Activated neutrophils release various proteases (MMPs,
elastase, cathepsin G and proteinase 3) and reactive oxygen
species that strike the BBB with fatal force, allowing them to
cross the endothelial layer (72). Finally, under the cascade of
different chemical attractants, neutrophils reach the injured
brain tissue and disrupt neural function by further disrupting
the BBB through neutrophil extracellular traps and promoting
thrombosis (64, 73, 74). Although treatment regimens targeting
these molecules successfully interfere with neutrophil rolling and
adhesion in animal models, they can effectively limit neutrophil
accumulation and BBB leakage (18). However, clinical trials have
been disappointing. Compared with placebo, there was no
benefit and an increased risk of infection (74).

2.4 T cells

T cells originate in bone marrow, mature in the thymus and
play a central role in the adaptive immune system (75). T cell
transport marks the beginning of the T cell response in ischemic
stroke (76). At present, there are three ways that T cells infiltrate
pathological tissues: BBB, choroid plexus and meninges (77).
After binding, rolling, stagnation and adhesion stages, T cells
attach to endothelial cells by upregulating expression of specific
adhesion molecules on the membrane. Initial adhesion and
rolling of T cells are mediated by the binding between
endoselectin and its ligand (78). Subsequently, integrins
represented by very late antigen 4 and their ligands, such as
vascular cell adhesion molecule-1, help the T cells to stay firmly
on the endothelial cells (79). In animal models, during the first
24 h after MCAO, the CD3" T cell margins were significantly
infiltrated into the diseased tissue (80). However, the peak of T
cell infiltration is correlated with disease severity. In the transient
MCAO model, the peak occurs 3-5 days after induction. While,
in permanent MCAO models, the peak is delayed, usually
around 7 days after onset (76).

It is important to note that T cells perform different
functions at different stages due to the existence of different
functional subtypes. In the acute phase of ischemic stroke, T cells
respond mainly in an antigen-independent manner and are
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closely related to the development of infarct volume (76). In
animal models, TCR-transgenic mice bearing 1 single CD8" (2C/
RAG2, OTI/RAGI mice) or CD4" (OTII/RAGI, 2D2/RAG1
mice) T cell receptor (TCR), mice lacking accessory molecules
of TCR stimulation (CD287'~, PD17/~, B7-H1~~ mice) are as
completely susceptible to ischemic reperfusion injury as wild-
type mice are (81). In addition, certain T cell subtypes, including
YO T cells, do not naturally require antigenic stimulation for their
activation (82). After 3-7 days, the T cell response gradually
shifts to antigen-dependent with antigen recognition (83). The
classic antigen-dependent T cell response involves two steps:
initiation and reactivation. In ischemic stroke, soluble antigens
leak into the blood and surrounding tissues due to the
breakdown of the BBB. These soluble antigens promote the
activation, proliferation and differentiation of naive T cells into
effector cells after being treated by antigen-presenting cells (76).
Through expression of TCR on the surface, T cells can be
divided into CD8" cytotoxic T cells and CD4" helper T (Th)
cells (84). Cytotoxic T cells directly destroy target cells by
releasing cytotoxic perforin, granase and granulysin, or induce
apoptosis by the Fas-Fas ligand pathway (85). Th cells bind to
antigen-MHC class II molecules expressed on the surface of
APCs, which are stimulated and can further differentiate into
Th1, Th2, T regulatory (Treg) and other subtypes (86). Thl cells
secrete proinflammatory cytokines and Th2 cells produce anti-
inflammatory cytokines (87). It is important to note that Treg
cells, which are identified by expression of transcription factor
forkhead box (FOX)P3, play a beneficial role in stroke (88, 89).
Treg cells are rare in the early stages of the disease. On day 14
after stroke, FOXP3" Treg cells account for 30-40% of CD4" T
cells, especially in and around the infarct area. In addition, the
number of Treg cells continue to increase and last for up to 1
month thereafter (90). Treg cells work mainly in the late stages.
They antagonize TNF-o and IFN-y production from infiltrated
immune cells, including microglia and T effector cells, by
secreting IL-10 (91). Promotion and maintenance of the anti-
inflammatory phenotype of microglia is another important
mechanism by which Treg cells play a neuroprotective role
(92). Hence, Treg cells could be an effective target for the
treatment of stroke in the future (89).

At present, compared with other immune cells, the
mechanism of T cells in ischemic stroke is still limited.
Although it is thought to be deleterious in the early stages of
ischemic stroke, its detailed function remains to be further
defined (76).

2.5 B cells

At present, there are different and controversial views on the
mechanism of B cells in ischemic stroke. Based on existing
research, the distinct functions may be related to the time after
stroke and different B cell subsets (93).
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IL-10" regulatory B cells, which account for only 0.5-0.7% of
CD19" B cells, have been shown to have CNS protective activity
after stroke. Injection of all CD19" B cells into the lesion site in
B-cell-deficient mice reduced infarct volume 48 h later (94).
Specifically, mice injected with IL-10" B cells showed a decrease
in infarct size and infiltrating cells, and a significant increase in
Treg cells (95, 96). Some studies have shown that B cells do not
play an important role in the acute phase of ischemic lesions,
especially in the impact of infarct volume (97, 98).

B cells are either absent or harmful during functional
recovery. The delayed deleterious effects of B cells are
primarily seen in increased susceptibility to dementia, which
appears a few weeks after stroke (99). In mouse models, activated
B lymphocytes infiltrate infarcted tissue for several weeks after
stroke. At the same time, IgM, IgG and IgA antibodies are found
in nerve cells near the lesion. While directly impacting neuronal
function, the accumulation of antibodies is associated with
impairment in hippocampal long-term potentiation and leads
to short-term memory deficit a few weeks after stroke (100).

Although the use of regulatory B cells cannot reduce brain
injury in the acute stage, it can regulate long-term neurological
dysfunction. However, the evidence from recent studies makes it
difficult to clearly define the role of B cells in IS, and more studies
are needed in the future.

3 Bridges
3.1 Inflammatory cytokines

All kinds of immune cells activated after the onset, whether
proinflammatory or anti-inflammatory, will release a large
number of inflammatory factors. These inflammatory factors
are represented by ILs, TNFs and chemokines (101). They
circulate to the periphery and become the “invisible hand” that
connects the center to the periphery after an ischemic stroke.

3.1.1ILs

ILs can be broadly classified as anti-inflammatory and
proinflammatory. IL-1, IL-8, IL-12, IL-15, IL-16, IL-20, IL-18 and
IL-23/IL-17 play proinflammatory roles after ischemic stroke (102).
IL-1, the best-known mediator of acute brain injury inflammation,
is not present in patients with high levels of IL-1f in serum or
plasma. IL-1 occurs in two forms: IL-1ot (intracellular) and IL-1f
(secreted) (16). After onset, increased IL-1B secretion activates
phospholipase A2 to degrade arachidonic acid and destroy the
phospholipid bilayer, thereby undermining the integrity of the BBB
(103). At the same time, it stimulates the activation of microglia and
releases various inflammatory mediators (104). More importantly,
it can mediate apoptosis through two aspects: (1) activation of
glutamate-mediated excitatory toxicity (105); and (2) activating the
apoptotic cascade to activate the JNK/AP-1 pathway (106).
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The anti-inflammatory ILs mainly include IL-2, IL-4, IL-10,
IL-13, IL-19 and IL-33 (102). IL-10 has been the focus of
neuroprotection after ischemic stroke for a long time. Its
protective effect is mainly achieved by inhibiting the
inflammatory response. On the one hand, IL-10 reduces the
production of proinflammatory mediators by downregulating
proinflammatory immune cells, and on the other hand, it
upregulates anti-inflammatory immune cells and increases the
secretion of neuroprotective factors (107).

Beyond the two classes mentioned above, IL-6 seems to be a
special presence. It is also a neurotrophic cytokine, although its
serum concentration increases significantly after onset and is
associated with poor prognosis (108, 109). IL-6 acts as an
inflammatory factor in the acute phase and as a neurotrophic
mediator in the subacute and long-term phases.

3.1.2 TNFs

TNF-o may be one of the most widely studied cytokines in
the inflammatory response after ischemic stroke. TNF-o. can be
secreted by a variety of immune cells, but it is mainly secreted by
microglia and monocytes after ischemic stroke (110). More
specifically, early TNF after permanent MCAO is primarily
derived from microglia, while sources are more mixed 12-24 h
after permanent MCAO in mice (111-113). TNF-o comes in
two forms: a transmembrane form (tTNF-o) that locally
regulates inflammation through intercellular interactions, and
a bioactive form (sTNF-o) that is soluble and produced by TNF-
0, invertase.

Numerous studies have shown that TNF-o plays a double-
sided role in the pathophysiology of ischemic stroke. While
causing nerve damage, it also has a neuroprotective effect (114).
TNF-a acts by binding to two different glycosylated receptors
(TNFR-1 and TNFR-2). In particular, tTNF-o binds to TNFR-1
and TNFR-2, while soluble TNF-o binds to TNFR-1(101). In
animal models, the volume of cerebral infarction is significantly
reduced after injection of chimeric monoclonal antibodies
against TNF-o (115). Therefore, TNF-0. may cause cell
damage by binding to TNFR-1. However, injection of
cannabidiol into the brain of transient MCAO models show
neuroprotective effects by activating the TNF-o/TNFR1/NF-xB
pathway (116).

In addition to being involved in neuroinflammatory
responses after ischemic stroke, TNF-o entering the
bloodstream helps trigger inflammatory cascades. Increased
TNF-o concentrations are observed in peripheral blood of
stroke patients 6-12 h after symptom onset. Its concentration
is directly correlated with NIHSS and infarct size (117, 118).Ina
long-term follow-up study, serum TNF-o. concentrations were
associated with poor long-term outcomes after stroke (119).
Patient prognosis is associated with TNF-a. gene polymorphism
(120); therefore, TNF-o inhibition should be considered in the
treatment of ischemic stroke.
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3.1.3 Chemokines

Chemokines recruit immune cells to sites of inflammation.
They are divided into four subfamilies (CC, CXC, XC and
CX3C) based on the number and location of cysteine residues.
Accordingly, chemokine receptors can be divided into the
following categories: CRCCR, CXC-R and CX3C-R (121). It
should be noted that the same chemokine can combine with
different receptors to play a different role.

After ischemic stroke, the sources of chemokines are diverse,
including neurons, astrocytes, microglia, oligodendrocytes and
cerebrovascular endothelial cells (122). For example, astrocytes
are the primary source of CCL2 in adult stroke models, while
damaged neurons are the primary source of CCL2 in neonatal
hypoxia/ischemia models (123).

After 24 h of MCAO, CCL2 and CCL3 expression increases
in ischemic regions of the MCA (124). CCL2/CCR2
interactions contribute to the recruitment of monocytes and
neutrophils after stroke (125). Subsequently, CCL2 expression
levels peak at 2 days and decrease after 5 days (126). In the
CCR2™"" knockout mouse model, a milder inflammatory
response was observed with reduced ischemic infarct loss,
reduced cerebral edema, and low BBB permeability (127).
CCL3 acts as a proinflammatory chemokine by binding to
CCRI1 and CCRS5 in conjunction with increased expression of
CCL2 (128, 129). CCL3 is also an effective chemoattractant for
neutrophils (130). It has also been shown to be involved in
microglial activation (131). In rat models, the use of
antagonists can reduce infarct volume in a dose-dependent
manner (132).

In addition to the two chemokines mentioned above, CCL5,
as an effective proinflammatory chemokine, selectively binds to
three different receptors, CCR1, CCR3 and CCR5 (133). Its
proinflammatory effects are associated with leukocyte
recruitment and platelet adhesion to the cerebral
microvascular system. In a CCL5~~ knockout mouse model of
focal cerebral ischemia, there is a significant reduction in infarct
volume and improved BBB function (134). Recent studies have
shown that CCR5 is important in Treg-cell-dependent BBB
protection. CCR5 promotes Treg cells to upregulate PDL1 on
the cell surface, which interacts with PD1 expressed on
neutrophil surface to inhibit MMP9 expression and protect the
BBB (135).

Chemokines and their receptors act as nutritional and
protective factors in the nervous system, thereby improving
the survival rate of neurons. Importantly, they not only
regulate neuronal metabolism but also affect their synaptic
transmission (136). Mirabilie-Badenier et al. proposed that CC
and CXC chemokines are widely involved in key
pathophysiological processes after ischemic stroke (e.g.,
inflammatory cell recruitment and activation, neuronal
survival, and new angiogenesis) and may serve as potential
therapeutic targets (137).
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3.2 Neuroendocrine system

The HPA axis is one of the key components of the stress
system (138). Normally, neurons in the paraventricular nucleus
secrete corticotropin-releasing hormone (CRH), arginine
vasopressin and other neuropeptides that regulate the HPA
(139, 140). CRH stimulates the adrenocorticotropic cells in the
anterior pituitary to synthesize and secrete adrenocorticotropic
hormone (141), which stimulates the adrenal glands to secrete
cortisol to regulate normal physiology (142). After stroke, HPA
is activated under the stimulation of immune response and
pathological stress (143, 144). In particular, inflammatory
factors, such as IL-6, released by local inflammation of
damaged tissues stimulate the paraventricular nucleus to
release CRH (145). In stroke patients, serum IL-6 levels are
significantly increased and positively correlated with cortisol
levels, suggesting that IL-6 release after cerebral ischemia may
contribute to hyperactivation of the HPA (146).

Glucocorticoids play an important role in many biological
processes such as inflammation and immunity, biological
metabolism and water balance (147). Significantly, excess
secretion of glucocorticoids has a strong inhibitory effect on
the immune system. Glucocorticoids have been shown to inhibit
the production of proinflammatory cytokines and proliferation
of immune cells, and promote apoptosis (148). In the acute
phase, immunosuppression can serve as a protective mechanism
that counteracts excessive inflammatory responses to brain
damage. However, prolonged immunosuppression increases
the risk of infection in patients. Concurrently, glucocorticoid-
related toxicity also occurs in multiple organs (149). In the
context of systemic inflammatory responses, the HPA is
overstimulated and the immune system is further suppressed.
Under the vicious circle, the bad clinical outcomes finally
appears (150) (Figure 2).

3.3 Autonomic nervous system

The autonomic nervous system is another key pathway for
the CNS to communicate with the periphery. After ischemic
stroke, sympathetic and parasympathetic nerves, two important
components of the autonomic nervous system, are stimulated
and become dysfunctional (151).

3.3.1 Sympathetic hyperactivation

The sympathetic nervous system (SNS) maintains
homeostasis during all kinds of physiological activities and
prepares the body for emergencies at all times (152). In
patients with acute ischemic stroke, autonomic nerve damage,
characterized by sympathetic dysfunction, is the most common
(153). Plasma catecholamine levels increase significantly in
patients with acute brain injury and are inversely correlated
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FIGURE 2

Hyperactivation of the HPA after ischemic stroke results in the release of large amounts of cortisol into the blood. Long-term elevated cortisol
inhibits the immune system and can cause dysfunction and even apoptosis of immune cells. A dysfunctional immune system makes peripheral
organs vulnerable to damage and produces a large number of inflammatory mediators, resulting in systemic inflammatory response. A storm of
inflammatory factors follows. On the one hand, it can further stimulate the HPA, and on the other hand, it disrupts the normal function of nerve

cells and has profound effects on the CNS.

with prognosis. The reason behind this may be paroxysmal
hypersympathetic syndrome, with clinical features such as
hyperthermia, sweating, tachycardia, high blood pressure,
shortness of breath, and dystonic posture (154). One of the
causes of sympathetic dysfunction in stroke patients is damage
to the brain’s norepinephrine-producing nucleus —— locus
coeruleus (LC) (155). After the CNS is damaged, the SNS is
overactivated and large amounts of norepinephrine are released
into the blood (156). Norepinephrine plays a variety of biological
functions in the CNS and peripherally through different affinity
for oo and P adrenergic receptors (ARs) (157-159). In the CNS,
the SNS affects attention and memory by regulating neurons,
microglia and astrokeratinocytes. Concurrently, it can lead to
increased blood pressure and heart rate, and inhibition of
gastrointestinal activity (155).

In addition to conventional functions, the SNS regulates the
immune system and inflammatory response to protect the body
from foreign pathogens and endogenous inflammatory damage
factors (156). It is well-known that both otAR and BAR are
expressed by both innate and adaptive immune cells, especially
B2AR, which is most expressed. After binding to catecholamines,
they activate adenylate cyclase through the coupled stimulant
protein G (Gois), leading to an increase in intracellular cAMP
levels (160).

In peripheral blood, the continuous elevation of
catecholamine can promote apoptosis of lymphocytes and
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transformation of the Thl immune response to Th2. These
decrease TNF-o. levels and the ratio of IFN-Y/IL-4 production
(161-164). The SNS releases norepinephrine, which activates
B2-AR and limits T cell autoimmunity in the CNS through a
mechanism mediated by suppression of IL-2, IFN-y and
granulocyte-macrophage colony-stimulating factor production
via inducible cAMP early repressor (165). In current clinical
practice, B-blockers have been widely used to treat CNS injuries
(166). Although B-blockers are effective in reducing mortality,
they significantly increase infection rates and require longer
ventilator support, intensive care management, and hospital
stay (167).

3.3.2 Parasympathetic activation

Previous studies have shown that activation of the
parasympathetic nervous system can antagonize various
pathological mechanisms. In particular, vagus nerve
stimulation (VNS) can effectively improve various brain
diseases (168). Continuous VNS increases norepinephrine and
acetylcholine (169, 170). Acetylcholine inhibits inflammation
through inhibition of the NF-xB pathway mediated by neuronal
acetylcholine receptor subunit alpha-7 (nAChRa7) (171).
nAChR07 is an important target for inhibiting the release of
proinflammatory cytokines by macrophages and dendritic cells
and is expressed in peripheral and CNS macrophages (such as
microglia) (172). In response to acetylcholine, macrophages
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significantly reduce the release of secretory proinflammatory
cytokines such as TNF, IL-1B, IL-6 and IL-18, but not anti-
inflammatory cytokine IL-10 (171). A recent study showed that
vanniclan, a high affinity agonist of nAChRa7, reduces brain
inflammation and improved motor function when given to
experimental mouse models (173). Although targeting ou1/B2-
ARs or nAChRa7 may be a novel approach to
neuroinflammation, overstimulation of these receptors may
increase the risk of infection (156, 174). Animal experiments
have shown that electrical stimulation of VN for 15-20 min after
transient ischemia significantly reduces extracellular glutamate
levels in ischemic tissues (175). VNS significantly inhibits
ischemia-induced immune activation and reduces the degree
of tissue damage in rats without any reduction in infarct size
(176). It is worth noting that VNS can reduce
neuroinflammation after ischemic stroke by inhibiting the
TLR4/MyD88/NF-xB pathway in microglia while promoting
M2 polarization and inhibiting M1 polarization (177).

VNS has been widely used in the postoperative rehabilitation
of patients with ischemic stroke. VNS can significantly improve
motor function in patients with ischemic stroke, especially in the
subchronic stage (178, 179). Therefore, VNS, especially
noninvasive VNS, may be a promising adjunctive therapy for
ischemic stroke (180).

4 The end of the bridge: Systemic
immune system disorder

4.1 Systemic immunosuppression

During the 24 h following ischemic stroke, circulating levels of
cytokines, chemokines and proinflammatory mediators increase in
response to systemic immune activation. However, stroke-induced
immunosuppression develops 2 days after stroke. The specific
manifestations are lymphocytopenia, splenic atrophy and elevated
levels of anti-inflammatory cytokines (181, 182). Stroke-induced
immunosuppression is considered to be a compensatory
mechanism that prevents autoimmunity against CNS antigens
(183, 184). Peripheral circulating concentrations of CNS antigens
such as myelin basic protein, creatine kinase, neuron-specific
enolase, and S100 are significantly elevated within 24 h after
stroke. This is consistent with the size of the infarction and
associated with higher NIHSS baseline scores (185). Particularly,
in response to these CNS antigens, T cells develop a strong cell-
mediated inflammatory Thl type response (186). As the immune
system adapts to these antigens, T cells shift from Th1 response to
humoral, anti-inflammatory Th2 response to protect the brain from
further inflammatory damage and promote tissue repair and
neuronal regeneration (187). IL-10 secreted by monocytes,
dendritic cells and Treg cells is increased and acts on many
immune cell types to avoid proinflammatory responses (188).
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Another explanation is that it may be due to abnormal
sympathetic nerve function, the parasympathetic nerves and the
HPA (163, 189). Sudden increases in circulating levels of
norepinephrine and glucocorticoids impair lymphocyte
development, transport and function (189). Activation of [3-
AR inhibits cytotoxic T lymphocyte-associated protein 4
expression on T cells, reduces IFN-y production and induces
apoptosis (163, 190). When propranolol was used to block -
ARs, IFN-y production was increased and bacterial burden was
reduced in mice after stroke (191). The spleen, the largest
peripheral immune organ, contracts in response to
sympathetic nerve stimulation. Spleen shrinkage may be
negatively correlated with stroke infarct volume and there can
be marked differences in the size and shrinkage of the spleen
among patients of different ages and ethnicities (192, 193).
Meanwhile, studies have found that the spleen volume is also
negatively correlated with the total number of white blood cells,
which may mean an increase in the inflow of white blood cells
from the spleen into the blood (194, 195). In tracking splenic cell
migration after IS using carboxyfluorescein diacetate
succinimide, researchers found that splenic cells such as
lymphocytes, monocytes, neutrophils, and natural killer cells
could migrate to the brain via the circulation (196). However,
splenic macrophages/monocytes have been shown to lack very
late antigen 4, which prevents these cells from migrating to other
tissues. At the same time, the induction of Treg cells and the loss
of B cells in the spleen further impair the host-pathogen
defense (188).

Previously, it was believed that early splenectomy may
alleviate acute brain injury and provide early brain protection.
However, some studies have shown that early splenectomy may
temporarily improve function but not bring long-term
protection to damaged brain tissue. Analogously, delayed
splenectomy also brings no benefit to long-term motor and
sensory function recovery (197).

4.2 Opportunistic infection

Severe peripheral immunosuppression makes the body
vulnerable to both exogenous and endogenous pathogens
(Figure 3). Pneumonia and urinary tract infection are the
main types of exogenous infection after stroke. The former has
a high incidence of 57%, while the latter has an incidence of 11-
27% (198). In particular, stroke-associated pneumonia (SAP),
the most common type of infection after stroke, often indicates
deterioration of the disease and poor prognosis (199). There are
currently two definitions of SAP. One is described as pneumonia
occurring < 3 days after stroke. A broader definition classifies
SAP as acute (when pneumonia occurs within 1 month of a
stroke) and chronic (when it occurs after 1 month). Clinically,
SAP is usually defined using broad criteria (200). Through
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Immunosuppression after stroke increases the risk of infection. Exogenous pathogens can infect the lungs and urinary tract. Translocation of

intestinal flora is also a potential risk.

numerous clinical studies, aspiration and its associated risk
factors, such as impaired levels of consciousness and
dysphagia, have been identifled as important risk factors for
SAP (200, 201). The immunosuppression that accompanies
ischemic stroke also contributes to lung injury (202).

The intestinal flora that co-exists with us and the viruses that lurk
in the body are predictable consequences of immunosuppression
after stroke (203). Compared with healthy people, the gut microbiota
is significantly dysregulated in stroke patients, manifested as having
more bacteria producing short-chain fatty acids, such as Odoribacter,
Akkermansia, Ruminococcaceae_UCG_005 and Victivallis (204).
Short-chain fatty acids produced by these bacteria induce
differentiation of naive T cells towards the functional Treg cell
phenotype and away from the proinflammatory Th17 phenotype
(205). Although Treg cells are closely related to neuroprotective
function by inhibiting pathogenic T cells, some cytokines produced
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and secreted by they may associated with neurotoxicity (206, 207). In
addition, species diversity of intestinal microecology decreases after
stroke (208). Specifically, alterations are observed within the highly
abundant phyla Firmicutes, Bacteroidetes and Actinobacteria (209).
Immunosuppression creates conditions for the displacement of
intestinal flora and causes infection (203).

5 Conclusion

Ischemic stroke is not only an acute and severe neurological
disease but also a multiorgan and systemic disease. Throughout
the course of the disease, immunoreactivity is involved at
every stage.

Initially, the innate immune system in the CNS is activated
in response to ischemia-reperfusion injury of brain tissue. As the
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disease progresses, the large number of inflammatory mediators
produced by neuroinflammatory responses activate the adaptive
immune system to further damage nerve cells. In this process, in
addition to the physical function of the damaged brain area, the
inflammatory factors produced by neuroinflammation interfere
with other normal neural pathways. In particular, dysfunction of
the HPA and autonomic nervous system affects the function of
the immune system and peripheral organs. They not only cause
immune disorders but also lead to dysfunction of peripheral
organs. Eventually, all of these feed back into the CNS and lead
to a vicious cycle.

In theory, regulating the immune system or blocking
inflammatory pathways from the center to the periphery is a
promising therapy for improving the prognosis of ischemic stroke.
However, with current technology, it is difficult to reduce systemic
inflammation without increasing the risk of endogenous and
exogenous infection. In addition, the neuroendocrine axis and
autonomic nervous system are important pathways linking the
center and the periphery. They also play an important role in
regulating immune system function. Although researchers have
been working in this area for a long time, the detailed mechanism
remains unclear. These may be breakthrough points for designing
treatment strategies in the future.

Author contributions

FW and ZL conceived the framework and wrote the
manuscript. FW, LZ, and DY were responsible for the
illustrations. YZ, KH, YW, and XX were responsible for the
compilation and editing of the literature. JS and RZ were
responsible for the review and revision of the article. All

References

1. Campbell BCV, Khatri P. Stroke. Lancet (2020) 396(10244):129-42. doi:
10.1016/S0140-6736(20)31179-X

2. Campbell BCV, De Silva DA, Macleod MR, Coutts SB, Schwamm LH, Davis
SM, et al. Ischaemic stroke. Nat Rev Dis Primers (2019) 5(1):70. doi: 10.1038/
$41572-019-0118-8

3. Feske SK. Ischemic stroke. Am J Med (2021) 134(12):1457-64. doi: 10.1016/
j.amjmed.2021.07.027

4. Barthels D, Das H. Current advances in ischemic stroke research and
therapies. Biochim Biophys Acta Mol Basis Dis (2020) 1866(4):165260. doi:
10.1016/j.bbadis.2018.09.012

5. Tuo QZ, Zhang ST, Lei P. Mechanisms of neuronal cell death in ischemic
stroke and their therapeutic implications. Med Res Rev (2022) 42(1):259-305. doi:
10.1002/med.21817

6. Zhao Y, Wang H, Chen W, Chen L, Liu D, Wang X, et al. Neuronal injuries in
cerebral infarction and ischemic stroke: From mechanisms to treatment (Review).
Int ] Mol Med (2022) 49(2):15. doi: 10.3892/ijmm.2021.5070

7. Cui P, McCullough LD, Hao J. Brain to periphery in acute ischemic stroke:
Mechanisms and clinical significance. Front Neuroendocrinol (2021) 63:100932.
doi: 10.1016/j.yfrne.2021.100932

8. Zhang SR, Phan TG, Sobey CG. Targeting the immune system for ischemic
stroke. Trends Pharmacol Sci (2021) 42(2):96-105. doi: 10.1016/j.tips.2020.
11.010

Frontiers in Immunology

11

10.3389/fimmu.2022.911661

authors contributed to the article and approved the
submitted version.

Funding

The research was funded by the National Natural Science
Foundation of China (82071285) and the Zhejiang Medical and
Health Science and Technology Plan (G3222234).

Acknowledgments

Figures were created with the help offered by BioRender.com.

Conflict of interest

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

Publisher’s note

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

9. Zhu Y, Duan S, Wang M, Deng Z, Li J. Neuroimmune interaction: A
widespread mutual regulation and the weapons for barrier organs. Front Cell
Dev Biol (2022) 10:906755. doi: 10.3389/fcell.2022.906755

10. Kim J, Erice C, Rohlwink UK, Tucker EW. Infections in the developing
brain: The role of the neuro-immune axis. Front Neurol (2022) 13:805786. doi:
10.3389/fneur.2022.805786

11. Tabet A, Apra C, Stranahan AM, Anikeeva P. Changes in brain
neuroimmunology following injury and disease. Front Integr Neurosci (2022)
16:894500. doi: 10.3389/fnint.2022.894500

12. Deczkowska A, Lorenzo-Vivas E, Itzkovitz S, Elinav E, Sieweke MH,
Schwartz M, et al. Microglia development follows a stepwise program to regulate
brain homeostasis. Science (2016) 353(6301):aad8670. doi: 10.1126/
science.aad8670

13. Kracht L, Borggrewe M, Eskandar S, Brouwer N, Chuva De Sousa Lopes SM,
Laman JD, et al. Human fetal microglia acquire homeostatic immune-sensing
properties early in development. Science (2020) 369(6503):530-7. doi: 10.1126/
science.aba5906

14. Sweeney MD, Zhao Z, Montagne A, Nelson AR, Zlokovic BV. Blood-brain
barrier: From physiology to disease and back. Physiol Rev (2019) 99(1):21-78. doi:
10.1152/physrev.00050.2017

15. Klegeris A. Regulation of neuroimmune processes by damage- and
resolution-associated molecular patterns. Neural Regener Res (2021) 16(3):423-9.
doi: 10.4103/1673-5374.293134

frontiersin.org


https://BioRender.com
https://doi.org/10.1016/S0140-6736(20)31179-X
https://doi.org/10.1038/s41572-019-0118-8
https://doi.org/10.1038/s41572-019-0118-8
https://doi.org/10.1016/j.amjmed.2021.07.027
https://doi.org/10.1016/j.amjmed.2021.07.027
https://doi.org/10.1016/j.bbadis.2018.09.012
https://doi.org/10.1002/med.21817
https://doi.org/10.3892/ijmm.2021.5070
https://doi.org/10.1016/j.yfrne.2021.100932
https://doi.org/10.1016/j.tips.2020.11.010
https://doi.org/10.1016/j.tips.2020.11.010
https://doi.org/10.3389/fcell.2022.906755
https://doi.org/10.3389/fneur.2022.805786
https://doi.org/10.3389/fnint.2022.894500
https://doi.org/10.1126/science.aad8670
https://doi.org/10.1126/science.aad8670
https://doi.org/10.1126/science.aba5906
https://doi.org/10.1126/science.aba5906
https://doi.org/10.1152/physrev.00050.2017
https://doi.org/10.4103/1673-5374.293134
https://doi.org/10.3389/fimmu.2022.911661
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wu et al.

16. Bustamante A, Simats A, Vilar-Bergua A, Garcia-Berrocoso T, Montaner J.
Blood/Brain biomarkers of inflammation after stroke and their association with
outcome: From c-reactive protein to damage-associated molecular patterns.
Neurotherapeutics (2016) 13(4):671-84. doi: 10.1007/s13311-016-0470-2

17. HuX, Li P, Guo Y, Wang H, Leak RK, Chen §, et al. Microglia/macrophage
polarization dynamics reveal novel mechanism of injury expansion after focal
cerebral ischemia. Stroke (2012) 43(11):3063-70. doi: 10.1161/
STROKEAHA.112.659656

18. Qiu YM, Zhang CL, Chen AQ, Wang HL, Zhou YF, Li YN, et al. Immune
cells in the BBB disruption after acute ischemic stroke: Targets for immune
therapy? Front Immunol (2021) 12:678744. doi: 10.3389/fimmu.2021.678744

19. Mueller SN. Neural control of immune cell trafficking. J Exp Med (2022) 219
(3):€20211604. doi: 10.1084/jem.20211604

20. Wang X, Xuan W, Zhu ZY, Li Y, Zhu H, Zhu L, et al. The evolving role of
neuro-immune interaction in brain repair after cerebral ischemic stroke. CNS
Neurosci Ther (2018) 24(12):1100-14. doi: 10.1111/cns.13077

21. Giilke E, Gelderblom M, Magnus T. Danger signals in stroke and their role
on microglia activation after ischemia. Ther Adv Neurol Disord (2018)
11:1756286418774254. doi: 10.1177/1756286418774254

22. Zhang W, Tian T, Gong SX, Huang WQ, Zhou QY, Wang AP, et al.
Microglia-associated neuroinflammation is a potential therapeutic target for
ischemic stroke. Neural Regener Res (2021) 16(1):6-11. doi: 10.4103/1673-
5374.286954

23. HuangJ, Xie Y, Sun X, Zeh HJ 3rd, Kang R, Lotze MT, et al. DAMPs, ageing,
and cancer: The 'DAMP hypothesis'. Ageing Res Rev (2015) 24(Pt A):3-16. doi:
10.1016/j.arr.2014.10.004

24. Ransohoff RM, Perry VH. Microglial physiology: unique stimuli, specialized
responses. Annu Rev Immunol (2009) 27:119-45. doi: 10.1146/
annurev.immunol.021908.132528

25. Rupalla K, Allegrini PR, Sauer D, Wiessner C. Time course of microglia
activation and apoptosis in various brain regions after permanent focal cerebral
ischemia in mice. Acta Neuropathol (1998) 96(2):172-8. doi: 10.1007/
5004010050878

26. Gorlamandala N, Parmar J, Craig AJ, Power JM, Moorhouse AJ, Krishnan
AV, et al. Focal ischaemic infarcts expand faster in cerebellar cortex than cerebral
cortex in a mouse photothrombotic stroke model. Transl Stroke Res (2018) 9
(6):643-53. doi: 10.1007/s12975-018-0615-1

27. Nowicka D, Rogozinska K, Aleksy M, Witte OW, Skangiel-Kramska J.
Spatiotemporal dynamics of astroglial and microglial responses after
photothrombotic stroke in the rat brain. Acta Neurobiol Exp (Wars) (2008) 68
(2):155-68.

28. Shi QJ, Wang H, Liu ZX, Fang SH, Song XM, Lu YB, et al. HAMI 3379, a
CysLT2R antagonist, dose- and time-dependently attenuates brain injury and

inhibits microglial inflammation after focal cerebral ischemia in rats. Neuroscience
(2015) 291:53-69. doi: 10.1016/j.neuroscience.2015.02.002

29. Neher JJ, Emmrich JV, Fricker M, Mander PK, Théry C, Brown G.
Phagocytosis executes delayed neuronal death after focal brain ischemia. Proc
Natl Acad Sci U S A (2013) 110(43):E4098-107. doi: 10.1073/pnas.1308679110

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

31. Zhang Z, Chopp M, Powers C. Temporal profile of microglial response
following transient (2 h) middle cerebral artery occlusion. Brain Res (1997) 744
(2):189-98. doi: 10.1016/S0006-8993(96)01085-2

32. Eldahshan W, Fagan SC, Ergul A. Inflammation within the neurovascular
unit: Focus on microglia for stroke injury and recovery. Pharmacol Res (2019)
147:104349. doi: 10.1016/j.phrs.2019.104349

33. HouK, Li G, Yu ], Xu K, Wu W. Receptors, channel proteins, and enzymes
involved in microglia-mediated neuroinflammation and treatments by targeting
microglia in ischemic stroke. Neuroscience (2021) 460:167-80. doi: 10.1016/
jneuroscience.2021.02.018

34. Jiang CT, Wu WF, Deng YH, Ge JW. Modulators of microglia activation
and polarization in ischemic stroke (Review). Mol Med Rep (2020) 21(5):2006-18.
doi: 10.3892/mmr.2020.11003

35. Zhou K, WuJ, Chen J, Zhou Y, Chen X, Wu Q, et al. Schaftoside ameliorates
oxygen glucose deprivation-induced inflammation associated with the TLR4/
Myd88/Drpl-related mitochondrial fission in BV2 microglia cells. ] Pharmacol
Sci (2019) 139(1):15-22. doi: 10.1016/j.jphs.2018.10.012

36. Butturini E, Boriero D, Carcereri De Prati A, Mariotto S. STAT1 drives M1
microglia activation and neuroinflammation under hypoxia. Arch Biochem Biophys
(2019) 669:22-30. doi: 10.1016/j.abb.2019.05.011

37. Al Mamun A, A, Chauhan A, Yu H, Xu Y, Sharmeen R, Liu F, et al.
Interferon regulatory factor 4/5 signaling impacts on microglial activation after
ischemic stroke in mice. Eur ] Neurosci (2018) 47(2):140-9. doi: 10.1111/ejn.13778

Frontiers in Immunology

12

10.3389/fimmu.2022.911661

38. Zhao Y, Wang H, Chen W, Chen L, Liu D, Wang X, et al. Melatonin
attenuates white matter damage after focal brain ischemia in rats by regulating the
TLR4/NF-xB pathway. Brain Res Bull (2019) 150:168-78. doi: 10.1016/
j.brainresbull.2019.05.019

39. Chen AQ, Fang Z, Chen XL, Yang S, Zhou YF, Mao L, et al. Microglia-
derived TNF-o. mediates endothelial necroptosis aggravating blood brain-barrier
disruption after ischemic stroke. Cell Death Dis (2019) 10(7):487. doi: 10.1038/
541419-019-1716-9

40. Lv M, Zhang D, Dai D, Zhang W, Zhang L. Sphingosine kinase 1/
sphingosine-1-phosphate regulates the expression of interleukin-17A in activated
microglia in cerebral ischemia/reperfusion. Inflammation Res (2016) 65(7):551-62.
doi: 10.1007/s00011-016-0939-9

41. Wang S, Zhang H, Xu Y. Crosstalk between microglia and T cells
contributes to brain damage and recovery after ischemic stroke. Neurol Res
(2016) 38(6):495-503. doi: 10.1080/01616412.2016.1188473

42. de Bilbao F, Arsenijevic D, Moll T, Garcia-Gabay I, Vallet P, Langhans W,
et al. In vivo over-expression of interleukin-10 increases resistance to focal brain
ischemia in mice. ] Neurochem (2009) 110(1):12-22. doi: 10.1111/j.1471-
4159.2009.06098.x

43. Waehre T, Halvorsen B, Damas JK, Yndestad A, Brosstad F, Gullestad L,
et al. Inflammatory imbalance between IL-10 and TNFalpha in unstable angina
potential plaque stabilizing effects of IL-10. Eur J Clin Invest (2002) 32(11):803-10.
doi: 10.1046/j.1365-2362.2002.01069.x

44. Yang E, Cai Y, Yao X, Liu ], Wang Q, Jin W, et al. Tissue plasminogen
activator disrupts the blood-brain barrier through increasing the inflammatory
response mediated by pericytes after cerebral ischemia. Aging (Albany NY) (2019)
11(22):10167-82. doi: 10.18632/aging.102431

45. Qin C, Zhou LQ, Ma XT, Hu ZW, Yang S, Chen M, et al. Dual functions of
microglia in ischemic stroke. Neurosci Bull (2019) 35(5):921-33. doi: 10.1007/
$12264-019-00388-3

46. Westergard T, Rothstein JD. Astrocyte diversity: Current insights and future
directions. Neurochem Res (2020) 45(6):1298-305. doi: 10.1007/s11064-020-
02959-7

47. Liu Z, Chopp M. Astrocytes, therapeutic targets for neuroprotection and
neurorestoration in ischemic stroke. Prog Neurobiol (2016) 144:103-20. doi:
10.1016/j.pneurobio.2015.09.008

48. Pekny M, Nilsson M. Astrocyte activation and reactive gliosis. Glia (2005)
50(4):427-34. doi: 10.1002/glia.20207

49. Pekny M, Pekna M. Astrocyte intermediate filaments in CNS pathologies
and regeneration. J Pathol (2004) 204(4):428-37. doi: 10.1002/path.1645

50. Amalia L. Glial fibrillary acidic protein (GFAP): Neuroinflammation
biomarker in acute ischemic stroke. J Inflammation Res (2021) 14:7501-6. doi:
10.2147/JIR.S342097

51. Shen XY, Gao ZK, Han Y, Yuan M, Guo YS, Bi X. Activation and role of
astrocytes in ischemic stroke. Front Cell Neurosci (2021) 15:755955. doi: 10.3389/
fncel.2021.755955

52. Silver J, Miller JH. Regeneration beyond the glial scar. Nat Rev Neurosci
(2004) 5(2):146-56. doi: 10.1038/nrn1326

53. Sofroniew MV. Molecular dissection of reactive astrogliosis and glial scar
formation. Trends Neurosci (2009) 32(12):638-47. doi: 10.1016/j.tins.2009.08.002

54. Fitch MT, Silver J. CNS injury, glial scars, and inflammation: Inhibitory
extracellular matrices and regeneration failure. Exp Neurol (2008) 209(2):294-301.
doi: 10.1016/j.expneurol.2007.05.014

55. Silver J, Schwab ME, Popovich PG. Central nervous system regenerative
failure: role of oligodendrocytes, astrocytes, and microglia. Cold Spring Harb
Perspect Biol (2014) 7(3):a020602. doi: 10.1101/cshperspect.a020602

56. Pekny M, Wilhelmsson U, Pekna M. The dual role of astrocyte activation and
reactive gliosis. Neurosci Lett (2014) 565:30-8. doi: 10.1016/j.neulet.2013.12.071

57. Xu S, Lu J, Shao A, Zhang JH, Zhang J. Glial cells: Role of the immune
response in ischemic stroke. Front Immunol (2020) 11:294. doi: 10.3389/
fimmu.2020.00294

58. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer
L, et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature
(2017) 541(7638):481-7. doi: 10.1038/nature21029

59. Rakers C, Schleif M, Blank N, Matuskova H, Ulas T, Handler K, et al. Stroke
target identification guided by astrocyte transcriptome analysis. Glia (2019) 67
(4):619-33. doi: 10.1002/glia.23544

60. Guo H, Fan Z, Wang S, Ma L, Wang J, Yu D, et al. Astrocytic A1/A2
paradigm participates in glycogen mobilization mediated neuroprotection on
reperfusion injury after ischemic stroke. J Neuroinflamm (2021) 18(1):230. doi:
10.1186/512974-021-02284-y

61. Ross AM, Hurn P, Perrin N, Wood L, Carlini W, Potempa K, et al. Evidence
of the peripheral inflammatory response in patients with transient ischemic attack.

frontiersin.org


https://doi.org/10.1007/s13311-016-0470-2
https://doi.org/10.1161/STROKEAHA.112.659656
https://doi.org/10.1161/STROKEAHA.112.659656
https://doi.org/10.3389/fimmu.2021.678744
https://doi.org/10.1084/jem.20211604
https://doi.org/10.1111/cns.13077
https://doi.org/10.1177/1756286418774254
https://doi.org/10.4103/1673-5374.286954
https://doi.org/10.4103/1673-5374.286954
https://doi.org/10.1016/j.arr.2014.10.004
https://doi.org/10.1146/annurev.immunol.021908.132528
https://doi.org/10.1146/annurev.immunol.021908.132528
https://doi.org/10.1007/s004010050878
https://doi.org/10.1007/s004010050878
https://doi.org/10.1007/s12975-018-0615-1
https://doi.org/10.1016/j.neuroscience.2015.02.002
https://doi.org/10.1073/pnas.1308679110
https://doi.org/10.1186/1742-2094-8-174
https://doi.org/10.1016/S0006-8993(96)01085-2
https://doi.org/10.1016/j.phrs.2019.104349
https://doi.org/10.1016/j.neuroscience.2021.02.018
https://doi.org/10.1016/j.neuroscience.2021.02.018
https://doi.org/10.3892/mmr.2020.11003
https://doi.org/10.1016/j.jphs.2018.10.012
https://doi.org/10.1016/j.abb.2019.05.011
https://doi.org/10.1111/ejn.13778
https://doi.org/10.1016/j.brainresbull.2019.05.019
https://doi.org/10.1016/j.brainresbull.2019.05.019
https://doi.org/10.1038/s41419-019-1716-9
https://doi.org/10.1038/s41419-019-1716-9
https://doi.org/10.1007/s00011-016-0939-9
https://doi.org/10.1080/01616412.2016.1188473
https://doi.org/10.1111/j.1471-4159.2009.06098.x
https://doi.org/10.1111/j.1471-4159.2009.06098.x
https://doi.org/10.1046/j.1365-2362.2002.01069.x
https://doi.org/10.18632/aging.102431
https://doi.org/10.1007/s12264-019-00388-3
https://doi.org/10.1007/s12264-019-00388-3
https://doi.org/10.1007/s11064-020-02959-7
https://doi.org/10.1007/s11064-020-02959-7
https://doi.org/10.1016/j.pneurobio.2015.09.008
https://doi.org/10.1002/glia.20207
https://doi.org/10.1002/path.1645
https://doi.org/10.2147/JIR.S342097
https://doi.org/10.3389/fncel.2021.755955
https://doi.org/10.3389/fncel.2021.755955
https://doi.org/10.1038/nrn1326
https://doi.org/10.1016/j.tins.2009.08.002
https://doi.org/10.1016/j.expneurol.2007.05.014
https://doi.org/10.1101/cshperspect.a020602
https://doi.org/10.1016/j.neulet.2013.12.071
https://doi.org/10.3389/fimmu.2020.00294
https://doi.org/10.3389/fimmu.2020.00294
https://doi.org/10.1038/nature21029
https://doi.org/10.1002/glia.23544
https://doi.org/10.1186/s12974-021-02284-y
https://doi.org/10.3389/fimmu.2022.911661
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wu et al.

J Stroke Cerebrovasc Dis (2007) 16(5):203-7. doi: 10.1016/j.jstrokecerebrovasdis.
2007.05.002

62. Jayaraj RL, Azimullah S, Beiram R, Jalal FY, Rosenberg GA.
Neuroinflammation: friend and foe for ischemic stroke. ] Neuroinflamm (2019)
16(1):142. doi: 10.1186/s12974-019-1516-2

63. Arancibia SA, Beltran CJ, Aguirre IM, Silva P, Peralta AL, Malinarich F,
et al. Toll-like receptors are key participants in innate immune responses. Biol Res
(2007) 40(2):97-112. doi: 10.4067/S0716-97602007000200001

64. Sadik CD, Kim ND, Luster AD. Neutrophils cascading their way to
inflammation. Trends Immunol (2011) 32(10):452-60. doi: 10.1016/.it.2011.06.008

65. Reichel CA, Khandoga A, Anders HJ, Schléndorff D, Luckow B, Krombach
F. Chemokine receptors Ccrl, Ccr2, and Ccr5 mediate neutrophil migration to
postischemic tissue. J Leukoc Biol (2006) 79(1):114-22. doi: 10.1189/j1b.0605337

66. Villa P, Triulzi S, Cavalieri B, Di Bitondo R, Bertini R, Barbera S, et al. The
interleukin-8 (IL-8/CXCL8) receptor inhibitor reparixin improves neurological
deficits and reduces long-term inflammation in permanent and transient cerebral
ischemia in rats. Mol Med (2007) 13(3-4):125-33. doi: 10.2119/2007-00008.Villa

67. Frieler RA, Chung Y, Ahlers CG, Gheordunescu G, Song J, Vigil TM, et al.
Genetic neutrophil deficiency ameliorates cerebral ischemia-reperfusion injury.
Exp Neurol (2017) 298(Pt A):104-11. doi: 10.1016/j.expneurol.2017.08.016

68. Copin JC, Deruaz M, Proudfoot AE, Dallegri F, Stergiopulos N, Santos RA,
et al. Treatment with evasin-3 reduces atherosclerotic vulnerability for ischemic
stroke, but not brain injury in mice. J Cereb Blood Flow Metab (2013) 33(4):490-8.
doi: 10.1038/jcbfm.2012.198

69. Kitagawa K, Matsumoto M, Mabuchi T, Yagita Y, Ohtsuki T, Hori M, et al.
Deficiency of intercellular adhesion molecule 1 attenuates microcirculatory
disturbance and infarction size in focal cerebral ischemia. J Cereb Blood Flow
Metab (1998) 18(12):1336-45. doi: 10.1097/00004647-199812000-00008

70. Soriano SG, Coxon A, Wang YF, Frosch MP, Lipton SA, Hickey PR, et al.
Mice deficient in mac-1 (CD11b/CD18) are less susceptible to cerebral ischemia/
reperfusion injury. Stroke (1999) 30(1):134-9. doi: 10.1161/01.STR.30.1.134

71. Phillipson M, Heit B, Colarusso P, Liu L, Ballantyne CM, Kubes P, et al.
Intraluminal crawling of neutrophils to emigration sites: a molecularly distinct
process from adhesion in the recruitment cascade. ] Exp Med (2006) 203(12):2569—
75. doi: 10.1084/jem.20060925

72. Jickling GC, Liu D, Ander BP, Stamova B, Zhan X, Sharp FR. Targeting
neutrophils in ischemic stroke: translational insights from experimental studies. J
Cereb Blood Flow Metab (2015) 35(6):888-901. doi: 10.1038/jcbfm.2015.45

73. Li C, Xing Y, Zhang Y, Hua Y, Hu J, Bai Y. Neutrophil extracellular traps
exacerbate ischemic brain damage. Mol Neurobiol (2022) 59(1):643-56. doi:
10.1007/s12035-021-02635-z

74. Denorme F, Rustad JL, Campbell RA. Brothers in arms: platelets and
neutrophils in ischemic stroke. Curr Opin Hematol (2021) 28(5):301-7. doi:
10.1097/MOH.0000000000000665

75. Gu L, Jian Z, Stary C, Xiong X. T Cells and cerebral ischemic stroke.
Neurochem Res (2015) 40(9):1786-91. doi: 10.1007/s11064-015-1676-0

76. Zhang D, Ren ], Luo Y, He Q, Zhao R, Chang J, et al. T Cell response in
ischemic stroke: From mechanisms to translational insights. Front Immunol (2021)
12:707972. doi: 10.3389/fimmu.2021.707972

77. Benakis C, Llovera G, Liesz A. The meningeal and choroidal infiltration
routes for leukocytes in stroke. Ther Adv Neurol Disord (2018)
11:1756286418783708. doi: 10.1177/1756286418783708

78. Engelhardt B, Ransohoft RM. Capture, crawl, cross: the T cell code to breach
the blood-brain barriers. Trends Immunol (2012) 33(12):579-89. doi: 10.1016/
j.it.2012.07.004

79. Liesz A, Zhou W, Mracsko E, Karcher S, Bauer H, Schwarting S, et al. Inhibition
of lymphocyte trafficking shields the brain against deleterious neuroinflammation after
stroke. Brain (2011) 134(Pt 3):704-20. doi: 10.1093/brain/awr008

80. Mir6-Mur F, Urra X, Ruiz-Jaén F, Pedragosa J, Chamorro A, Planas AM.
Antigen-dependent T cell response to neural peptides after human ischemic stroke.
Front Cell Neurosci (2020) 14:206. doi: 10.3389/fncel.2020.00206

81. Kleinschnitz C, Schwab N, Kraft P, Hagedorn I, Dreykluft A, Schwarz T,
et al. Early detrimental T-cell effects in experimental cerebral ischemia are neither
related to adaptive immunity nor thrombus formation. Blood (2010) 115(18):3835—
42. doi: 10.1182/blood-2009-10-249078

82. Arunachalam P, Ludewig P, Melich P, Arumugam TV, Gerloff C, Prinz I,
et al. CCR6 (CC chemokine receptor 6) is essential for the migration of detrimental
natural interleukin-17-Producing y3 T cells in stroke. Stroke (2017) 48(7):1957-65.
doi: 10.1161/STROKEAHA.117.016753

83. Jenkins MK, Khoruts A, Ingulli E, Mueller DL, Mcsorley SJ, Reinhardt RL,
et al. In vivo activation of antigen-specific CD4 T cells. Annu Rev Immunol (2001)
19:23-45. doi: 10.1146/annurev.immunol.19.1.23

84. Hedrick SM. T Cell development: bottoms-up. Immunity (2002) 16(5):619-
22. doi: 10.1016/S1074-7613(02)00316-3

Frontiers in Immunology

13

10.3389/fimmu.2022.911661

85. Barry M, Bleackley RC. Cytotoxic T lymphocytes: all roads lead to death.
Nat Rev Immunol (2002) 2(6):401-9. doi: 10.1038/nri819

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

87. Heizmann O, Koeller M, Muhr G, Oertli D, Schinkel C. Th1- and Th2-type
cytokines in plasma after major trauma. J Trauma (2008) 65(6):1374-8. doi:
10.1097/TA.0b013e31818b257d

88. Wu Y, Li J, Shou J, Zhang W, Chen C. Diverse functions and mechanisms of
regulatory T cell in ischemic stroke. Exp Neurol (2021) 343:113782. doi: 10.1016/
j.expneurol.2021.113782

89. Santamaria-Cadavid M, Rodriguez-Castro E, Rodriguez-Yanez M, Arias-
Rivas S, Lopez-Dequidt I, Pérez-Mato M, et al. Regulatory T cells participate in the
recovery of ischemic stroke patients. BMC Neurol (2020) 20(1):68. doi: 10.1186/
512883-020-01648-w

90. Ito M, Komai K, Nakamura T, Srirat T, Yoshimura A. Tissue regulatory T
cells and neural repair. Int Immunol (2019) 31(6):361-9. doi: 10.1093/intimm/
dxz031

91. Liesz A, Suri-Payer E, Veltkamp C, Doerr H, Sommer C, Rivest S, et al.
Regulatory T cells are key cerebroprotective immunomodulators in acute
experimental stroke. Nat Med (2009) 15(2):192-9. doi: 10.1038/nm.1927

92. Zhou K, Zhong Q, Wang YC, Xiong XY, Meng ZY, Zhao T, et al. Regulatory
T cells ameliorate intracerebral hemorrhage-induced inflammatory injury by
modulating microglia/macrophage polarization through the IL-10/GSK3B/PTEN
axis. | Cereb Blood Flow Metab (2017) 37(3):967-79. doi: 10.1177/
0271678X16648712

93. Javidi E, Magnus T. Autoimmunity after ischemic stroke and brain injury.
Front Immunol (2019) 10:686. doi: 10.3389/fimmu.2019.00686

94. Chen Y, Bodhankar S, Murphy SJ, Vandenbark AA, Alkayed NJ, Oftner H.
Intrastriatal b-cell administration limits infarct size after stroke in b-cell deficient
mice. Metab Brain Dis (2012) 27(4):487-93. doi: 10.1007/s11011-012-9317-7

95. Bodhankar S, Chen Y, Vandenbark AA, Murphy SJ, Offner H. IL-10-
producing b-cells limit CNS inflammation and infarct volume in experimental
stroke. Metab Brain Dis (2013) 28(3):375-86. doi: 10.1007/s11011-013-9413-3

96. Yang M, Rui K, Wang S, Lu L. Regulatory b cells in autoimmune diseases.
Cell Mol Immunol (2013) 10(2):122-32. doi: 10.1038/cmi.2012.60

97. Schuhmann MK, Langhauser F, Kraft P, Kleinschnitz C. B cells do not have
a major pathophysiologic role in acute ischemic stroke in mice. J Neuroinflamm
(2017) 14(1):112. doi: 10.1186/s12974-017-0890-x

98. Rolfes L, Ruck T, David C, Mencl S, Bock S, Schmidt M, et al. Natural killer
cells are present in Ragl(-/-) mice and promote tissue damage during the acute
phase of ischemic stroke. Transl Stroke Res (2022) 13(1):197-211. doi: 10.1007/
512975-021-00923-3

99. Selvaraj UM, Poinsatte K, Torres V, Ortega SB, Stowe AM. Heterogeneity of
b cell functions in stroke-related risk, prevention, injury, and repair.
Neurotherapeutics (2016) 13(4):729-47. doi: 10.1007/s13311-016-0460-4

100. Doyle KP, Quach LN, Solé M, Axtell RC, Nguyen TV, Soler-Llavina GJ,
et al. B-lymphocyte-mediated delayed cognitive impairment following stroke. J
Neurosci (2015) 35(5):2133-45. doi: 10.1523/J]NEUROSCI.4098-14.2015

101. Pawluk H, Wozniak A, Grzesk G, Kolodziejska R, Kozakiewicz M,
Kopkowska E, et al. The role of selected pro-inflammatory cytokines in
pathogenesis of ischemic stroke. Clin Interv Aging (2020) 15:469-84. doi:
10.2147/CIA.S233909

102. Zhu H, Hu S, Li Y, Sun Y, Xiong X, Hu X, et al. Interleukins and ischemic
stroke. Front Immunol (2022) 13:828447. doi: 10.3389/fimmu.2022.828447

103. Barnes J, Mondelli V, Pariante CM. Genetic contributions of inflammation
to depression. Neuropsychopharmacology (2017) 42(1):81-98. doi: 10.1038/
npp.2016.169

104. John GR, Lee SC, Song X, Rivieccio M, Brosnan CF. IL-1-regulated
responses in astrocytes: relevance to injury and recovery. Glia (2005) 49(2):161—
76. doi: 10.1002/glia.20109

105. Chaparro-Huerta V, Rivera-Cervantes MC, Flores-Soto ME, Gomez-
Pinedo U, Beas-Zarate C. Proinflammatory cytokines and apoptosis following
glutamate-induced excitotoxicity mediated by p38 MAPK in the hippocampus of
neonatal rats. ] Neuroimmunol (2005) 165(1-2):53-62. doi: 10.1016/
j.jneuroim.2005.04.025

106. Li W, Zheng S, Tang C, Zhu Y, Wang X. JNK-AP-1 pathway involved in
interleukin-1beta-induced calcitonin gene-related peptide secretion in human type
II alveolar epithelial cells. Peptides (2007) 28(6):1252-9. doi: 10.1016/
j.peptides.2007.03.021

107. Bodhankar S, Chen Y, Vandenbark AA, Murphy SJ, Offner H. Treatment
of experimental stroke with IL-10-producing b-cells reduces infarct size and
peripheral and CNS inflammation in wild-type b-cell-sufficient mice. Metab
Brain Dis (2014) 29(1):59-73. doi: 10.1007/s11011-013-9474-3

frontiersin.org


https://doi.org/10.1016/j.jstrokecerebrovasdis.2007.05.002
https://doi.org/10.1016/j.jstrokecerebrovasdis.2007.05.002
https://doi.org/10.1186/s12974-019-1516-2
https://doi.org/10.4067/S0716-97602007000200001
https://doi.org/10.1016/j.it.2011.06.008
https://doi.org/10.1189/jlb.0605337
https://doi.org/10.2119/2007-00008.Villa
https://doi.org/10.1016/j.expneurol.2017.08.016
https://doi.org/10.1038/jcbfm.2012.198
https://doi.org/10.1097/00004647-199812000-00008
https://doi.org/10.1161/01.STR.30.1.134
https://doi.org/10.1084/jem.20060925
https://doi.org/10.1038/jcbfm.2015.45
https://doi.org/10.1007/s12035-021-02635-z
https://doi.org/10.1097/MOH.0000000000000665
https://doi.org/10.1007/s11064-015-1676-0
https://doi.org/10.3389/fimmu.2021.707972
https://doi.org/10.1177/1756286418783708
https://doi.org/10.1016/j.it.2012.07.004
https://doi.org/10.1016/j.it.2012.07.004
https://doi.org/10.1093/brain/awr008
https://doi.org/10.3389/fncel.2020.00206
https://doi.org/10.1182/blood-2009-10-249078
https://doi.org/10.1161/STROKEAHA.117.016753
https://doi.org/10.1146/annurev.immunol.19.1.23
https://doi.org/10.1016/S1074-7613(02)00316-3
https://doi.org/10.1038/nri819
https://doi.org/10.1111/j.0105-2896.2006.00381.x
https://doi.org/10.1111/j.0105-2896.2006.00381.x
https://doi.org/10.1097/TA.0b013e31818b257d
https://doi.org/10.1016/j.expneurol.2021.113782
https://doi.org/10.1016/j.expneurol.2021.113782
https://doi.org/10.1186/s12883-020-01648-w
https://doi.org/10.1186/s12883-020-01648-w
https://doi.org/10.1093/intimm/dxz031
https://doi.org/10.1093/intimm/dxz031
https://doi.org/10.1038/nm.1927
https://doi.org/10.1177/0271678X16648712
https://doi.org/10.1177/0271678X16648712
https://doi.org/10.3389/fimmu.2019.00686
https://doi.org/10.1007/s11011-012-9317-7
https://doi.org/10.1007/s11011-013-9413-3
https://doi.org/10.1038/cmi.2012.60
https://doi.org/10.1186/s12974-017-0890-x
https://doi.org/10.1007/s12975-021-00923-3
https://doi.org/10.1007/s12975-021-00923-3
https://doi.org/10.1007/s13311-016-0460-4
https://doi.org/10.1523/JNEUROSCI.4098-14.2015
https://doi.org/10.2147/CIA.S233909
https://doi.org/10.3389/fimmu.2022.828447
https://doi.org/10.1038/npp.2016.169
https://doi.org/10.1038/npp.2016.169
https://doi.org/10.1002/glia.20109
https://doi.org/10.1016/j.jneuroim.2005.04.025
https://doi.org/10.1016/j.jneuroim.2005.04.025
https://doi.org/10.1016/j.peptides.2007.03.021
https://doi.org/10.1016/j.peptides.2007.03.021
https://doi.org/10.1007/s11011-013-9474-3
https://doi.org/10.3389/fimmu.2022.911661
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wu et al.

108. Bustamante A, Sobrino T, Giralt D, Garcia-Berrocoso T, Llombart V,
Ugarriza I, et al. Prognostic value of blood interleukin-6 in the prediction of
functional outcome after stroke: a systematic review and meta-analysis. |
Neuroimmunol (2014) 274(1-2):215-24. doi: 10.1016/j.jneuroim.2014.07.015

109. Rose-John S. Interleukin-6 family cytokines. Cold Spring Harb Perspect Biol
(2018) 10(2):a028415. doi: 10.1101/cshperspect.a028415

110. Lambertsen KL, Biber K, Finsen B. Inflammatory cytokines in
experimental and human stroke. J Cereb Blood Flow Metab (2012) 32(9):1677-
98. doi: 10.1038/jcbfm.2012.88

111. Clausen BH, Lambertsen KL, Babcock AA, Holm TH, Dagnaes-Hansen F,
Finsen B, et al. Interleukin-1beta and tumor necrosis factor-alpha are expressed by
different subsets of microglia and macrophages after ischemic stroke in mice. J
Neuroinflamm (2008) 5:46. doi: 10.1186/1742-2094-5-46

112. Lambertsen KL, Clausen BH, Babcock AA, Gregersen R, Fenger C, Nielsen
HH, et al. Microglia protect neurons against ischemia by synthesis of tumor
necrosis factor. ] Neurosci (2009) 29(5):1319-30. doi: 10.1523/INEUROSCI.5505-
08.2009

113. Lambertsen KL, Meldgaard M, Ladeby R, Finsen B. A quantitative study of
microglial-macrophage synthesis of tumor necrosis factor during acute and late
focal cerebral ischemia in mice. J Cereb Blood Flow Metab (2005) 25(1):119-35. doi:
10.1038/sj.jcbfm.9600014

114. Hallenbeck JM. The many faces of tumor necrosis factor in stroke. Nat
Med (2002) 8(12):1363-8. doi: 10.1038/nm1202-1363

115. Arango-Davila CA, Vera A, Londofio AC, Echeverri AF, Canas F, Cardozo
CF, et al. Soluble or soluble/membrane TNF-o inhibitors protect the brain from
focal ischemic injury in rats. Int | Neurosci (2015) 125(12):936-40. doi: 10.3109/
00207454.2014.980906

116. Khaksar S, Bigdeli MR. Intra-cerebral cannabidiol infusion-induced
neuroprotection is partly associated with the TNF-o/TNFR1/NF-kB pathway in
transient focal cerebral ischaemia. Brain Inj (2017) 31(13-14):1932-43. doi:
10.1080/02699052.2017.1358397

117. Sotgiu S, Zanda B, Marchetti B, Fois ML, Arru G, Pes GM, et al.
Inflammatory biomarkers in blood of patients with acute brain ischemia. Eur J
Neurol (2006) 13(5):505-13. doi: 10.1111/j.1468-1331.2006.01280.x

118. Maas MB, Furie KL. Molecular biomarkers in stroke diagnosis and
prognosis. biomark Med (2009) 3(4):363-83. doi: 10.2217/bmm.09.30

119. Kim JW, Park MS, Kim JT, Kang HJ, Bae KY, Kim SW, et al. The impact of
tumor necrosis factor-o. and interleukin-1B levels and polymorphisms on long-
term stroke outcomes. Eur Neurol (2018) 79(1-2):38-44. doi: 10.1159/000484599

120. Niu YM, Weng H, Zhang C, Yuan RX, Yan JZ, Meng XY, et al. Systematic
review by multivariate meta-analyses on the possible role of tumor necrosis factor-o.
gene polymorphisms in association with ischemic stroke. Neuromolecular Med (2015) 17
(4):373-84. doi: 10.1007/s12017-015-8365-7

121. Réaux-Le Goazigo A, Van Steenwinckel ], Rosténe W, Meélik Parsadaniantz
S. Current status of chemokines in the adult CNS. Prog Neurobiol (2013) 104:67—
92. doi: 10.1016/j.pneurobio.2013.02.001

122. Rosténe W, Guyon A, Kular L, Godefroy D, Barbieri F, Bajetto A, et al.
Chemokines and chemokine receptors: new actors in neuroendocrine regulations.
Front Neuroendocrinol (2011) 32(1):10-24. doi: 10.1016/j.yfrne.2010.07.001

123. Ivacko J, Szaflarski J, Malinak C, Flory C, Warren JS, Silverstein FS.
Hypoxic-ischemic injury induces monocyte chemoattractant protein-1
expression in neonatal rat brain. J Cereb Blood Flow Metab (1997) 17(7):759-70.
doi: 10.1097/00004647-199707000-00006

124. Jiang L, Newman M, Saporta S, Chen N, Sanberg C, Sanberg PR, et al. MIP-
lalpha and MCP-1 induce migration of human umbilical cord blood cells in
models of stroke. Curr Neurovasc Res (2008) 5(2):118-24. doi: 10.2174/
156720208784310259

125. Dimitrijevic OB, Stamatovic SM, Keep RF, Andjelkovic AV. Absence of the
chemokine receptor CCR2 protects against cerebral ischemia/reperfusion injury in
mice. Stroke (2007) 38(4):1345-53. doi: 10.1161/01.STR.0000259709.16654.8f

126. Yamagami S, Tamura M, Hayashi M, Endo N, Tanabe H, Katsuura Y, et al.
Differential production of MCP-1 and cytokine-induced neutrophil
chemoattractant in the ischemic brain after transient focal ischemia in rats. J
Leukoc Biol (1999) 65(6):744-9. doi: 10.1002/j1b.65.6.744

127. Dimitrijevic OB, Stamatovic SM, Keep RF, Andjelkovic AV. Effects of the
chemokine CCL2 on blood-brain barrier permeability during ischemia-reperfusion
injury. J Cereb Blood Flow Metab (2006) 26(6):797-810. doi: 10.1038/
5j.jcbfm. 9600229

128. Cheng SS, Lai JJ, Lukacs NW, Kunkel SL. Granulocyte-macrophage colony
stimulating factor up-regulates CCR1 in human neutrophils. ] Immunol (2001) 166
(2):1178-84. doi: 10.4049/jimmunol.166.2.1178

129. Ottonello L, Montecucco F, Bertolotto M, Arduino N, Mancini M,
Corcione A, et al. CCL3 (MIP-1alpha) induces in vitro migration of GM-CSEF-
primed human neutrophils via CCR5-dependent activation of ERK 1/2. Cell Signal
(2005) 17(3):355-63. doi: 10.1016/j.cellsig.2004.08.002

Frontiers in Immunology

14

10.3389/fimmu.2022.911661

130. Reichel CA, Rehberg M, Lerchenberger M, Berberich N, Bihari P,
Khandoga AG, et al. Ccl2 and Ccl3 mediate neutrophil recruitment via
induction of protein synthesis and generation of lipid mediators. Arterioscler
Thromb Vasc Biol (2009) 29(11):1787-93. doi: 10.1161/ATVBAHA.109.193268

131. Kim JS, Gautam SC, Chopp M, Zaloga C, Jones ML, Ward PA, et al.
Expression of monocyte chemoattractant protein-1 and macrophage inflammatory
protein-1 after focal cerebral ischemia in the rat. J Neuroimmunol (1995) 56
(2):127-34. doi: 10.1016/0165-5728(94)00138-E

132. Takami S, Minami M, Nagata I, Namura S, Satoh M. Chemokine receptor
antagonist peptide, viral MIP-II, protects the brain against focal cerebral ischemia
in mice. J Cereb Blood Flow Metab (2001) 21(12):1430-5. doi: 10.1097/00004647-
200112000-00007

133. Tokami H, Ago T, Sugimori H, Kuroda J, Awano H, Suzuki K, et al.
RANTES has a potential to play a neuroprotective role in an autocrine/paracrine
manner after ischemic stroke. Brain Res (2013) 1517:122-32. doi: 10.1016/
j.brainres.2013.04.022

134. Terao S, Yilmaz G, Stokes KY, Russell ], Ishikawa M, Kawase T, et al. Blood
cell-derived RANTES mediates cerebral microvascular dysfunction, inflammation,
and tissue injury after focal ischemia-reperfusion. Stroke (2008) 39(9):2560-70. doi:
10.1161/STROKEAHA.107.513150

135. Li P, Wang L, Zhou Y, Gan Y, Zhu W, Xia Y, et al. C-c chemokine receptor
type 5 (CCR5)-mediated docking of transferred tregs protects against early blood-
brain barrier disruption after stroke. J] Am Heart Assoc (2017) 6(8):¢006387. doi:
10.1161/JAHA.117.006387

136. Rostene W, Dansereau MA, Godefroy D, Van Steenwinckel J, Reaux-Le
Goazigo A, Meélik-Parsadaniantz S, et al. Neurochemokines: a menage a trois
providing new insights on the functions of chemokines in the central nervous
system. ] Neurochem (2011) 118(5):680-94. doi: 10.1111/j.1471-4159.2011.07371.x

137. Mirabelli-Badenier M, Braunersreuther V, Viviani GL, Dallegri F,
Quercioli A, Veneselli E, et al. CC and CXC chemokines are pivotal mediators of
cerebral injury in ischaemic stroke. Thromb Haemost (2011) 105(3):409-20. doi:
10.1160/TH10-10-0662

138. Karaca Z, Grossman A, Kelestimur F. Investigation of the hypothalamo-
pituitary-adrenal (HPA) axis: a contemporary synthesis. Rev Endocr Metab Disord
(2021) 22(2):179-204. doi: 10.1007/s11154-020-09611-3

139. Barra de la Tremblaye P, Plamondon H. Alterations in the corticotropin-
releasing hormone (CRH) neurocircuitry: Insights into post stroke functional
impairments. Front Neuroendocrinol (2016) 42:53-75. doi: 10.1016/j.yfrne.2016.07.001

140. Grammatopoulos DK, Ourailidou S. CRH receptor signalling: Potential
roles in pathophysiology. Curr Mol Pharmacol (2017) 10(4):296-310. doi: 10.2174/
1874467210666170110125747

141. Lightman SL, Birnie MT, Conway-Campbell BL. Dynamics of ACTH and
cortisol secretion and implications for disease. Endocr Rev (2020) 41(3):470-90.
doi: 10.1210/endrev/bnaa002

142. Montero-Melendez T. ACTH: The forgotten therapy. Semin Immunol
(2015) 27(3):216-26. doi: 10.1016/j.smim.2015.02.003

143. Johansson A, Olsson T, Carlberg B, Karlsson K, Fagerlund M.
Hypercortisolism after stroke-partly cytokine-mediated? J Neurol Sci (1997) 147
(1):43-7. doi: 10.1016/S0022-510X(96)05308-7

144. Fassbender K, Schmidt R, Mdssner R, Daffertshofer M, Hennerici M.
Pattern of activation of the hypothalamic-pituitary-adrenal axis in acute stroke.
relation to acute confusional state, extent of brain damage, and clinical outcome.
Stroke (1994) 25(6):1105-8. doi: 10.1161/01.str.25.6.1105

145. Turnbull AV, Rivier CL. Regulation of the hypothalamic-pituitary-adrenal
axis by cytokines: actions and mechanisms of action. Physiol Rev (1999) 79(1):1-71.
doi: 10.1152/physrev.1999.79.1.1

146. Szczudlik A, Dziedzic T, Bartus S, Slowik A, Kieltyka A. Serum interleukin-
6 predicts cortisol release in acute stroke patients. /| Endocrinol Invest (2004) 27
(1):37-41. doi: 10.1007/BF03350908

147. El Husseini N, Laskowitz DT. The role of neuroendocrine pathways in
prognosis after stroke. Expert Rev Neurother (2014) 14(2):217-32. doi: 10.1586/
14737175.2014.877841

148. Balch MHH, Nimjee SM, Rink C, Hannawi Y. Beyond the brain: The
systemic pathophysiological response to acute ischemic stroke. J Stroke (2020) 22
(2):159-72. doi: 10.5853/j0s.2019.02978

149. Galati A, Brown ES, Bove R, Vaidya A, Gelfand J. Glucocorticoids for
therapeutic immunosuppression: Clinical pearls for the practicing neurologist. J
Neurol Sci (2021) 430:120004. doi: 10.1016/j.jns.2021.120004

150. Barugh AJ, Gray P, Shenkin SD, Maclullich AM, Mead GE. Cortisol levels
and the severity and outcomes of acute stroke: a systematic review. ] Neurol (2014)
261(3):533-45. doi: 10.1007/s00415-013-7231-5

151. Kuriyama N, Mizuno T, Niwa F, Watanabe Y, Nakagawa M. Autonomic
nervous dysfunction during acute cerebral infarction. Neurol Res (2010) 32(8):821-
7. doi: 10.1179/016164109X12464612122696

frontiersin.org


https://doi.org/10.1016/j.jneuroim.2014.07.015
https://doi.org/10.1101/cshperspect.a028415
https://doi.org/10.1038/jcbfm.2012.88
https://doi.org/10.1186/1742-2094-5-46
https://doi.org/10.1523/JNEUROSCI.5505-08.2009
https://doi.org/10.1523/JNEUROSCI.5505-08.2009
https://doi.org/10.1038/sj.jcbfm.9600014
https://doi.org/10.1038/nm1202-1363
https://doi.org/10.3109/00207454.2014.980906
https://doi.org/10.3109/00207454.2014.980906
https://doi.org/10.1080/02699052.2017.1358397
https://doi.org/10.1111/j.1468-1331.2006.01280.x
https://doi.org/10.2217/bmm.09.30
https://doi.org/10.1159/000484599
https://doi.org/10.1007/s12017-015-8365-7
https://doi.org/10.1016/j.pneurobio.2013.02.001
https://doi.org/10.1016/j.yfrne.2010.07.001
https://doi.org/10.1097/00004647-199707000-00006
https://doi.org/10.2174/156720208784310259
https://doi.org/10.2174/156720208784310259
https://doi.org/10.1161/01.STR.0000259709.16654.8f
https://doi.org/10.1002/jlb.65.6.744
https://doi.org/10.1038/sj.jcbfm.9600229
https://doi.org/10.1038/sj.jcbfm.9600229
https://doi.org/10.4049/jimmunol.166.2.1178
https://doi.org/10.1016/j.cellsig.2004.08.002
https://doi.org/10.1161/ATVBAHA.109.193268
https://doi.org/10.1016/0165-5728(94)00138-E
https://doi.org/10.1097/00004647-200112000-00007
https://doi.org/10.1097/00004647-200112000-00007
https://doi.org/10.1016/j.brainres.2013.04.022
https://doi.org/10.1016/j.brainres.2013.04.022
https://doi.org/10.1161/STROKEAHA.107.513150
https://doi.org/10.1161/JAHA.117.006387
https://doi.org/10.1111/j.1471-4159.2011.07371.x
https://doi.org/10.1160/TH10-10-0662
https://doi.org/10.1007/s11154-020-09611-3
https://doi.org/10.1016/j.yfrne.2016.07.001
https://doi.org/10.2174/1874467210666170110125747
https://doi.org/10.2174/1874467210666170110125747
https://doi.org/10.1210/endrev/bnaa002
https://doi.org/10.1016/j.smim.2015.02.003
https://doi.org/10.1016/S0022-510X(96)05308-7
https://doi.org/10.1161/01.str.25.6.1105
https://doi.org/10.1152/physrev.1999.79.1.1
https://doi.org/10.1007/BF03350908
https://doi.org/10.1586/14737175.2014.877841
https://doi.org/10.1586/14737175.2014.877841
https://doi.org/10.5853/jos.2019.02978
https://doi.org/10.1016/j.jns.2021.120004
https://doi.org/10.1007/s00415-013-7231-5
https://doi.org/10.1179/016164109X12464612122696
https://doi.org/10.3389/fimmu.2022.911661
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wu et al.

152. Scott-Solomon E, Boehm E, Kuruvilla R. The sympathetic nervous system
in development and disease. Nat Rev Neurosci (2021) 22(11):685-702. doi: 10.1038/
$41583-021-00523-y

153. De Raedt S, De Vos A, De Keyser J. Autonomic dysfunction in acute
ischemic stroke: an underexplored therapeutic area? J Neurol Sci (2015) 348(1-
2):24-34. doi: 10.1016/j.jns.2014.12.007

154. Choi HA, Jeon SB, Samuel S, Allison T, Lee K. Paroxysmal sympathetic
hyperactivity after acute brain injury. Curr Neurol Neurosci Rep (2013) 13(8):370. doi:
10.1007/s11910-013-0370-3

155. Sternberg Z, Schaller B. Central noradrenergic agonists in the treatment of
ischemic stroke-an overview. Transl Stroke Res (2020) 11(2):165-84. doi: 10.1007/
$12975-019-00718-7

156. Huang YY, Li X, Li X, Sheng YY, Zhuang PW, Zhang YJ. Neuroimmune
crosstalk in central nervous system injury-induced infection and pharmacological
intervention. Brain Res Bull (2019) 153:232-8. doi: 10.1016/
j.brainresbull.2019.09.003

157. Samuels ER, Szabadi E. Functional neuroanatomy of the noradrenergic
locus coeruleus: its roles in the regulation of arousal and autonomic function part I:
principles of functional organisation. Curr Neuropharmacol (2008) 6(3):235-53.
doi: 10.2174/157015908785777229

158. Suleyman H, Halici Z, Cadirci E, Hacimuftuoglu A, Bilen H. Indirect role
of beta2-adrenergic receptors in the mechanism of anti-inflammatory action of
NSAIDS. J Physiol Pharmacol (2008) 59(4):661-72.

159. Ishii Y, Yamaizumi A, Kawakami A, Islam A, Choudhury ME, Takahashi
H, et al. Anti-inflammatory effects of noradrenaline on LPS-treated microglial cells:
Suppression of NFkB nuclear translocation and subsequent STATI1
phosphorylation. Neurochem Int (2015) 90:56-66. doi: 10.1016/
jneuint.2015.07.010

160. Takenaka MC, Guereschi MG, Basso AS. Neuroimmune interactions:
dendritic cell modulation by the sympathetic nervous system. Semin
Immunopathol (2017) 39(2):165-76. doi: 10.1007/s00281-016-0590-0

161. Elenkov IJ, Haské G, Kovacs KJ, Vizi ES. Modulation of
lipopolysaccharide-induced tumor necrosis factor-alpha production by selective
alpha- and beta-adrenergic drugs in mice. ] Neuroimmunol (1995) 61(2):123-31.
doi: 10.1016/0165-5728(95)00080-L

162. Hasko G, Nemeth ZH, Szabo C, Zsilla G, Salzman AL, Vizi ES. Isoproterenol
inhibits il-10, TNF-alpha, and nitric oxide production in RAW 264.7 macrophages.
Brain Res Bull (1998) 45(2):183-7. doi: 10.1016/S0361-9230(97)00337-7

163. Prass K, Meisel C, Héflich C, Braun J, Halle E, Wolf T, et al. Stroke-induced
immunodeficiency promotes spontaneous bacterial infections and is mediated by
sympathetic activation reversal by poststroke T helper cell type I-like
immunostimulation. | Exp Med (2003) 198(5):725-36. doi: 10.1084/jem.20021098

164. Szabo C, Hasko G, Zingarelli B, Néemeth ZH, Salzman AL, Kvetan V, et al.
Isoproterenol regulates tumour necrosis factor, interleukin-10, interleukin-6 and
nitric oxide production and protects against the development of vascular
hyporeactivity in endotoxaemia. Immunology (1997) 90(1):95-100. doi: 10.1046/
j.1365-2567.1997.00137.x

165. Araujo LP, Maricato JT, Guereschi MG, Takenaka MC, Nascimento VM,
De Melo FM, et al. The sympathetic nervous system mitigates CNS autoimmunity
via B2-adrenergic receptor signaling in immune cells. Cell Rep (2019) 28(12):3120-
3130.¢5. doi: 10.1016/j.celrep.2019.08.042

166. Sykora M, Siarnik P, Diedler J. B-blockers, pneumonia, and outcome after
ischemic stroke: Evidence from virtual international stroke trials archive. Stroke
(2015) 46(5):1269-74. doi: 10.1161/STROKEAHA.114.008260

167. Starr JB, Tirschwell DL, Becker KJ. Increased infections with 3-blocker use
in ischemic stroke, a B(2)-receptor mediated process? Neurol Sci (2017) 38(6):967-
74. doi: 10.1007/s10072-017-2877-x

168. Cheyuo C, Jacob A, Wu R, Zhou M, Coppa GF, Wang P. The
parasympathetic nervous system in the quest for stroke therapeutics. J Cereb
Blood Flow Metab (2011) 31(5):1187-95. doi: 10.1038/jcbfm.2011.24

169. Feinstein DL, Kalinin S, Braun D. Causes, consequences, and cures for
neuroinflammation mediated via the locus coeruleus: noradrenergic signaling
system. ] Neurochem (2016) 139 Suppl 2:154-78. doi: 10.1111/jnc.13447

170. Manta S, Dong ], Debonnel G, Blier P. Enhancement of the function of rat
serotonin and norepinephrine neurons by sustained vagus nerve stimulation. J
Psychiatry Neurosci (2009) 34(4):272-80.

171. Borovikova LV, Ivanova S, Zhang M, Yang H, Botchkina GI, Watkins LR,
et al. Vagus nerve stimulation attenuates the systemic inflammatory response to
endotoxin. Nature (2000) 405(6785):458-62. doi: 10.1038/35013070

172. Hoover DB. Cholinergic modulation of the immune system presents new
approaches for treating inflammation. Pharmacol Ther (2017) 179:1-16. doi:
10.1016/j.pharmthera.2017.05.002

173. Chen S, Bennet L, McGregor AL. Delayed varenicline administration
reduces inflammation and improves forelimb use following experimental stroke.

Frontiers in Immunology

15

10.3389/fimmu.2022.911661

J Stroke Cerebrovasc Dis (2017) 26(12):2778-87. doi: 10.1016/
jjstrokecerebrovasdis.2017.06.051

174. Stolk RF, Van Der Pasch E, Naumann F, Schouwstra J, Bressers S, Van
Herwaarden AE, et al. Norepinephrine dysregulates the immune response and
compromises host defense during sepsis. Am ] Respir Crit Care Med (2020) 202
(6):830-42. doi: 10.1164/rccm.202002-03390C

175. Miyamoto O, Pang J, Sumitani K, Negi T, Hayashida Y, Itano T.
Mechanisms of the anti-ischemic effect of vagus nerve stimulation in the gerbil
hippocampus. Neuroreport (2003) 14(15):1971-4. doi: 10.1097/00001756-
200310270-00018

176. Ay I, Nasser R, Simon B, Ay H. Transcutaneous cervical vagus nerve
stimulation ameliorates acute ischemic injury in rats. Brain Stimul (2016) 9(2):166—
73. doi: 10.1016/j.brs.2015.11.008

177. Zhang L, Liu Y, Wang S, Long L, Zang Q, Ma J, et al. Vagus nerve
stimulation mediates microglia M1/2 polarization via inhibition of TLR4 pathway
after ischemic stroke. Biochem Biophys Res Commun (2021) 577:71-9. doi: 10.1016/
j.bbrc.2021.09.004

178. Xie YL, Wang S, Wu Q, Chen X. Vagus nerve stimulation for upper limb
motor impairment after ischemic stroke: A meta-analysis. Med (Baltimore) (2021)
100(46):e27871. doi: 10.1097/MD.0000000000027871

179. Dawson J, Liu CY, Francisco GE, Cramer SC, Wolf SL, Dixit A, et al. Vagus
nerve stimulation paired with rehabilitation for upper limb motor function after
ischaemic stroke (VNS-REHAB): a randomised, blinded, pivotal, device trial.
Lancet (2021) 397(10284):1545-53. doi: 10.1016/S0140-6736(21)00475-X

180. Ma J, Qiao P, Li Q, Wang Y, Zhang L, Yan LJ, et al. Vagus nerve
stimulation as a promising adjunctive treatment for ischemic stroke. Neurochem
Int (2019) 131:104539. doi: 10.1016/j.neuint.2019.104539

181. Brambilla R, Couch Y, Lambertsen KL. The effect of stroke on immune
function. Mol Cell Neurosci (2013) 53:26-33. doi: 10.1016/j.mcn.2012.08.011

182. Meisel C, Schwab JM, Prass K, Meisel A, Dirnagl U, et al. Central nervous
system injury-induced immune deficiency syndrome. Nat Rev Neurosci (2005) 6
(10):775-86. doi: 10.1038/nrn1765

183. Santos Samary C, Pelosi P, Leme Silva P, Rieken Macedo Rocco P.
Immunomodulation after ischemic stroke: potential mechanisms and implications
for therapy. Crit Care (2016) 20(1):391. doi: 10.1186/s13054-016-1573-1

184. Romer C, Engel O, Winek K, Hochmeister S, Zhang T, Royl G, et al.
Blocking stroke-induced immunodeficiency increases CNS antigen-specific
autoreactivity but does not worsen functional outcome after experimental stroke.
J Neurosci (2015) 35(20):7777-94. doi: 10.1523/JNEUROSCI.1532-14.2015

185. Jauch EC, Lindsell C, Broderick J, Fagan SC, Tilley BC, Levine SR.
Association of serial biochemical markers with acute ischemic stroke: the
national institute of neurological disorders and stroke recombinant tissue
plasminogen activator stroke study. Stroke (2006) 37(10):2508-13. doi: 10.1161/
01.STR.0000242290.01174.9¢

186. Becker KJ, Kalil AJ, Tanzi P, Zierath DK, Savos AV, Gee JM, et al.
Autoimmune responses to the brain after stroke are associated with worse
outcome. Stroke (2011) 42(10):2763-9. doi: 10.1161/STROKEAHA.111.619593

187. Chamorro A, Horcajada JP, Obach V, Vargas M, Revilla M, Torres F, et al.
The early systemic prophylaxis of infection after stroke study: a randomized clinical
trial. Stroke (2005) 36(7):1495-500. doi: 10.1161/01.STR.0000170644.15504.49

188. Offner H, Subramanian S, Parker SM, Afentoulis ME, Vandenbark AA,
Hurn PD. Experimental stroke induces massive, rapid activation of the peripheral
immune system. J Cereb Blood Flow Metab (2006) 26(5):654-65. doi: 10.1038/
§j.jcbfm.9600217

189. Mracsko E, Liesz A, Karcher S, Zorn M, Bari F, Veltkamp R. Differential
effects of sympathetic nervous system and hypothalamic-pituitary-adrenal axis on
systemic immune cells after severe experimental stroke. Brain Behav Immun (2014)
41:200-9. doi: 10.1016/j.bbi.2014.05.015

190. Vogelgesang A, May VE, Grunwald U, Bakkeboe M, Langner S,
Wallaschofski H, et al. Functional status of peripheral blood T-cells in ischemic
stroke patients. PLoS One (2010) 5(1):e8718. doi: 10.1371/journal.pone.0008718

191. Wong CH, Jenne CN, Lee WY, Léger C, Kubes P. Functional innervation of
hepatic iNKT cells is immunosuppressive following stroke. Science (2011) 334
(6052):101-5. doi: 10.1126/science.1210301

192. Zha A, Vahidy F, Randhawa J, Parsha K, Bui T, Aronowski J, et al.
Association between splenic contraction and the systemic inflammatory response
after acute ischemic stroke varies with age and race. Transl Stroke Res (2018) 9
(5):484-92. doi: 10.1007/s12975-017-0596-5

193. Han D, Liu H, Gao Y, Feng J. Targeting brain-spleen crosstalk after stroke:
New insights into stroke pathology and treatment. Curr Neuropharmacol (2021) 19
(9):1590-605. doi: 10.2174/1570159X19666210316092225

194. Sahota P, Vahidy F, Nguyen C, Bui TT, Yang B, Parsha K, et al. Changes in
spleen size in patients with acute ischemic stroke: a pilot observational study. Int J Stroke
(2013) 8(2):60-7. doi: 10.1111/ijs.12022

frontiersin.org


https://doi.org/10.1038/s41583-021-00523-y
https://doi.org/10.1038/s41583-021-00523-y
https://doi.org/10.1016/j.jns.2014.12.007
https://doi.org/10.1007/s11910-013-0370-3
https://doi.org/10.1007/s12975-019-00718-7
https://doi.org/10.1007/s12975-019-00718-7
https://doi.org/10.1016/j.brainresbull.2019.09.003
https://doi.org/10.1016/j.brainresbull.2019.09.003
https://doi.org/10.2174/157015908785777229
https://doi.org/10.1016/j.neuint.2015.07.010
https://doi.org/10.1016/j.neuint.2015.07.010
https://doi.org/10.1007/s00281-016-0590-0
https://doi.org/10.1016/0165-5728(95)00080-L
https://doi.org/10.1016/S0361-9230(97)00337-7
https://doi.org/10.1084/jem.20021098
https://doi.org/10.1046/j.1365-2567.1997.00137.x
https://doi.org/10.1046/j.1365-2567.1997.00137.x
https://doi.org/10.1016/j.celrep.2019.08.042
https://doi.org/10.1161/STROKEAHA.114.008260
https://doi.org/10.1007/s10072-017-2877-x
https://doi.org/10.1038/jcbfm.2011.24
https://doi.org/10.1111/jnc.13447
https://doi.org/10.1038/35013070
https://doi.org/10.1016/j.pharmthera.2017.05.002
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.06.051
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.06.051
https://doi.org/10.1164/rccm.202002-0339OC
https://doi.org/10.1097/00001756-200310270-00018
https://doi.org/10.1097/00001756-200310270-00018
https://doi.org/10.1016/j.brs.2015.11.008
https://doi.org/10.1016/j.bbrc.2021.09.004
https://doi.org/10.1016/j.bbrc.2021.09.004
https://doi.org/10.1097/MD.0000000000027871
https://doi.org/10.1016/S0140-6736(21)00475-X
https://doi.org/10.1016/j.neuint.2019.104539
https://doi.org/10.1016/j.mcn.2012.08.011
https://doi.org/10.1038/nrn1765
https://doi.org/10.1186/s13054-016-1573-1
https://doi.org/10.1523/JNEUROSCI.1532-14.2015
https://doi.org/10.1161/01.STR.0000242290.01174.9e
https://doi.org/10.1161/01.STR.0000242290.01174.9e
https://doi.org/10.1161/STROKEAHA.111.619593
https://doi.org/10.1161/01.STR.0000170644.15504.49
https://doi.org/10.1038/sj.jcbfm.9600217
https://doi.org/10.1038/sj.jcbfm.9600217
https://doi.org/10.1016/j.bbi.2014.05.015
https://doi.org/10.1371/journal.pone.0008718
https://doi.org/10.1126/science.1210301
https://doi.org/10.1007/s12975-017-0596-5
https://doi.org/10.2174/1570159X19666210316092225
https://doi.org/10.1111/ijs.12022
https://doi.org/10.3389/fimmu.2022.911661
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wu et al.

195. Nous A, Peeters I, Nieboer K, Vanbinst AM, De Keyser J, De Raedt S. Post-
stroke infections associated with spleen volume reduction: A pilot study. PLoS One
(2020) 15(5):€0232497. doi: 10.1371/journal.pone.0232497

196. Seifert HA, Hall AA, Chapman CB, Collier LA, Willing AE, Pennypacker
KR. A transient decrease in spleen size following stroke corresponds to splenocyte
release into systemic circulation. J Neuroimmune Pharmacol (2012) 7(4):1017-24.
doi: 10.1007/s11481-012-9406-8

197. Ran'Y, Liu Z, Huang S, Shen J, Li F, Zhang W, et al. Splenectomy fails to
provide long-term protection against ischemic stroke. Aging Dis (2018) 9(3):467—
79. doi: 10.14336/AD.2018.0130

198. Shim R, Wong CH. Ischemia, immunosuppression and infection-tackling
the predicaments of post-stroke complications. Int ] Mol Sci (2016) 17(1):64. doi:
10.3390/ijms17010064

199. Johnston KC, Li JY, Lyden PD, Hanson SK, Feasby TE, Adams R]J, et al.
Medical and neurological complications of ischemic stroke: experience from the
RANTTAS trial. RANTTAS investigators. Stroke (1998) 29(2):447-53. doi:
10.1161/01.STR.29.2.447

200. Hannawi Y, Hannawi B, Rao CP, Suarez JI, Bershad EM. Stroke-associated
pneumonia: major advances and obstacles. Cerebrovasc Dis (2013) 35(5):430-43.
doi: 10.1159/000350199

201. Arnold M, Liesirova K, Broeg-Morvay A, Meisterernst J, Schlager M, Mono
ML, et al. Dysphagia in acute stroke: Incidence, burden and impact on clinical
outcome. PLoS One (2016) 11(2):e0148424. doi: 10.1371/journal.pone.0148424

Frontiers in Immunology

16

10.3389/fimmu.2022.911661

202. Wagner C, Marchina S, Deveau JA, Frayne C, Sulmonte K, Kumar S. Risk
of stroke-associated pneumonia and oral hygiene. Cerebrovasc Dis (2016) 41(1-
2):35-9. doi: 10.1159/000440733

203. Ghelani DP, Kim HA, Zhang SR, Drummond GR, Sobey CG, De Silva TM,
et al. Ischemic stroke and infection: A brief update on mechanisms and potential
therapies. Biochem Pharmacol (2021) 193:114768. doi: 10.1016/j.bcp.2021.114768

204. Li N, Wang X, Sun C, Wu X, Lu M, Si Y, et al. Change of intestinal
microbiota in cerebral ischemic stroke patients. BMC Microbiol (2019) 19(1):191.
doi: 10.1186/s12866-019-1552-1

205. Omenetti S, Pizarro TT. The Treg/Th17 axis: A dynamic balance regulated
by the gut microbiome. Front Immunol (2015) 6:639. doi: 10.3389/
fimmu.2015.00639

206. Shichita T, Sugiyama Y, Ooboshi H, Sugimori H, Nakagawa R, Takada I, et al.
Pivotal role of cerebral interleukin-17-producing gammadeltaT cells in the delayed
phase of ischemic brain injury. Nat Med (2009) 15(8):946-50. doi: 10.1038/nm.1999

207. Ito M, Komai K, Mise-Omata S, lizuka-Koga M, Noguchi Y, Kondo T, et al.
Brain regulatory T cells suppress astrogliosis and potentiate neurological recovery.
Nature (2019) 565(7738):246-50. doi: 10.1038/541586-018-0824-5

208. Peh A, O'donnell JA, Broughton BRS, Marques FZ. Gut microbiota and their
metabolites in stroke: A double-edged sword. Stroke (2022) 53:Strokeahal21036800.
doi: 10.1161/STROKEAHA.121.036800

209. Wen SW, Wong CHY. An unexplored brain-gut microbiota axis in stroke.
Gut Microbes (2017) 8(6):601-6. doi: 10.1080/19490976.2017.1344809

frontiersin.org


https://doi.org/10.1371/journal.pone.0232497
https://doi.org/10.1007/s11481-012-9406-8
https://doi.org/10.14336/AD.2018.0130
https://doi.org/10.3390/ijms17010064
https://doi.org/10.1161/01.STR.29.2.447
https://doi.org/10.1159/000350199
https://doi.org/10.1371/journal.pone.0148424
https://doi.org/10.1159/000440733
https://doi.org/10.1016/j.bcp.2021.114768
https://doi.org/10.1186/s12866-019-1552-1
https://doi.org/10.3389/fimmu.2015.00639
https://doi.org/10.3389/fimmu.2015.00639
https://doi.org/10.1038/nm.1999
https://doi.org/10.1038/s41586-018-0824-5
https://doi.org/10.1161/STROKEAHA.121.036800
https://doi.org/10.1080/19490976.2017.1344809
https://doi.org/10.3389/fimmu.2022.911661
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Systemic immune responses after ischemic stroke: From the center to the periphery
	1 Introduction: From the center to the periphery
	2 The bridgehead: Neuroinflammation
	2.1 Microglia
	2.2 Astrocytes
	2.3 Neutrophils
	2.4 T cells
	2.5 B cells

	3 Bridges
	3.1 Inflammatory cytokines
	3.1.1 ILs
	3.1.2 TNFs
	3.1.3 Chemokines

	3.2 Neuroendocrine system
	3.3 Autonomic nervous system
	3.3.1 Sympathetic hyperactivation
	3.3.2 Parasympathetic activation


	4 The end of the bridge: Systemic immune system disorder
	4.1 Systemic immunosuppression
	4.2 Opportunistic infection

	5 Conclusion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


