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Abstract

The neurological injury and repair mechanisms after ischemic stroke are complex. The inflammatory response is present
throughout stroke onset and functional recovery, in which CD4 + T helper(Th) cells play a non-negligible role. Th17 cells,
differentiated from CD4 + Th cells, are regulated by various extracellular signals, transcription factors, RNA, and post-
translational modifications. Th17 cells specifically produce interleukin-17A(IL-17A), which has been reported to have
pro-inflammatory effects in many studies. Recently, experimental researches showed that Th17 cells and IL-17A play an
important role in promoting stroke pathogenesis (atherosclerosis), inducing secondary damage after stroke, and regulating
post-stroke repair. This makes Th17 and IL-17A a possible target for the treatment of stroke. In this paper, we review the
mechanism of action of Th17 cells and IL-17A in ischemic stroke and the progress of research on targeted therapy.
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Introduction

Ischemic stroke (IS) is one of the leading causes of death
and disability worldwide. It is increasing in prevalence with
increasing aging and the growing prevalence of diabetes,
hypertension, and obesity. The blocked blood flow leads to
a series of cascade responses that gradually expand from
the ischemic core to the peripheral penumbra, including
excitotoxicity, calcium overload, mitochondrial damage,
oxidative stress, apoptosis, autophagy, neuroinflammation,
and blood-brain barrier damage [1, 2]. Among them, the
inflammatory response is a significant link in a highly com-
plex cascade of reactions throughout stroke onset and repair.
A growing body of evidence suggests that intense neuroin-
flammation is the primary mechanism of secondary brain
injury in the early stages of stroke. In contrast, in the later
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stages, the inflammatory response promotes neurogenesis,
angiogenesis, and neuronal plasticity, thereby facilitating
neurofunctional recovery [3].

T cells play an important role in post-stroke neuroinflam-
mation. Th17 cells are a subset of CD4 + T cells, and their
most important cytokine is IL-17A [4]. In recent years, with
the advancement of research, it has been gradually recog-
nized that Th17 and IL-17A play a key role in the patho-
genesis of inflammation and autoimmune diseases [5-7].
A growing number of studies have shown that IL-17A acts
on multiple resident cells in the central nervous system,
enhancing the neuroinflammatory response after stroke and
exacerbating ischemic brain injury. We review the function
of Th17/IL-17A, the mechanism of action of Th17/IL-17A
in stroke, and Th17/IL-17A-related stroke therapy (Fig. 1).

Differentiation of Th17 Cells and IL-17A
Signaling Pathway

CD4 + Th cells are involved in the clearance of pathogens
as a key factor of adaptive immunity. Naive CD4 + T cells
mature in the thymus and enter the peripheral lymphoid
organs for circulation, including the spleen, lymph nodes,
and mucosa-associated lymphoid tissue (MALT). Naive
CD4 +T cells receive antigen from antigen-presenting cells
(APCs) and rapidly activate, proliferate, and differentiate
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into different Th lineages, including Th1, Th2, Th17, and
T regulatory (Treg) [8]. The fate of Th lineages depends
not only on the type and activation status of APCs but
also on the type of pathogen-associated molecular pattern
(PAMP) or damage-associated molecular pattern (DAMP),
the strength of T cell receptor (TCR) signaling, the control
of environmental signals (mainly cytokines), and the induc-
tion of specific transcription factors (TFs) within T cells.
In 2006, researchers found that naive T cells differentiate
into a new type of CD4 + Th cells, Th17 cells, in the com-
bined effect of transforming growth factor- (TGF-f) and
interleukin-6 (IL-6) [4]. Th17 cells characteristically express
retinoic acid-related orphan receptor yt (RORYt) and secrete
a unique set of pro-inflammatory cytokines (IL-17A, IL-17F,
IL-21, IL-23, IL-6, Interferon-gamma(IFN-y), and granulo-
cyte—macrophage colony-stimulating factor(GM-CSF)) [9].
Th17 cells are present in small numbers in circulation and
large numbers in mucosal tissues [10].

The differentiation and maturation of Th17 cells are
divided into three stages (Fig. 2) [11]. In the initial phase,
the combination of TGF-f and IL-6 or IL-21 triggers the
initial differentiation of naive CD4 + T cells into precursor
Th17 cells. It was shown that IL-6 plays a dominant role
in the initial stage of differentiation [12], while IL-21,
at this stage, acts only as an alternative pathway to IL-6.
However, during the second phase of expansion, IL-21,
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produced by Thl17 cells, plays a significant role in the
autocrine expansion cycle, ultimately promoting the dif-
ferentiation and proliferation of Th17 cells and the produc-
tion of the IL-23 receptor (IL-23R) [13]. During the final
maturation phase of Th17 cells, IL-23 binds to IL-23R
to achieve complete and sustained differentiation of Th17
cells and promote the secretion of the pro-inflammatory
factor IL-17A in large quantities [8]. Although the mecha-
nisms of differentiation are complex, several key pathways
activated by cytokines be involved in the development
of Th17 cells (Fig. 2) [14]. The binding of IL-6 to its
receptor IL-6R leads to the activation of the janus kinase
2 (JAK2)/signal transducer and activator of transcription
3(STAT?3) signaling pathway [12]. Activated STAT3 enters
the nucleus and activates the expression of transcription
factors RORyt and RORa. TGF-f binds to its receptor
and mediates the nuclear translocation of Recombinant
Mothers Against Decapentaplegic Homolog 2 (SMAD?2),
which initiates the transcription of IL-17A [9]. Two other
transcription factors, B-cell activating transcription factor
(BATF) and interferon regulatory factor 4 (IRF4), which
are independent of STAT3 and SMAD?2 signaling, are also
essential for Th17 differentiation [15]. STAT3, RORyt,
SMAD?2, BATF, and IRF4 form a complex that together
binds the promoter of the IL-17A gene to promote Th17
differentiation and IL-17A expression. However, it is not
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Fig. 2 Differentiation of Th17 cells and IL-17A signaling pathway.
Th17 cells are differentiated from naive CD4+T cells. CD4+T cells
receive stimulation from APCs and are affected by IL-6 and TGF-f} to
initiate the initial differentiation program. IL-21 is produced by Th17
cells in an autocrine manner and then promotes the proliferation and
differentiation of Th17 cells during the expansion phase. IL-6 binding
to IL-6R mediates the phosphorylation of STAT3 by JAK2. TGF-$

clear how BATF and IRF4 crosstalk with STAT3 to regu-
late Th17 differentiation.

IL-17A (also known as IL-17), a marker cytokine of
the Th17 cell subpopulation, was discovered in 1993 and
became the founding member of the IL-17 family. In addi-
tion to being primarily derived from Th17 cells, IL-17A is
also expressed in CD8 +cells, yd T cells, natural killer T
(NKT) cells, group 3 innate lymphoid cells (ILC3s), neutro-
phils, and microglia [16]. The remaining five members of the
IL-17 family include IL-17B, IL-17C, IL-17D, IL-17E, and
IL-17F. Studies have shown the highest homology between
the amino acid sequences of IL-17A and IL-17F. Moreover,
heterodimers of both exist in vivo (IL-17A/F) [17]. IL-17A,
IL-17F, and IL-17A/F share the same receptor (IL-17RA/RC
complex) [18] and exhibit similar pro-inflammatory effects
in many diseases. IL-17 receptors are widely expressed in
the central nervous system, such as neurons, glial cells, and
brain endothelial cells. IL-17A binds to the IL-17RA/RC
complex and recruits the ubiquitin ligase Actl through the
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binding to its receptor mediates the phosphorylation of SMAD2.
After nuclear translocation, P-STAT3, P-SMAD2, BATF, IRF4, and
RORyt bind to the IL- 17 promoters to initiate IL-17A transcription.
After IL-17 binds to its receptor, the intracellular structure of this
receptor recruits and activates Actl. Activated Actl phosphorylates
TRAF6 and triggers TRAF6-dependent transcription of target genes
such as NF-kB, CEBP, and MAPK/AP-1

intracellular structure of this receptor (SEFIR structural
domain). Actl recruits tumor necrosis factor (TNF) receptor-
associated factor 6 (TRAF6), leading to the activation of
nuclear factor kappa B (NF-kB), C/EBP, and the mitogen-
activated protein kinase (MAPK)/AP-1 pathways [19, 20].

Changes of Th17/IL-17A in Ischemic Stroke

Several studies have shown that Th17 cells and IL-17A
are present in high numbers in the peripheral blood of
patients with IS and are positively associated with sever-
ity, poor prognosis, and stroke sequelae such as cognitive
impairment. The amount of Th17 cells in the peripheral
blood of healthy adults is minimal, accounting for about
1%-4% of CD4 +T cells. Li et al. study suggested that the
levels of Th17 cells and IL-17A in the peripheral blood of
healthy adults are age-dependent [21]. The percentage of
Th17 cells was 2.31%, 1.42%, and 0.94% in healthy elderly,
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middle-aged, and young adults. IL-17A levels were 27.17,
18.92, and 15.98 pg/ml in the three groups. A study showed
that the Th17 cell percentage of patients with IS was approx-
imately 5.8% on admission and was positively correlated
with NIHSS scores. The Th17 cell percentage increased
to 6.8% on the first day after admission (D1), increased to
7.7% on the third day (D3), and decreased to 5.8% on the
seventh day (D7) [22]. Another study suggested a similar
trend of Th17 cell changes [23]. On the D1 and D5 after IS,
the Th17 percentage was 4.68% and 3.65% and decreased
to 2.49% on the D10, similar to healthy controls. The study
also documented an increase in IL-17A from 118 pg/ml to
171, 147, and 146 pg/ml on the D1, D5, and D10 compared
to controls. Lu et al. recorded a baseline (at admission) Th17
percentage of 4.1% and baseline IL-17 levels of 98.7 pg/
ml in IS patients [24]. In addition, in patients’ postmortem
stroke tissues, positive staining of cells expressing IL-17A
was higher in the infarcted area than in non-ischemic tissues
and remained at higher levels on days 2-5 [25].

Numerous studies have suggested that in animal ischemic
stroke models, Th17 cell and IL-17A levels in the brain and
circulation tend to increase after infarction. IL.-17A in brain
tissue was enhanced within one day, peaked on day 3, and
decreased slightly in the following days, and this trend has
been confirmed by several experimental results [20, 26, 27].
Luo’s study showed that the percentage of Th17 cells in
brain tissue increased from less than 5 to 30% at 6 h after
transient middle cerebral artery occlusion (tMCAO) and
to 50% at 72 h after tMCAO [28]. However, Guo’s study
showed that the percentage of Th17 cells rose to approxi-
mately 10% at 72 h after t(MCAO [29]. This discrepancy may
be because Luo’s study defined IL-17A-releasing T cells as
Th17 cells, which led to an expansion of the Th17 cell range.
Nevertheless, the trend of elevated Th17 cells in brain tissue
after MCAO is undeniable.

Mechanism of Action of Th17 Cells
and IL-17A in Ischemic Stroke

Th17 Cells and IL-17A Promote the Pathogenesis
of Ischemic Stroke

Thrombosis or thromboembolism due to atherosclerosis
(AS) is the main pathogenesis of stroke. When vascular
endothelial dysfunction occurs, low-density lipoprotein
(LDL) particles penetrate the intimal layer and activate
macrophage-derived foam cells to secrete pro-inflamma-
tory factors, leading to plaque growth and lipid nuclea-
tion [30]. On the other hand, immune inflammation
caused by immune cell infiltration, especially T cells,
is also a key mechanism that promotes AS. In recent
years, an increasing number of studies have shown that
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Th17 and IL-17A promote the onset and development
of atherosclerosis. Liu et al. suggested that Th17 cells
were positively associated with carotid atherosclerotic
plaques and that peripheral blood Th17 cell levels were
higher in patients with unstable plaques [31]. IL-17A
promotes thrombosis and callogenesis by activating
tissue factors and reducing anticoagulation mediators
(CD39 and thrombomodulin) [32]. Both in situ thrombo-
sis and embolism due to unstable plaque detachment are
important pathogenic mechanisms of IS. Animal studies
have shown that atherosclerotic plaques in ApoE-/- mice
contain higher levels of Th17 cells and IL-17A than in
wild-type (WT) mice, and exogenous supplementation
with IL-17A significantly increases plaque size. All of
the above studies suggest that Th17 cells and IL-17A are
associated with AS [33, 34]. Studies on the mechanisms
promoting AS progression have shown that IL-17 may
promote migration and adhesion of innate immune cells
(neutrophils, monocytes, and macrophages) to vascular
lesions [34] and promote the release of pro-inflamma-
tory mediators [35] by acting on the three cell layers
of the vessel wall. In vitro studies have shown that IL-
17A induces the secretion of pro-inflammatory cytokines
(IL-6, GM-CSF) and chemokines (IL-8, C-X-C motif
chemokine 1(CXCL1)) from human vascular endothelial
cells (HVECs) through activation of STAT3 phospho-
rylation and nuclear translocation, and further induces
neutrophil recruitment [36, 37]. In addition, IL-17A
can also induce the expression of adhesion molecules
in HVECsS to promote the adhesion and rolling of mono-
cytes and platelets to endothelial cells [35, 38]. IL-17A
can promote the expression of Vascular cell adhesion
molecule 1(VCAM-1) in vascular smooth muscle cells
(VSMCs) by a mechanism that may be related to the
MAPK/ERK/NF-kB signaling pathway [39]. In addi-
tion, IL-17A induces significant expression of several
other chemokines in VSMCs, such as CC chemokine
ligand(CCL)20, CCL5, monocyte chemotactic protein- 1
(MCP-1), CXCL16, and the cytokine IL-6, promoting
leukocyte recruitment and vascular inflammation [40].
When IL-17A is co-cultured with human atherosclerotic
plaques, IL-17A induces the release of more MCP-1 and
matrix metalloproteinase 9 (MMP-9) mRNA as well as
IL-6, TNF-a, G-CSF, and TGF-p proteins [35]. New
studies have found that IL-17 induces senescence in
endothelial cells [21], which is one of the main causes of
structural changes and dysfunction in blood vessels and
is the basis of AS. However, it has also been shown that
IL-17A deficiency can lead to the formation of athero-
sclerotic plaques, suggesting a protective role for IL-17A
[41]. The promotive or inhibitory effect of IL-17A on AS
is an important target for preventing cardio-cerebrovas-
cular diseases and needs further exploration.
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Th17 Cells and IL-17A Promote Secondary Brain
Injury After Ischemic Stroke

After IS, IL-17 is released by a variety of central and periph-
eral immune cells. When cerebral ischemia occurs, injured
cells release DAMPs and first activate the innate immune
response. As early as 12 h after ischemia/reperfusion (I/R),
microglia increase the levels of pro-inflammatory cytokines,
including IL-17A, IL-23, IL-B, and TNF-a, by upregulat-
ing and activating Toll-like receptors 2(TLR2) and sphin-
gosine kinase 1(Sphkl) signaling molecules [42]. During
this period, astrocytes also act as an important source of
IL-17A release, increasing IL-17A levels in ischemic brain
tissue and cerebrospinal fluid [43]. IL-23 released from
astrocytes can stimulate microglia to produce more IL-17
and other inflammatory mediators such as IL-6, macrophage
inflammatory protein-2 (MIP-2), and inducible nitric oxide
synthase (iNOS) [44]. Infiltrating intrinsic immune cells,
vd T cells, are the primary source of IL-17A for 12 h to
3 days after stroke [45, 46]. The adaptive immune response
is activated after the innate immune response. CD4 +T cells
increase in brain tissue 24 h after tMCAOQO, with their peak
occurring six days later and continuing until at least 30 days
[47]. Infiltrating CD4 + T cells driven by APCs and specific
cytokines (IL-6/IL-21 + TGF-p) differentiate into Th17 cells.
IL-23, secreted by macrophages, microglia, and astrocytes,
stabilizes the structure of Th17 cells and is an important fac-
tor in limiting the production of IL-17 by Th17 cells [45].
Ischemic signals (DAMPs) transmitted to the periphery
activate RAGE receptors on naive CD4 4T cells and pro-
mote the differentiation of CD4 + T cells to Th17 cells after
MCADO by directing the reprogramming of fatty acid metab-
olism [48]. Th17 cells in the peripheral circulation also peak
3-5 days after ischemia, secreting pro-inflammatory factors
such as IL-17A and crossing the disrupted blood-brain
barrier(BBB) to reach the ischemic zone.

Th17 Cells and IL-17A Enhance BBB Damage After Ischemic
Stroke

After the ischemic stroke, BBB dysfunction begins with vas-
cular endothelial cell injury due to ischemia. Then, immune
cells and molecules act directly or indirectly on BBB com-
ponents, exacerbating the disruption of BBB structure
and increasing permeability, further leading to edema and
inflammatory responses in the ischemic area [49]. Th17 cells
and IL-17A are involved in BBB destruction in multiple
sclerosis (MS) and autoimmune encephalomyelitis (EAE)
disease models [50], and it is reasonable to suspect that IL-
17-producing cells also contribute to BBB dysfunction after
stroke (Fig. 3). IL-17 receptors widely expressed in vascular
endothelial cells, neurons, and glial cells are elevated after
MCAO [51]. In an in vitro BBB model in which endothelial

cells are co-cultured with astrocytes, IL-17A decreases
the connexin ZO-1. It synergizes with IL-6 and TNF-«
to decrease the expression of claudin-5 and occludin and
increase the permeability of the BBB [52]. Zhang’s study
showed that IL-17A induces BBB destruction by reducing
the expression levels of occludin and claudin-5 proteins and
increasing the expression levels of MMP-2 and MMP-9 pro-
teins in vascular endothelial cells [53]. In addition, IL-17A
activates IL-17A receptors on vascular endothelial cells,
promoting the release of reactive oxygen species (ROS)
and further activating the myosin light chain (MLC). Phos-
phorylated MLC interacts with cytoskeletal actin to induce
brain microvascular endothelial cells (BMECsSs) contraction,
ultimately leading to the widening gap between endothelial
cells and increased BBB permeability [54]. It has also been
shown that IL-17 induces apoptosis in endothelial cells by
activating caspase-3 and caspase-9 and upregulating the
Bcl2 Associated X Protein(Bax)/ B-cell lymphoma-2 (Bcl-
2) ratio, thereby mediating the destruction of BBB [55].

Th17 Cells and IL-17A Promote Infiltration of Peripheral
Immune Cells After Ischemic Stroke

IL-17 promotes the adhesion and transendothelial transfer
of neutrophils, lymphocytes, and monocytes after stroke
(Fig. 3). After recruitment from the periphery, neutro-
phils adhere to the brain endothelium around the infarct
site within minutes and peak 2-3 days after the onset
of ischemia [56]. Neutrophils promote the degradation
of endothelial cells and BBB by activating MMP-2 and
MMP-9 [57]. Activated neutrophils entering the brain
parenchyma through the damaged BBB can lead to neu-
ronal death [56]. Lymphocyte infiltration occurs relatively
late. In the tMCAO model, peak T-cell infiltration occurs
3-5 days after stroke induction. In the permanent MCAO
(pMCAO) model, peak T-cell infiltration occurs at a rela-
tively delayed 7 days after stroke [47]. IL-17A stimulates
brain endothelial cells to express VCAM-1 and induces
the release of chemokines CCL2 and CXCL]1 in a dose-
dependent manner, thereby driving neutrophils and T
lymphocytes (including Th17 cells) into the brain paren-
chyma and propagating immune responses [58]. Early
brain-derived IL-17 from y8 T cells has also been shown
to induce neutrophil infiltration of brain parenchyma by
stimulating astrocytes to secrete CXCL1 [59]. Inhibition
of the IL-17A signaling pathway (anti-IL-17A treatment)
significantly inhibits neutrophil infiltration and reduces
infarct size. IL-17A derived from Th17 cells interacts
with IL-17 receptors on endothelial cells to induce BBB
breakdown by disrupting tight junctions, ultimately lead-
ing to massive infiltration of CD4 + T lymphocytes into
the central nervous system (CNS) parenchyma [50]. In
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Fig.3 IL-17A-mediated immune response after stroke. IL-17 is
mainly produced by peripheral Th17 cells, y§ T cells infiltrating the
CNS, and astrocytes and microglia in the brain parenchyma. IL-17A
acts on a variety of cells in the CNS and exerts a role in exacerbating
brain injury. IL-17A binds to IL-17A receptors on vascular endothe-
lial cells and induces destruction of the BBB by decreasing the
endothelial intercellular junction proteins ZO-1, claudin-5, and occlu-
din. IL-17A activates ROS release from vascular endothelial cells and
further activates MLC, leading to endothelial cell contraction and gap
expansion. The compromised blood-brain barrier creates prerequi-

addition, IL-17 has been shown to support monocyte
migration in the blood-brain barrier through an intracel-
lular adhesion molecule (ICAM)-1-dependent mechanism
[54].

Interaction of Th17 Cells and IL-17A with Glial Cells After
Ischemic Stroke

It was found that Th17 cells crosstalk with microglia after
stroke (Fig. 3). Th17 and IL-17A can promote microglia dif-
ferentiation to M1 phenotype, inhibit M2 polarization, and
promote the inflammatory response. Meanwhile, M1 micro-
glia secrete IL-6 and IL-23 and recruit and induce differen-
tiation of Th17 cells. Zhao et al. showed that non-invasive
vagus nerve stimulation (nVNS) attenuated ischemia—rep-
erfusion injury in mice by promoting microglia M2 polari-
zation. The researchers further nullified the nVNS-induced
facilitation of microglia M2 polarization by intranasal
injection of recombinant IL-17A, thus demonstrating that
IL-17A inhibits the process of microglia M2 polarization
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sites for the influx of peripheral immune cells into the brain paren-
chyma. IL-17A stimulates the release of chemokines and adhesion
molecules from vascular endothelial cells and astrocytes, attracting
neutrophils, lymphocytes, and monocytes for adhesion and transen-
dothelial transport. In the brain parenchyma, IL-17A stimulates astro-
cytes and microglia to produce large amounts of pro-inflammatory
mediators. In addition, IL-17 can act alone or synergistically with
other factors to directly cause apoptosis and excessive autophagy in
neurons

after I/R [60]. In I/R model mice, IL-17A knockout (IL-
17A~"7) or anti-IL-17A monoclonal antibody treatment sig-
nificantly reduces microglial activation and induces a shift
in activated microglia from M1 to M2 phenotype [61]. In
OGD-induced microglia, ROS, HMGBI, and IL-17A are
expressed increased. Moreover, the upregulation of IL-17A
expression mediates the expression of a series of factors
and affects p53 and PI3K/Akt signaling pathways, inhibit-
ing microglia proliferation and promoting apoptosis [62].
Microglia recognize I/R-induced DAMPs signaling through
TLR receptors, leading to the release of pro-inflammatory
cytokines IL-1f, TNF-a, IL-17, and IL-23 [42]. Th17 and y&
T cells express many IL-23R on their surface. IL-23R binds
to IL-23 to promote the conversion of Th17 and yd T cells
to a mature neurotoxic phenotype and the release of inflam-
matory cytokines such as IL-17A [63]. Thus, a positive feed-
back loop is formed between microglia and Th17, and Th17
becomes a pro-inflammatory factor in brain injury. How-
ever, in vitro studies have shown that Th1-related factors can
directly activate and trigger pro-inflammatory M1-type gene
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expression profiles in microglia, whereas Th17 cells or their
related factors have little effect on microglia [64].

Astrocytes are also important responders to IL-17A
signaling. IL-17A attenuates apoptosis in primary cultured
cortical astrocytes by inhibiting OGD/R-induced downregu-
lation of IL-17A receptor membrane translocation [65]. IL-
17A antibody significantly inhibits astrocyte activation in
the peri-infarct region 3 and 7 days after tMCAO. Stimula-
tion of astrocytes in vitro by TNF-a and IL-17A increases
the expression of several chemokines, including CCL20,
CXCL2, CXCL9, CXCL10, and CXCL11 [66]. Additional
studies have shown that the combination of IL-6 with IL-17A
modulates CCL20 expression in astrocytes and increases the
migration of CCR6-expressing T cells, including Th17 cells,
whereas IL-17A alone has little effect [67]. Astrocytes may
also be a source of IL-23 during cerebral ischemia and are
involved in the differentiation of Th17 cells as APCs [68].
Astrocytes also secrete IL-17A and are the main cellular
source of IL-17A 28 days after tMCAO [69].

Th17 Cells and IL-17A Promote Neuronal Injury

In vitro studies show that IL-17A binds to upregulated IL-
17A receptors and promotes hippocampal neuronal dam-
age in response to OGD stress [51]. Neuronal apoptosis is
one of the major pathological changes of ischemic brain
injury. Studies suggest that endoplasmic reticulum stress
(ERS) is a key factor in inducing neuronal apoptosis. Using
bioinformatics analysis, Zhang et al. found that in blood
specimens from stroke patients, ERS-related genes were
mainly enriched in immune-related pathways, especially
neutrophil activation, and Th17 cell differentiation, and
ERS-related proteins specifically included the hypoxia-
inducible factor family and cAMP-response element-
binding protein (CREB) family [70]. Transient receptor
potential cation channel 6 (TRPC6) phosphorylates CREB
to activate brain-derived neurotrophic factor (BDNF)
and anti-apoptotic protein Bcl-2. TRPC6/CREB pathway
maintains neuronal survival and function after stroke by
enhancing hypoxia tolerance of neuronal cells [71]. IL-17A
may promote I/R-induced neuronal death and neurological
dysfunction by increasing calpain-mediated TRPC6 pro-
tein hydrolysis [72]. In addition, IL-17A can cause exces-
sive neuronal autophagy to aggravate ischemic injury
in tMCAO mice. The Calcineurin/Protein Phosphatase
(PP)2B is a Ca2 + -associated Ser/Thr phosphatase and has
been proven physically binding to Mammalian Target of
Rapamycin(mTOR) [73]. In OGD/R-induced cortical neu-
rons, IL-17A increases PP2B activity and PP2B-mediated
dephosphorylation of mTOR to induce excessive autophagy
in neurons [74].

Th17 Cells and IL-17A Regulate Ischemic Stroke
Recovery

Th17 Cells and IL-17A and Neurovascular Remodeling
During Stroke Recovery

During recovery from ischemic stroke, neurogenesis that
occurs mainly in the subgranular zone (SGZ) of the dentate
gyrus (DG) in the hippocampus and the subventricular zone
(SVZ) on the outer walls of the lateral ventricles makes
a prominent contribution to the recovery of neurological
function. Neural stem cells (NSCs) undergo proliferation
and division and differentiate into neural progenitor cells
(NPCs), which migrate to the lesion area and differentiate
into newborn neurons. The role of IL-17A in regulating
neurogenesis remains controversial. In vitro studies have
shown that IL-17A inhibits the proliferation of NSCs and
the differentiation of NSCs to astrocytes and oligodendro-
cyte precursor cells (OPCs) [75]. Acute rapid eye movement
(REM) sleep deprivation inhibits adult hippocampal neural
progenitor cell proliferation by increasing IL-17A expres-
sion and activating the p38 MAPK signaling pathway [76].
IL-17A knockout mice show more mature and immature
neurons in the hippocampal dentate gyrus and stronger
short-lived presynaptic plasticity [77]. IL-17 knockout
mice increase the expression of PI3K/Akt pathway-related
genes and promote NSC proliferation and neurogenesis
from 3 to 28 days after stroke [78]. Another study showed
that IL-17 knockout mice upregulated the Wnt signaling
pathway after stroke, promoting neurogenesis in the hip-
pocampus and improving cognitive dysfunction after stroke.
In vitro experiments also demonstrated that IL-17A down-
regulated the expression of Wnt2, B-catenin, and GSK-3f
and significantly inhibited the growth and proliferation of
neurospheres in NSCs [79]. In contrast, Lin and Zhang
showed that after tMCAQ, activated astrocytes increased
IL-17 secretion and improved proliferation and differen-
tiation of NPCs after stroke by regulating the p38 MAPK/
calpain 1 signaling pathway and NF-kB factors [69, 80].
IL-17 induces neurite outgrowth in post-sympathetic gan-
glion neurons by activating NF-kB signaling and inhibit-
ing voltage-dependent Ca2 + influx. The mechanism of IL-
17A action on neurogenesis is undoubtedly complex. One
study proposed that IL-17A regulates adult neurogenesis
in two stages. They suggest that IL-17A may reduce the
proliferation and self-renewal of NPCs, which means that
it inhibits the early stages of neurogenesis. However, IL-
17A promotes the differentiation and maturation of NPCs
by downregulating Notch signaling and upregulating FGF-
13 expression, which means it increases the later stage of
neurogenesis [81].
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Oligodendrocytes are the main myelin producers and
are susceptible to damage after IS. During ischemic
stroke pathology, endogenous oligodendrocytes are
induced to be produced. Oligodendrocyte precursor
cells (OPCs) are recruited to the demyelinated region
and differentiate into mature oligodendrocytes. OPCs
transplantation promotes motor and cognitive function
recovery in tMCAO mice after 5 weeks. This benefit can
be attributed to the enhanced endogenous oligodendro-
cyte production and promotion of neurite growth and
synaptogenesis [82]. It was shown that after exposure to
IL-17A for 48 h, OPCs showed increased expression of
voltage-gated K 4 (Kv)1.3 channel protein and decreased
expression of phosphorylated Akt (p-Akt), and OPC pro-
liferation was delayed. Blocking Kv1.3 increased p-Akt
and prevented IL-17-induced loss of cell viability and
proliferation inhibition. These together suggest that IL-
17A attenuates Akt signaling through the Kv1.3 chan-
nel and inhibits the proliferation and differentiation of
OPCs [83]. Wang et al. showed that in a co-culture sys-
tem of OPCs and astrocytes, IL-17-induced activation
of NOTCH1 in OPCs induced the formation of a com-
plex between the adaptor protein Actl and the NOTHC1
intracellular domain (NICD1). The Act1-NICD complex
was translocated into the nucleus to induce inflamma-
tory gene expression and also through some target genes
(e.g., STEAP4), promoting OPC proliferation but inter-
fering with OPC maturation [84].

Angiogenesis is an important protective mecha-
nism to promote neurogenesis, neuronal plasticity, and
finally functional recovery during after stroke. Differ-
ent studies have shown that angiogenesis occurs after
cerebral ischemia in different steps, such as endothelial
cell proliferation and migration, angiogenic sprouting,
lumen formation, and endothelial network maturation
[85]. The ischemic penumbra secretes numerous angi-
ogenic factors, including vascular endothelial growth
factor (VEGF), angiopoietins, platelet-derived growth
factor (PDGF), angiogenin, transforming growth fac-
tors (TGFs), basic fibroblast growth factor (bFGF),
MMP, NO, etc., of which the most important stimula-
tory factor is VEGF [85]. IL-17 knockout (IL-17 KO)
mice show lower expression of VEGF and CD34 than
wild-type mice at 28 days of reperfusion injury [86].
There are evidences showing that enriched environ-
ment (EE) can mediate angiogenesis in reperfusion-
injured rats by increasing the expression of IL-17A
in astrocytes. EE increases the level of microvessel
density (MVD) in the penumbra and promotes the
expression of CD34, VEGF, IL-6, JAK2, and STAT3
[87]. Although there are fewer studies on IL-17A and
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angiogenesis after stroke, the role of IL-17A on angi-
ogenesis in diabetes mellitus [88] and inflammatory
diseases such as arthritis [89, 90] and allergic pul-
monary [91] has been demonstrated. It is reasonable
to believe that IL-17A will be an important target for
post-stroke angiogenesis.

Th17 Cells and IL-17A and Cognitive Dysfunction After
Ischemic Stroke

Dementia occurs in about one-third of patients after a stroke.
The incidence of vascular cognitive impairment (VCI) that
does not meet the diagnostic criteria for dementia is higher.
It often progresses to a dementia state without early detec-
tion and treatment, which significantly impacts patients’ lives.
Studies have shown that Th17 cells and IL-17A correlate with
VCI after stroke and that the proportion of Th17 and IL-17
levels in IS patients at admission are positively associated with
cognitive decline 1 and 2 years after IS [24]. The authors sug-
gested that it may be because chronic inflammation caused by
Th17 cells and IL-17A leads to long-term cognitive decline in
patients after IS. Th17 cells on day 3 and day 7 after onset were
negatively correlated with MMSE scores at discharge [22]. In
contrast, a study by Peng et al. suggested that peripheral blood
IL-174Th17 cells in patients with stroke-induced VCI did not
differ from those in the healthy population [92]. Zhang et al.
statistically found that peripheral cytokines, including IL-17A,
had little predictive value for the recovery of cognitive func-
tion during subacute inpatient rehabilitation after stroke [93].
The mechanism by which IL-17A and Th17 cells contribute
to cognitive dysfunction may be related to the inhibition of
hippocampal neuronal proliferation and neurogenesis. This
has been described in detail in the previous section and will
be added a little in the following. A link was found between
intestinal responses and increased peripheral IL-17, especially
in the context of a high-salt diet. A high salt diet promoted
Th17 polarization by activating the p38/MAPK pathway and
led to increased plasma levels of IL-17. IL-17 had toxic vas-
cular effects, causing brain endothelial cells to stop producing
eNOS, leading to reduced cerebral blood flow and cerebro-
vascular dysfunction, and ultimately to neuronal dysfunction
and cognitive impairment [94]. Intestinal epithelial stem cell
(Lgr5 +stem cells) transplantation reduced circulating levels
of LPS and IL-17A and improved cognitive function 4 weeks
after stroke by repairing the intestinal structure and decreas-
ing intestinal permeability [95]. A more nuanced view was
presented by Ribeiro, whose study showed that IL-17 KO
mice exhibited short-term memory impairment while long-
term memory did not show abnormalities. They believe that
this may be related to IL-17A stimulating glial cells to produce
BDNF and increasing hippocampal neuronal plasticity [96].
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Targeting Th17 Cells and IL-17A in Treatment
of Ischemic Stroke

There are fewer studies on IL-17A and Th17 cells for treat-
ing IS. The following section focuses on an overview of
the mechanisms involved in inhibiting the differentiation of
Th17 cells and inhibiting/neutralizing the production of IL-
17A to find therapeutic targets for IS (Table 1).

Inhibition of Proliferation and Differentiation
of Th17 Cells

The proliferation and differentiation of Th17 cells are regu-
lated by extracellular signaling, transcription, RNA modifi-
cation, and post-translational modifications.

Altering the Microenvironment Affecting Th17 Cell
Differentiation

Many studies have shown that the differentiation of Th17
cells is influenced by the extracellular microenvironment,
which depends mainly on various cytokines (IL-6, IL-21,
and IL-23, etc.) and immune cells (Dendritic cells). There-
fore blocking the signaling of these cytokines (e.g., neutral-
izing antibodies, inhibitors) can inhibit Th17 differentiation
and alleviate IS. When cerebral ischemia occurs, infiltrating
macrophages and dendritic cells(DCs) are the main source
of IL-23. In the I/R mouse model, deletion of the IL-23 gene
has a more pronounced protective effect than deletion of yd
T cells [114], suggesting that IL-23 not only induces prolif-
eration of Yo T cells after stroke but also is greatly likely to
be involved in the proliferation and differentiation of Th17
cells. Lentiviral shRNA specially targeting IL-23p19 effec-
tively inhibits the IL-23/IL-17 axis, reduces IL-17 expres-
sion in brain tissue 5 days after pMCAO, and ultimately
improves neurological scores and reduces infarct volume
[97]. Depletion of IL-23-producing CD172a+ /Irf4-Express-
ing cDC2 Cells similarly ameliorates neurological deficits
after stroke [98]. Monoclonal antibodies against IL-12 and
IL-23 P40 reduce CD4 + T cells and yd T cells in the brains
of I/R mice and attenuate infarct volume and neurological
deficits [99]. Luo et al. showed that IL.-33 decreased in the
ischemic brain of mice 6 h after tMCAQO. And they found
that exogenous ventricular injection of IL-33 reduced the
proportion of IL-17-secreting T cells in brain tissue and
improved neurological function [28].

Reduction in the Levels of Relevant Transcription Factors
At the transcriptional and RNA levels, most of the current

therapeutic targets are focused on transcription factors and
miRNAs. The extracellular environmental factors mentioned

above can promote IL-17 expression by activating the tran-
scription factor RORyt through the JAK2-STAT?3 signaling
pathway or SMAD?2. In this process, RORyt, RORc, STAT3,
SMAD?2, BATF, and IRF4 can directly bind to IL-17 gene
promoter, promote IL-17 gene transcription, and regulate
Th17 cell differentiation. Inhibition of the above transcrip-
tion factors can inhibit Th17 differentiation and IL-17A
secretion and improve the symptoms of neurological deficits.
Megan et al. reduced the transcription factor RORc in Th17
cells and decreased infarct volume by giving tMCAO mice
1,25-VitD3, the active form of vitamin D3 [100]. MiR-155
promoted Th17 cell differentiation by targeting the inhibition
of cytokine signaling 1 (SOCS1), which can inhibit JAK-
STAT?3 signaling. MiR-155 inhibitor significantly reduced
the expression of phosphorylated STAT3 in the brains of
distal MCAO (dMCAO) mice during the subacute phase (7
to 14 days) and attenuated neuroinflammation [101].

Inhibition of the Activity of Related Transcription Factors

The transcription factors STAT3 and RORyt, which are
involved in Th17 differentiation, are regulated by vari-
ous post-translational modifications. Non-phosphorylated
STATS3 is not transcriptionally active and is activated only
after phosphorylation by JAK?2 on the cell membrane. The
JAK kinase inhibitor CP-690550 inhibited IL-17 production
by y6 T cells and activated CD4 +T cells, reducing infarct
volume in tMCAO mice. PR-957 (also named ONX 0914),
a selective inhibitor of the immunoproteasome subunit
LMP7, strongly attenuated brain injury and inhibited pro-
inflammatory cytokine activity [115]. Guo et al. showed that
PR-957 downregulated p-STAT3 protein expression in the
brain, leading to a decrease in RORYt at the transcriptional
level after tMCAO and ultimately leading to the inhibi-
tion of Th17 cell differentiation and IL-17A secretion [29].
However, a study by Fan et al. showed that IL-23 antibodies
enhanced the phosphorylation levels of JAK2 and STAT?3
and reduced the infarct volume in tMCAO mice. The ame-
liorative effect of neurological deficits was abolished when
JAK?2 inhibitors were used in conjunction with IL-23 anti-
bodies [102]. Post-transcriptional regulation of Th17 cell
differentiation is an important target for treating stroke, and
more studies are needed to elucidate it further.

Neutralization or Inhibition of IL-17A

Many studies have shown that inhibition of IL-17A secre-
tion or neutralization of IL-17A using monoclonal anti-
bodies has promising therapeutic effects in treating IS and
is a good therapeutic approach. Monoclonal anti-murine
IL-17A antibody is widely used in treating MCAO mice
and has significantly improved. Anti-IL-17A treatment
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significantly inhibits neutrophil infiltration, reduces the
activation of microglia and astrocytes, and reduces the
infarct volume in the acute phase of MCAO [59, 61, 66].
Notably, a multicenter preclinical randomized controlled
trial by Gelderblom et al. showed that anti-interleukin-17A
reduced infarct volume in large infarct lesions (involving
both cortical and striatal regions) but had no significant
effect on small infarct lesions (involving only striatal
regions) [103]. Suckinumab, ixekizumab, and brodalu-
mab are monoclonal antibodies that inhibit IL-17A and
are widely used in the treatment of psoriasis and ankylos-
ing spondylitis (AS). The restoration of neuronal cell death
produced by Th17 cells in Parkinson’s patient-generated
pluripotent stem cell-derived neurons by secukinumab
[116]. Unfortunately, there are no studies on the use of
the above drugs for the treatment of IS.

A large body of evidence suggests that intestinal flora
is essential for normal host metabolism and physiologi-
cal function, affecting the immune and nervous systems.
The gut microbiota affects the gut-brain axis via immune
(cytokines), endocrine (cortisol), and neural (enteric nerv-
ous system) pathways [117]. Lvanov et al. demonstrated the
importance of intestinal flora, especially segmented fila-
mentous bacteria (SFB), in mucosal Th17 cell production
[118]. In recent years, there have been an increasing num-
ber of studies related to the effects of microorganisms and
their metabolites on IS through modulation of the cytokine
IL-17A. After 30 days of continuous gavage of fecal flora
from young mice to aged mice, researchers established the
tMCAO model. They found significant reductions in IL-17
levels in serum, colon, and brain tissue, reduced infarct vol-
umes, and improved neurological function [104]. Indole-
3-propionic acid (IPA), a tryptophan (Trp) catabolic prod-
uct produced by intestinal flora, is reduced in the serum of
MCAO mice. Significant increases in the number of Th17
and significant decreases in the number of Treg in tMCAO-
induced Peyer’s patches and intestine-associated lymphoid
tissues were reversed by exogenous supplementation of
IPA [105]. Short-chain fatty acids (SCFAs) are produced
by bacteria when they metabolize non-digestible fibers in
the intestine and act to stabilize the intestine by activating
G protein-coupled receptors and inhibiting histone deacety-
lases [119]. SCFAs can ameliorate neurological damage by
enhancing the integrity of the intestinal barrier and attenu-
ating the inflammatory response in the gut and brain. The
mechanism is related to changes in the expression profile of
various cytokines necessary to mediate the inflammatory
response and immune cell maturation, including inhibition
of pro-inflammatory cytokines: IL-17, TNF-a, MCP-1, and
IL-1B [120]. Lee et al. showed that restoring SCFA to lev-
els found in young microbiomes using SCFA-producing
bacteria resulted in increased brain and plasma SCFA lev-
els, decreased brain IL-17+v8 T cells and IL-17A, and
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significantly improved stroke outcomes [106]. Microflora
from the oral cavity spreads to the intestine with swallow-
ing. Chen’s study showed that MCAO model mice gavaged
with salivary flora of periodontitis exhibited more severe
neuroinflammation and worse prognosis. The mechanism
may be related to increased IL-17A-producing immune cells
(including Th17 cells and IL-17 +vd T cells) in the gut and
facilitated the migration of these cells from the gut to the
brain [107].

Traditional Chinese Medicine Treatment Targeting
Th17 Cells or IL-17A

Traditional Chinese medicine (TCM) has a long history of
the treatment of stroke in China with remarkable efficacy.
Chinese herbal medicine, including formulas, extracts, and
compounds, is characterized by integrated treatment with
multiple sites and targets and overall regulation for the treat-
ment of IS. IL-17A has been widely studied as an important
inflammatory factor. The following section summarizes the
published studies on TCM that can improve stroke by modu-
lating Th17 cells or IL-17A.

Resveratrol, a natural polyphenol, reduces BBB injury
and neuroinflammation and improves neurological defi-
cits in tMCAO mice. Dou et al. showed that Resveratrol
improved tMCAO-induced increase in small intestinal epi-
thelial and vascular permeability, attenuated the increase in
Th17 cells in the lamina propria of the small intestine, and
attenuated the increase in IL-17A in serum and brain tis-
sue by modulating intestinal flora [108]. Salidroside (Sal)
decreased the expression of RORyt and the number of Th17
cells in the peripheral circulation and increased the number
of peripheral Treg cells in ischemic brain tissue. In hypoxic
T cells (Th17 and Treg cells), Sal significantly inhibited the
expression of IL-6, TNF-a, MCP-1, STAT-3, and NF-xB
proteins [109]. Dihuang Yinz can regulate the intestinal flora
of tMCAO rats to the firmicutes, bacteroidetes, and proteo-
bacteria, reduce the content of IL-6, TNF-«, and IL-17, and
increase the content of TGF-f, IL-10 in the brain, serum,
and colon tissues [110]. HMGB1/TLR4 signaling pathway
can induce IL-17A secretion [42]. Glycyrrhizin significantly
reduces infarct volume and neurological deficits at 3 days
after MCAO by inhibiting the HMGB1/TLR4/IL-17A sign-
aling pathway [111]. Xueshuantong for Injection attenuates
tMCAO-induced infarct volume and edema and reduces the
expression of IL-17, IL-23p19, IL-1p, and TNF-a mRNA
in the brain by inhibiting the Prx6-TLR4 signaling pathway
[112]. Hyperforin, a pharmacologically active component of
the medicinal plant Hypericum perforatum, reduces IL-17A
expression and IL-17A-mediated microglia activation after
3 days of tMCAO onset to alleviate acute cerebral ischemic
injury [61]. A combination of Astragalus membranaceus
extract and ligustrazine improves neuroinflammation in rats
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with cerebral ischemia treated with thrombolysis by increas-
ing the expression of endogenous Tregs and decreasing
inflammatory factors such as IL-17A and IL-1p [113]. In
addition to the effects of IS in the acute phase, IL-17A and
Th17 cells also play a role in neurogenesis and angiogenesis
in the subacute and recovery phases of IS. Astragaloside
IV (As IV), a primary bioactive compound of Radix Astra-
gali, may inhibit IL.-17A expression and upregulate Akt/
GSK-3p and Wnt/B-catenin signaling pathway proteins by
decreasing the expression of IL.-17A and neuronal apoptosis
and promote neurogenesis in MCAO mice, ultimately alle-
viating post-stroke cognitive impairment [78, 79]. Zhang
et al. showed that Hyperforin promotes angiogenesis and
improves prognosis in tMCAO mice at 28 days. However,
they suggested that the possible mechanism was that Hyper-
forin induced an increase in IL-17A and further promoted
vascular endothelial growth factor (VEGF) expression [86].
This study presents a contrary opinion to the studies with
lowering IL-17A as a therapeutic target. Therefore the fur-
ther investigation is still needed for the therapeutic mecha-
nism of IL-17A in stroke recovery.

Conclusion

Published studies suggest that IL-17A and Th17 cells have
important effects on the pathogenesis, secondary brain
injury, and regulation of the prognosis of IS. Immuno-
therapy targeting IL-17A and Th17 cells has shown good
ameliorative effects in ischemic stroke mice. However, it
must be acknowledged that the mechanisms involved are
certainly complex, and many unresolved questions need to
be addressed. Th17 cells and IL-17A have prominent pleio-
tropic properties in regulating pro- and anti-inflammatory
responses after stroke. It is important to understand the
pathophysiological role of IL-17A in the acute to recovery
phase of ischemic stroke and to suggest appropriate thera-
peutic approaches. Whether other members of the IL-17
family are involved in the post-stroke pathological process
still needs to be explored. Nevertheless, the available stud-
ies have shown that biological therapies targeting IL-17A
may be novel therapies for the treatment of IS and deserve
further investigation.

Acknowledgements I would like to thank my supervisor, Zhang
Xiangjian, for his guidance through each stage of the process.

Author Contribution Zhang Xiangjian contributed substantially to
the conception and design of this review and provided final approval
of the version to publish. Wang Jingjing took the lead in writing the
manuscript. Gao Yuxiao, Yuan Yujia, Wang Huan, and Wang Zhao
provided critical feedback and helped shape the research, analysis, and
manuscript. All authors revised the manuscript critically for important
intellectual content.

Data Availability The data on which the review is based were accessed
from a repository and are available for downloading through the fol-
lowing link: PubMed (nih.gov).

Declarations

Ethics Approval Not required in this review article.
Consent to Participate Not applicable.

Consent for Publication Not applicable.

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

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

2. Qin C, Yang S, Chu YH, Zhang H, Pang XW, Chen L, Zhou
LQ, Chen M et al (2022) Signaling pathways involved in
ischemic stroke: molecular mechanisms and therapeutic inter-
ventions. Signal Transduct Target Ther 7:215. https://doi.org/
10.1038/s41392-022-01064-1

3. Lambertsen KL, Finsen B, Clausen BH (2019) Post-stroke
inflammation-target or tool for therapy? Acta Neuropathol
137:693-714. https://doi.org/10.1007/s00401-018-1930-z

4. Korn T, Bettelli E, Oukka M, Kuchroo VK (2009) IL-17 and
Th17 cells. Annu Rev Immunol 27:485-517. https://doi.org/
10.1146/annurev.immunol.021908.132710

5. FulJ, Huang Y, Bao T, Liu C, Liu X, Chen X (2022) The role of
Th17 cells/IL-17A in AD, PD, ALS and the strategic therapy
targeting on IL-17A. J Neuroinflammation 19:98. https://doi.
org/10.1186/s12974-022-02446-6

6. Cosmi L, Santarlasci V, Maggi L, Liotta F, Annunziato F
(2014) Th17 plasticity: pathophysiology and treatment of
chronic inflammatory disorders. Curr Opin Pharmacol 17:12—
16. https://doi.org/10.1016/j.coph.2014.06.004

7. Waisman A, Hauptmann J, Regen T (2015) The role of IL-17
in CNS diseases. Acta Neuropathol 129:625-637. https://doi.
org/10.1007/s00401-015-1402-7

8. Stockinger B, Veldhoen M (2007) Differentiation and function
of Th17 T cells. Curr Opin Immunol 19:281-286. https://doi.
org/10.1016/j.c0i.2007.04.005

9. Mangan PR, Harrington LE, O’quinn DB, Helms WS, Bullard
DC, Elson CO, Hatton RD, Wahl SM et al (2006) Transforming

@ Springer


https://www.nih.gov
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s12974-019-1516-2
https://doi.org/10.1186/s12974-019-1516-2
https://doi.org/10.1038/s41392-022-01064-1
https://doi.org/10.1038/s41392-022-01064-1
https://doi.org/10.1007/s00401-018-1930-z
https://doi.org/10.1146/annurev.immunol.021908.132710
https://doi.org/10.1146/annurev.immunol.021908.132710
https://doi.org/10.1186/s12974-022-02446-6
https://doi.org/10.1186/s12974-022-02446-6
https://doi.org/10.1016/j.coph.2014.06.004
https://doi.org/10.1007/s00401-015-1402-7
https://doi.org/10.1007/s00401-015-1402-7
https://doi.org/10.1016/j.coi.2007.04.005
https://doi.org/10.1016/j.coi.2007.04.005

2426

Molecular Neurobiology (2024) 61:2411-2429

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

growth factor-beta induces development of the T(H)17 lineage.
Nature 441:231-234. https://doi.org/10.1038/nature04754
Weaver CT, Elson CO, Fouser LA, Kolls JK (2013) The Th17
pathway and inflammatory diseases of the intestines, lungs,
and skin. Annu Rev Pathol 8:477-512. https://doi.org/10.1146/
annurev-pathol-011110-130318

Wu X, Wang J, Liu K, Zhu J, Zhang HL (2016) Are Th17
cells and their cytokines a therapeutic target in Guillain-Barre
syndrome? Expert Opin Ther Targets 20:209-222. https://doi.
org/10.1517/14728222.2016.1086751

Harbour SN, Ditoro DF, Witte SJ (2020) T(H)17 cells require
ongoing classic IL-6 receptor signaling to retain transcriptional
and functional identity. 5. https://doi.org/10.1126/sciimmunol.
aaw2262

Yang L, Anderson DE, Baecher-Allan C, Hastings WD, Bettelli
E, Oukka M, Kuchroo VK, Hafler DA (2008) IL-21 and TGF-
beta are required for differentiation of human T(H)17 cells.
Nature 454:350-352. https://doi.org/10.1038/nature07021
Jiang P, Zheng C, Xiang Y, Malik S, Su D, Xu G, Zhang M
(2022) The involvement of TH17 cells in the pathogenesis of
IBD. Cytokine Growth Factor Rev. https://doi.org/10.1016/j.
cytogfr.2022.07.005

Bhaumik S, Basu R (2017) Cellular and molecular dynamics
of Th17 differentiation and its developmental plasticity in the
intestinal immune response. Front Immunol 8:254. https://doi.
org/10.3389/fimmu.2017.00254

Beringer A, Noack M, Miossec P (2016) IL-17 in chronic inflam-
mation: from discovery to targeting. Trends Mol Med 22:230—
241. https://doi.org/10.1016/j.molmed.2016.01.001

Starnes T, Robertson MJ, Sledge G, Kelich S, Nakshatri H,
Broxmeyer HE, Hromas R (2001) Cutting edge: IL-17F, a novel
cytokine selectively expressed in activated T cells and mono-
cytes, regulates angiogenesis and endothelial cell cytokine pro-
duction. J Immunol 167:4137-4140. https://doi.org/10.4049/
jimmunol.167.8.4137

Patel DD, Kuchroo VK (2015) Th17 cell pathway in human
immunity: lessons from genetics and therapeutic interventions.
Immunity 43:1040-1051. https://doi.org/10.1016/j.immuni.2015.
12.003

Gaffen SL (2009) Structure and signalling in the IL-17 receptor
family. Nat Rev Immunol 9:556-567. https://doi.org/10.1038/
nri2586

Zhang Q, Liao Y, LiuZ, Dai Y, Li Y, Li Y, Tang Y (2021) Inter-
leukin-17 and ischaemic stroke. Immunology 162:179-193.
https://doi.org/10.1111/imm.13265

Li Q, Ding S, Wang YM, Xu X, Shen Z, Fu R, Liu M, Hu C et al
(2017) Age-associated alteration in Th17 cell response is related
to endothelial cell senescence and atherosclerotic cerebral infarc-
tion. Am J Transl Res 9:5160-5168

Yu S, Cui W, Han J, Chen J, Tao W (2022) Longitudinal change
of Th1, Th2, and Th17 cells and their relationship between cogni-
tive impairment, stroke recurrence, and mortality among acute
ischemic stroke patients. J Clin Lab Anal 36:24542. https://doi.
org/10.1002/jcla.24542

Dolati S, Ahmadi M, Khalili M, Taheraghdam AA, Siahman-
souri H, Babaloo Z, Aghebati-Maleki L, Jadidi-Niaragh F et al
(2018) Peripheral Th17/Treg imbalance in elderly patients with
ischemic stroke. Neurol Sci 39:647-654. https://doi.org/10.1007/
s10072-018-3250-4

LuT,MaL, XuQ, Wang X (2022) Blood Th17 cells and IL-17A
as candidate biomarkers estimating the progression of cognitive
impairment in stroke patients. J Clin Lab Anal 36:24581. https://
doi.org/10.1002/jcla.24581

Li GZ, Zhong D, Yang LM, Sun B, Zhong ZH, Yin YH, Cheng
J, Yan BB et al (2005) Expression of interleukin-17 in ischemic

@ Springer

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

brain tissue. Scand J Immunol 62:481-486. https://doi.org/10.
1111/5.1365-3083.2005.01683.x

Wang H, Zhong D, Chen H, Jin J, Liu Q, Li G (2019) NLRP3
inflammasome activates interleukin-23/interleukin-17 axis dur-
ing ischaemia-reperfusion injury in cerebral ischaemia in mice.
Life Sci 227:101-113. https://doi.org/10.1016/;.1fs.2019.04.031
Backes FN, De Souza A, Bianchin MM (2021) IL-23 and IL-17
in acute ischemic stroke: correlation with stroke scales and prog-
nostic value. Clin Biochem 98:29-34. https://doi.org/10.1016/j.
clinbiochem.2021.09.003

Luo Y, Zhou Y, Xiao W, Liang Z, Dai J, Weng X, Wu X (2015)
Interleukin-33 ameliorates ischemic brain injury in experimental
stroke through promoting Th2 response and suppressing Th17
response. Brain Res 1597:86-94. https://doi.org/10.1016/j.brain
res.2014.12.005

Guo Y, Chen X, Li D, Liu H, Ding Y, Han R, Shi Y, Ma X (2018)
PR-957 mediates neuroprotection by inhibiting Th17 differentia-
tion and modulating cytokine production in a mouse model of
ischaemic stroke. Clin Exp Immunol 193:194-206. https://doi.
org/10.1111/cei.13132

JiE, Lee S (2021) Antibody-based therapeutics for atherosclero-
sis and cardiovascular diseases. Int J Mol Sci 22.https://doi.org/
10.3390/ijms22115770

Liu ZD, Wang L, Lu FH, Pan H, Zhao YX, Wang SJ, Sun SW,
Li CL et al (2012) Increased Th17 cell frequency concomitant
with decreased Foxp3+ Treg cell frequency in the peripheral
circulation of patients with carotid artery plaques. Inflamm Res
61:1155-1165. https://doi.org/10.1007/s00011-012-0510-2
Hot A, Lenief V, Miossec P (2012) Combination of IL-17
and TNFalpha induces a pro-inflammatory, pro-coagulant
and pro-thrombotic phenotype in human endothelial cells.
Ann Rheum Dis 71:768-776. https://doi.org/10.1136/annrh
eumdis-2011-200468

Gao Q, Jiang Y, Ma T, Zhu F, Gao F, Zhang P, Guo C, Wang Q
et al (2010) A critical function of Th17 proinflammatory cells in
the development of atherosclerotic plaque in mice. J Immunol
185:5820-5827. https://doi.org/10.4049/jimmunol. 1000116
Wang Y, Li W, Zhao T, Zou Y, Deng T, Yang Z, Yuan Z, Ma L
et al (2021) Interleukin-17-producing CD4(+) T cells promote
inflammatory response and foster disease progression in hyper-
lipidemic patients and atherosclerotic mice. Front Cardiovasc
Med 8:667768. https://doi.org/10.3389/fcvm.2021.667768
Erbel C, Akhavanpoor M, Okuyucu D, Wangler S, Dietz A, Zhao
L, Stellos K, Little KM et al (2014) IL-17A influences essential
functions of the monocyte/macrophage lineage and is involved
in advanced murine and human atherosclerosis. J Immunol
193:4344-4355. https://doi.org/10.4049/jimmunol. 1400181
Yuan S, Zhang S, Zhuang Y, Zhang H, Bai J, Hou Q (2015) Inter-
leukin-17 stimulates STAT3-mediated endothelial cell activation
for neutrophil recruitment. Cell Physiol Biochem 36:2340-2356.
https://doi.org/10.1159/000430197

Fossiez F, Djossou O, Chomarat P, Flores-Romo L, Ait-Yahia
S, Maat C, Pin JJ, Garrone P et al (1996) T cell interleukin-17
induces stromal cells to produce proinflammatory and hemat-
opoietic cytokines. J Exp Med 183:2593-2603. https://doi.org/
10.1084/jem.183.6.2593

Shiotsugu S, Okinaga T, Habu M, Yoshiga D, Yoshioka I, Nishi-
hara T, Ariyoshi W (2019) The biological effects of interleukin-
17A on adhesion molecules expression and foam cell formation
in atherosclerotic lesions. J Interferon Cytokine Res 39:694-702.
https://doi.org/10.1089/jir.2019.0034

Zhang H, Chen J, Liu X, Awar L, Mcmickle A, Bai F, Nagarajan
S, Yu S (2013) IL-17 induces expression of vascular cell adhe-
sion molecule through signalling pathway of NF-kappaB, but


https://doi.org/10.1038/nature04754
https://doi.org/10.1146/annurev-pathol-011110-130318
https://doi.org/10.1146/annurev-pathol-011110-130318
https://doi.org/10.1517/14728222.2016.1086751
https://doi.org/10.1517/14728222.2016.1086751
https://doi.org/10.1126/sciimmunol.aaw2262
https://doi.org/10.1126/sciimmunol.aaw2262
https://doi.org/10.1038/nature07021
https://doi.org/10.1016/j.cytogfr.2022.07.005
https://doi.org/10.1016/j.cytogfr.2022.07.005
https://doi.org/10.3389/fimmu.2017.00254
https://doi.org/10.3389/fimmu.2017.00254
https://doi.org/10.1016/j.molmed.2016.01.001
https://doi.org/10.4049/jimmunol.167.8.4137
https://doi.org/10.4049/jimmunol.167.8.4137
https://doi.org/10.1016/j.immuni.2015.12.003
https://doi.org/10.1016/j.immuni.2015.12.003
https://doi.org/10.1038/nri2586
https://doi.org/10.1038/nri2586
https://doi.org/10.1111/imm.13265
https://doi.org/10.1002/jcla.24542
https://doi.org/10.1002/jcla.24542
https://doi.org/10.1007/s10072-018-3250-4
https://doi.org/10.1007/s10072-018-3250-4
https://doi.org/10.1002/jcla.24581
https://doi.org/10.1002/jcla.24581
https://doi.org/10.1111/j.1365-3083.2005.01683.x
https://doi.org/10.1111/j.1365-3083.2005.01683.x
https://doi.org/10.1016/j.lfs.2019.04.031
https://doi.org/10.1016/j.clinbiochem.2021.09.003
https://doi.org/10.1016/j.clinbiochem.2021.09.003
https://doi.org/10.1016/j.brainres.2014.12.005
https://doi.org/10.1016/j.brainres.2014.12.005
https://doi.org/10.1111/cei.13132
https://doi.org/10.1111/cei.13132
https://doi.org/10.3390/ijms22115770
https://doi.org/10.3390/ijms22115770
https://doi.org/10.1007/s00011-012-0510-2
https://doi.org/10.1136/annrheumdis-2011-200468
https://doi.org/10.1136/annrheumdis-2011-200468
https://doi.org/10.4049/jimmunol.1000116
https://doi.org/10.3389/fcvm.2021.667768
https://doi.org/10.4049/jimmunol.1400181
https://doi.org/10.1159/000430197
https://doi.org/10.1084/jem.183.6.2593
https://doi.org/10.1084/jem.183.6.2593
https://doi.org/10.1089/jir.2019.0034

Molecular Neurobiology (2024) 61:2411-2429

2427

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

not Aktl and TAKI in vascular smooth muscle cells. Scand J
Immunol 77:230-237. https://doi.org/10.1111/sji.12030

Erbel C, Chen L, Bea F, Wangler S, Celik S, Lasitschka F, Wang
Y, Bockler D et al (2009) Inhibition of IL.-17A attenuates athero-
sclerotic lesion development in apoE-deficient mice. J Immunol
183:8167-8175. https://doi.org/10.4049/jimmunol.0901126
Danzaki K, Matsui Y, Ikesue M, Ohta D, Ito K, Kanayama M,
Kurotaki D, Morimoto J et al (2012) Interleukin-17A deficiency
accelerates unstable atherosclerotic plaque formation in apoli-
poprotein E-deficient mice. Arterioscler Thromb Vasc Biol
32:273-280. https://doi.org/10.1161/atvbaha.111.229997

Sun W, Ding Z, Xu S, SuZ, Li H (2017) Crosstalk between TLR2
and Sphkl in microglia in the cerebral ischemia/reperfusion-
induced inflammatory response. Int J Mol Med 40:1750-1758.
https://doi.org/10.3892/ijmm.2017.3165

Li S, Dai Q, YuJ, Liu T, Liu S, Ma L, Zhang Y, Han S et al
(2017) Identification of IL-17A-derived neural cell type and
dynamic changes of IL-17A in serum/CSF of mice with ischemic
stroke. Neurol Res 39:552-558. https://doi.org/10.1080/01616
412.2017.1315863

Kawanokuchi J, Shimizu K, Nitta A, Yamada K, Mizuno T,
Takeuchi H, Suzumura A (2008) Production and functions of
IL-17 in microglia. J Neuroimmunol 194:54-61. https://doi.org/
10.1016/j.jneuroim.2007.11.006

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

Arunachalam P, Ludewig P, Melich P, Arumugam TV, Gerloff C,
Prinz I, Magnus T, Gelderblom M (2017) CCR6 (CC chemokine
receptor 6) is essential for the migration of detrimental natural
interleukin-17-producing gammadelta T cells in stroke. Stroke
48:1957-1965. https://doi.org/10.1161/STROKEAHA.117.
016753

Zhang D, Ren J, Luo Y, He Q, Zhao R, Chang J, Yang Y, Guo
ZN (2021) T cell response in ischemic stroke: from mechanisms
to translational insights. Front Immunol 12:707972. https://doi.
org/10.3389/fimmu.2021.707972

Zhang Y, Li F, Chen C, Li Y, Xie W, Huang D, Zhai X, Yu W
et al (2022) RAGE-mediated T cell metabolic reprogramming
shapes T cell inflammatory response after stroke. J Cereb Blood
Flow Metab 42:952-965. https://doi.org/10.1177/0271678X21
1067133

Jiang X, Andjelkovic AV, Zhu L, Yang T, Bennett MVL, Chen
J, Keep RF, Shi Y (2018) Blood-brain barrier dysfunction and
recovery after ischemic stroke. Prog Neurobiol 163-164:144—
171. https://doi.org/10.1016/j.pneurobio.2017.10.001

Kebir H, Kreymborg K, Ifergan I, Dodelet-Devillers A, Cayrol
R, Bernard M, Giuliani F, Arbour N et al (2007) Human TH17
lymphocytes promote blood-brain barrier disruption and central
nervous system inflammation. Nat Med 13:1173-1175. https://
doi.org/10.1038/nm1651

Wang DD, Zhao YF, Wang GY, Sun B, Kong QF, Zhao K,
Zhang Y, Wang JH et al (2009) IL-17 potentiates neuronal injury
induced by oxygen-glucose deprivation and affects neuronal
IL-17 receptor expression. J Neuroimmunol 212:17-25. https://
doi.org/10.1016/j.jneuroim.2009.04.007

Voirin AC, Perek N, Roche F (2020) Inflammatory stress induced
by a combination of cytokines (IL-6, IL-17, TNF-alpha) leads
to a loss of integrity on bEnd.3 endothelial cells in vitro BBB
model. Brain Res 1730:146647. https://doi.org/10.1016/j.brain
res.2020.146647

Ni P, Dong H, Wang Y, Zhou Q, Xu M, Qian Y, SunJ (2018)
IL-17A contributes to perioperative neurocognitive disorders

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

through blood-brain barrier disruption in aged mice. J Neuroin-
flammation 15:332. https://doi.org/10.1186/s12974-018-1374-3
Huppert J, Closhen D, Croxford A, White R, Kulig P, Pietrowski
E, Bechmann I, Becher B et al (2010) Cellular mechanisms of IL-
17-induced blood-brain barrier disruption. FASEB J 24:1023—
1034. https://doi.org/10.1096/1j.09-141978

Zhu F, Wang Q, Guo C, Wang X, Cao X, Shi Y, Gao F, Ma C et al
(2011) IL-17 induces apoptosis of vascular endothelial cells: a
potential mechanism for human acute coronary syndrome. Clin
Immunol 141:152-160. https://doi.org/10.1016/j.clim.2011.07.
003

Wanrooy BJ, Wen SW, Wong CH (2021) Dynamic roles of neu-
trophils in post-stroke neuroinflammation. Immunol Cell Biol
99:924-935. https://doi.org/10.1111/imcb.12463

Kurzepa J, Kurzepa J, Golab P, Czerska S, Bielewicz J (2014)
The significance of matrix metalloproteinase (MMP)-2 and
MMP-9 in the ischemic stroke. Int J Neurosci 124:707-716.
https://doi.org/10.3109/00207454.2013.872102

Wojkowska DW, Szpakowski P, Glabinski A (2017) Interleu-
kin 17A promotes lymphocytes adhesion and induces CCL2
and CXCLI1 release from brain endothelial cells. Int J] Mol Sci
18.https://doi.org/10.3390/ijms 18051000

Gelderblom M, Weymar A, Bernreuther C, Velden J, Arunacha-
lam P, Steinbach K, Orthey E, Arumugam TV et al (2012) Neu-
tralization of the IL-17 axis diminishes neutrophil invasion and
protects from ischemic stroke. Blood 120:3793-3802. https://doi.
org/10.1182/blood-2012-02-412726

Zhao XP, Zhao Y, Qin XY, Wan LY, Fan XX (2019) Non-inva-
sive vagus nerve stimulation protects against cerebral ischemia/
reperfusion injury and promotes microglial M2 polarization via
interleukin-17A inhibition. ] Mol Neurosci 67:217-226. https://
doi.org/10.1007/s12031-018-1227-7

Ma L, Pan X, Zhou F, Liu K, Wang L (2018) Hyperforin pro-
tects against acute cerebral ischemic injury through inhibition
of interleukin-17A-mediated microglial activation. Brain Res
1678:254-261. https://doi.org/10.1016/j.brainres.2017.08.023
Zhang B, Yang N, Mo ZM, Lin SP, Zhang F (2017) IL-17A
enhances microglial response to OGD by regulating p53 and
PI3K/Akt pathways with involvement of ROS/HMGB1. Front
Mol Neurosci 10:271. https://doi.org/10.3389/fnmol.2017.00271
Derkow K, Kruger C, Dembny P, Lehnardt S (2015) Microglia
induce neurotoxic IL-17+ gammadelta T cells dependent on
TLR2, TLR4, and TLR9 activation. PLoS One 10:e0135898.
https://doi.org/10.1371/journal.pone.0135898

Prajeeth CK, Lohr K, Floess S, Zimmermann J, Ulrich R, Gudi
V, Beineke A, Baumgirtner W et al (2014) Effector molecules
released by Thl but not Th17 cells drive an M1 response in
microglia. Brain Behav Immun 37:248-259. https://doi.org/10.
1016/j.bbi.2014.01.001

Dai Q, Li S, Liu T, Zheng J, Han S, Qu A, LiJ (2019) Inter-
leukin-17A-mediated alleviation of cortical astrocyte ischemic
injuries affected the neurological outcome of mice with ischemic
stroke. J Cell Biochem. https://doi.org/10.1002/jcb.28429
Kang Z, Altuntas CZ, Gulen MF, Liu C, Giltiay N, Qin H, Liu L,
Qian W et al (2010) Astrocyte-restricted ablation of interleukin-
17-induced Actl-mediated signaling ameliorates autoimmune
encephalomyelitis. Immunity 32:414-425. https://doi.org/10.
1016/j.immuni.2010.03.004

Meares GP, Ma X, Qin H, Benveniste EN (2012) Regulation of
CCL20 expression in astrocytes by IL-6 and IL-17. Glia 60:771—
781. https://doi.org/10.1002/glia.22307

Constantinescu CS, Tani M, Ransohoff RM, Wysocka M, Hill-
iard B, Fujioka T, Murphy S, Tighe PJ et al (2005) Astrocytes

@ Springer


https://doi.org/10.1111/sji.12030
https://doi.org/10.4049/jimmunol.0901126
https://doi.org/10.1161/atvbaha.111.229997
https://doi.org/10.3892/ijmm.2017.3165
https://doi.org/10.1080/01616412.2017.1315863
https://doi.org/10.1080/01616412.2017.1315863
https://doi.org/10.1016/j.jneuroim.2007.11.006
https://doi.org/10.1016/j.jneuroim.2007.11.006
https://doi.org/10.1038/nm.1999
https://doi.org/10.1038/nm.1999
https://doi.org/10.1161/STROKEAHA.117.016753
https://doi.org/10.1161/STROKEAHA.117.016753
https://doi.org/10.3389/fimmu.2021.707972
https://doi.org/10.3389/fimmu.2021.707972
https://doi.org/10.1177/0271678X211067133
https://doi.org/10.1177/0271678X211067133
https://doi.org/10.1016/j.pneurobio.2017.10.001
https://doi.org/10.1038/nm1651
https://doi.org/10.1038/nm1651
https://doi.org/10.1016/j.jneuroim.2009.04.007
https://doi.org/10.1016/j.jneuroim.2009.04.007
https://doi.org/10.1016/j.brainres.2020.146647
https://doi.org/10.1016/j.brainres.2020.146647
https://doi.org/10.1186/s12974-018-1374-3
https://doi.org/10.1096/fj.09-141978
https://doi.org/10.1016/j.clim.2011.07.003
https://doi.org/10.1016/j.clim.2011.07.003
https://doi.org/10.1111/imcb.12463
https://doi.org/10.3109/00207454.2013.872102
https://doi.org/10.3390/ijms18051000
https://doi.org/10.1182/blood-2012-02-412726
https://doi.org/10.1182/blood-2012-02-412726
https://doi.org/10.1007/s12031-018-1227-7
https://doi.org/10.1007/s12031-018-1227-7
https://doi.org/10.1016/j.brainres.2017.08.023
https://doi.org/10.3389/fnmol.2017.00271
https://doi.org/10.1371/journal.pone.0135898
https://doi.org/10.1016/j.bbi.2014.01.001
https://doi.org/10.1016/j.bbi.2014.01.001
https://doi.org/10.1002/jcb.28429
https://doi.org/10.1016/j.immuni.2010.03.004
https://doi.org/10.1016/j.immuni.2010.03.004
https://doi.org/10.1002/glia.22307

2428

Molecular Neurobiology (2024) 61:2411-2429

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

as antigen-presenting cells: expression of IL-12/IL-23. J Neu-
rochem 95:331-340. https://doi.org/10.1111/j.1471-4159.2005.
03368.x

Lin Y, Zhang JC, Yao CY, Wu Y, Abdelgawad AF, Yao SL, Yuan
SY (2016) Critical role of astrocytic interleukin-17 A in post-
stroke survival and neuronal differentiation of neural precursor
cells in adult mice. Cell Death Dis 7:62273. https://doi.org/10.
1038/cddis.2015.284

Zhang X, Li X, Gu J, Guo J, Chen J, Zhang K, Liu J, Liu J et al
(2022) Integrative analyses of biomarkers associated with endo-
plasmic reticulum stress in ischemic stroke. Comput Math Meth-
ods Med 2022:4212180. https://doi.org/10.1155/2022/4212180
Guo C,Ma Y, Ma S, Mu F, Deng J, Duan J, Xiong L (2017)
The role of TRPC6 in the neuroprotection of calycosin against
cerebral ischemic injury. 7:3039. https://doi.org/10.1038/
s41598-017-03404-6

Zhang J, Mao X, Zhou T, Cheng X, Lin Y (2014) IL-17A con-
tributes to brain ischemia reperfusion injury through calpain-
TRPC6 pathway in mice. Neuroscience 274:419-428. https://
doi.org/10.1016/j.neuroscience.2014.06.001

Huynh H, Wan Y (2018) mTORCI1 impedes osteoclast differen-
tiation via calcineurin and NFATc1l. Commun Biol 1:29. https:/
doi.org/10.1038/s42003-018-0028-4

Liu T, Han S, Dai Q, Zheng J, Liu C, Li S, Li J (2019) IL-
17A-mediated excessive autophagy aggravated neuronal
ischemic injuries via Src-PP2B-mTOR pathway. Front Immunol
10:2952. https://doi.org/10.3389/fimmu.2019.02952

LiZ, LiK, Zhu L, Kan Q, Yan Y, Kumar P, Xu H, Rostami A
et al (2013) Inhibitory effect of IL-17 on neural stem cell pro-
liferation and neural cell differentiation. BMC Immunol 14:20.
https://doi.org/10.1186/1471-2172-14-20

Cui L, Xue R, Zhang X, Chen S, Wan Y, Wu W (2019) Sleep
deprivation inhibits proliferation of adult hippocampal neu-
ral progenitor cells by a mechanism involving IL-17 and p38
MAPK. Brain Res 1714:81-87. https://doi.org/10.1016/j.brain
res.2019.01.024

Liu Q, Xin W, He P, Turner D, Yin J, Gan Y, Shi FD, Wu J
(2014) Interleukin-17 inhibits adult hippocampal neurogenesis.
Sci Rep 4:7554. https://doi.org/10.1038/srep07554

Sun L, Han R, Guo F, Chen H, Wang W, Chen Z, Liu W, Sun X
et al (2020) Antagonistic effects of IL-17 and Astragaloside IV
on cortical neurogenesis and cognitive behavior after stroke in
adult mice through Akt/GSK-3beta pathway. Cell Death Discov
6:74. https://doi.org/10.1038/s41420-020-00298-8

Sun L, Zhang H, Wang W, Chen Z, Wang S, Li J, Li G, Gao
C et al (2020) Astragaloside IV exerts cognitive benefits and
promotes hippocampal neurogenesis in stroke mice by down-
regulating interleukin-17 expression via Wnt pathway. Front
Pharmacol 11:421. https://doi.org/10.3389/fphar.2020.00421

Zhang Y, Xu D, Qi H, Yuan Y, Liu H, Yao S, Yuan S, Zhang J
(2018) Enriched environment promotes post-stroke neurogen-
esis through NF-kappaB-mediated secretion of IL-17A from
astrocytes. Brain Res 1687:20-31. https://doi.org/10.1016/j.
brainres.2018.02.030

Tfilin M, Turgeman G (2019) Interleukine-17 administration
modulates adult hippocampal neurogenesis and improves spa-
tial learning in mice. J] Mol Neurosci 69:254-263. https://doi.
org/10.1007/s12031-019-01354-4

Li W, He T, Shi R, Song Y, Wang L, Zhang Z, Tang Y, Yang
GY, Wang Y (2021) Oligodendrocyte precursor cells trans-
plantation improves stroke recovery via oligodendrogenesis,
neurite growth and synaptogenesis. Aging Dis 12:2096-2112.
https://doi.org/10.14336/AD.2021.0416

Liu H, Yang X, Yang J, Yuan Y, Wang Y, Zhang R, Xiong H,
Xu Y (2021) IL-17 inhibits oligodendrocyte progenitor cell
proliferation and differentiation by increasing K(+) channel

@ Springer

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Kv1.3. Front Cell Neurosci 15:679413. https://doi.org/10.3389/
fncel.2021.679413

Wang C, Zhang C-J, Martin BN, Bulek K, Kang Z, Zhao J,
Bian G, Carman JA et al (2017) IL-17 induced NOTCH]1 acti-
vation in oligodendrocyte progenitor cells enhances prolifera-
tion and inflammatory gene expression. Nat Commun 8.https://
doi.org/10.1038/ncomms 15508

Fang J, Wang Z, Miao CY (2023) Angiogenesis after ischemic
stroke. Acta Pharmacol Sin 44:1305-1321. https://doi.org/10.
1038/s41401-023-01061-2

Zhang J, Yao C, Chen J, Zhang Y, Yuan S, Lin Y (2016) Hyper-
forin promotes post-stroke functional recovery through inter-
leukin (IL)-17A-mediated angiogenesis. Brain Res 1646:504—
513. https://doi.org/10.1016/j.brainres.2016.06.025

Chen X, Liu L, Zhong Y, Liu Y (2023) Enriched environment
promotes post-stroke angiogenesis through astrocytic interleu-
kin-17A. Front Behav Neurosci 17:1053877. https://doi.org/10.
3389/tnbeh.2023.1053877

Chen X, Peng Y, Xue H, Liu G, Wang N, Shao Z (2022) MiR-
21 regulating PVT1/PTEN/IL-17 axis towards the treatment
of infectious diabetic wound healing by modified GO-derived
biomaterial in mouse models. J Nanobiotechnol 20:309. https://
doi.org/10.1186/s12951-022-01516-4

Yang J, Yao L, Li Y, Yuan L, Gao R, Huo R, Zhang H, Xia
L et al (2022) Interleukin-35 inhibits angiogenesis through T
helper17/ Interleukin-17 related signaling pathways in IL-1f-
stimulated SW1353 cells. Mol Immunol 147:71-80. https://
doi.org/10.1016/j.molimm.2022.04.015

Ma M, Li H, Wang P, Yang W, Mi R, Zhuang J, Jiang Y, Lu Y
et al (2021) ATF6 aggravates angiogenesis-osteogenesis coupling
during ankylosing spondylitis by mediating FGF2 expression in
chondrocytes. iScience 24:102791. https://doi.org/10.1016/j.isci.
2021.102791

Dos Santos TM, Righetti RF, Rezende BG, Campos EC, Cama-
rgo LDN, Saraiva-Romanholo BM, Fukuzaki S, Prado CM et al
(2020) Effect of anti-IL17 and/or Rho-kinase inhibitor treatments
on vascular remodeling induced by chronic allergic pulmonary
inflammation. Ther Adv Respir Dis 14:1753466620962665.
https://doi.org/10.1177/1753466620962665

Guoping P, Wei W, Xiaoyan L, Fangping H, Zhongqin C, Ben-
yan L (2015) Characteristics of the peripheral T cell immune
response of patients at different stages of vascular cognitive
impairment. Immunol Lett 168:120-125. https://doi.org/10.
1016/j.imlet.2015.09.015

Zhang Y, Song H, Wang J, Xi X, Cefalo P, Wood LJ, Luo X,
Wang QM (2022) Multiplex array analysis of serum cytokines
offers minimal predictive value for cognitive function in the sub-
acute phase after stroke. Front Neurol 13:886018. https://doi.org/
10.3389/fneur.2022.886018

Faraco G, Brea D, Garcia-Bonilla L, Wang G, Racchumi G,
Chang H, Buendia I, Santisteban MM et al (2018) Dietary salt
promotes neurovascular and cognitive dysfunction through a gut-
initiated TH17 response. Nat Neurosci 21:240-249. https://doi.
org/10.1038/s41593-017-0059-z

Mani KK, El-Hakim Y, Branyan TE, Samiya N, Pandey S, Gri-
maldo MT, Habbal A, Wertz A et al (2023) Intestinal epithe-
lial stem cell transplants as a novel therapy for cerebrovascular
stroke. Brain Behav Immun 107:345-360. https://doi.org/10.
1016/j.bbi.2022.10.015

Ribeiro M, Brigas HC, Temido-Ferreira M, Pousinha PA, Regen
T, Santa C, Coelho JE, Marques-Morgado I et al (2019) Menin-
geal gammadelta T cell-derived IL-17 controls synaptic plasticity
and short-term memory. Sci Immunol 4.https://doi.org/10.1126/
sciimmunol.aay5199

Zheng Y, Zhong D, Chen H, Ma S, Sun Y, Wang M, Liu Q,
Li G (2015) Pivotal role of cerebral interleukin-23 during


https://doi.org/10.1111/j.1471-4159.2005.03368.x
https://doi.org/10.1111/j.1471-4159.2005.03368.x
https://doi.org/10.1038/cddis.2015.284
https://doi.org/10.1038/cddis.2015.284
https://doi.org/10.1155/2022/4212180
https://doi.org/10.1038/s41598-017-03404-6
https://doi.org/10.1038/s41598-017-03404-6
https://doi.org/10.1016/j.neuroscience.2014.06.001
https://doi.org/10.1016/j.neuroscience.2014.06.001
https://doi.org/10.1038/s42003-018-0028-4
https://doi.org/10.1038/s42003-018-0028-4
https://doi.org/10.3389/fimmu.2019.02952
https://doi.org/10.1186/1471-2172-14-20
https://doi.org/10.1016/j.brainres.2019.01.024
https://doi.org/10.1016/j.brainres.2019.01.024
https://doi.org/10.1038/srep07554
https://doi.org/10.1038/s41420-020-00298-8
https://doi.org/10.3389/fphar.2020.00421
https://doi.org/10.1016/j.brainres.2018.02.030
https://doi.org/10.1016/j.brainres.2018.02.030
https://doi.org/10.1007/s12031-019-01354-4
https://doi.org/10.1007/s12031-019-01354-4
https://doi.org/10.14336/AD.2021.0416
https://doi.org/10.3389/fncel.2021.679413
https://doi.org/10.3389/fncel.2021.679413
https://doi.org/10.1038/ncomms15508
https://doi.org/10.1038/ncomms15508
https://doi.org/10.1038/s41401-023-01061-2
https://doi.org/10.1038/s41401-023-01061-2
https://doi.org/10.1016/j.brainres.2016.06.025
https://doi.org/10.3389/fnbeh.2023.1053877
https://doi.org/10.3389/fnbeh.2023.1053877
https://doi.org/10.1186/s12951-022-01516-4
https://doi.org/10.1186/s12951-022-01516-4
https://doi.org/10.1016/j.molimm.2022.04.015
https://doi.org/10.1016/j.molimm.2022.04.015
https://doi.org/10.1016/j.isci.2021.102791
https://doi.org/10.1016/j.isci.2021.102791
https://doi.org/10.1177/1753466620962665
https://doi.org/10.1016/j.imlet.2015.09.015
https://doi.org/10.1016/j.imlet.2015.09.015
https://doi.org/10.3389/fneur.2022.886018
https://doi.org/10.3389/fneur.2022.886018
https://doi.org/10.1038/s41593-017-0059-z
https://doi.org/10.1038/s41593-017-0059-z
https://doi.org/10.1016/j.bbi.2022.10.015
https://doi.org/10.1016/j.bbi.2022.10.015
https://doi.org/10.1126/sciimmunol.aay5199
https://doi.org/10.1126/sciimmunol.aay5199

Molecular Neurobiology (2024) 61:2411-2429

2429

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

immunologic injury in delayed cerebral ischemia in mice. Neu-
roscience 290:321-331. https://doi.org/10.1016/j.neuroscience.
2015.01.041

Gelderblom M, Gallizioli M, Ludewig P, Thom V, Arunacha-
lam P, Rissiek B, Bernreuther C, Glatzel M et al (2018) IL-23
(interleukin-23)-producing conventional dendritic cells control
the detrimental IL-17 (interleukin-17) response in stroke. Stroke
49:155-164. https://doi.org/10.1161/STROKEAHA.117.019101
Konoeda F, Shichita T, Yoshida H, Sugiyama Y, Muto G,
Hasegawa E, Morita R, Suzuki N et al (2010) Therapeutic effect
of IL-12/23 and their signaling pathway blockade on brain
ischemia model. Biochem Biophys Res Commun 402:500-506.
https://doi.org/10.1016/j.bbrc.2010.10.058

Evans MA, Kim HA, Ling YH, Uong S, Vinh A, De Silva TM,
Arumugam TV, Clarkson AN et al (2018) Vitamin D(3) sup-
plementation reduces subsequent brain injury and inflammation
associated with ischemic stroke. Neuromol Med 20:147-159.
https://doi.org/10.1007/s12017-018-8484-z

Pena-Philippides JC, Caballero-Garrido E, Lordkipanidze T,
Roitbak T (2016) In vivo inhibition of miR-155 significantly
alters post-stroke inflammatory response. J Neuroinflammation
13:287. https://doi.org/10.1186/s12974-016-0753-x

Fan L, Zhou L (2021) Anti-IL-23 exerted protective effects on
cerebral ischemia-reperfusion injury through JAK2/STAT3 sign-
aling pathway. Mol Biol Rep 48:3475-3484. https://doi.org/10.
1007/s11033-021-06339-4

Gelderblom M, Koch S, Strecker JK, Jorgensen C, Garcia-Bonilla
L, Ludewig P, Schadlich IS, Piepke M et al (2023) A preclinical
randomized controlled multi-centre trial of anti-interleukin-17A
treatment for acute ischaemic stroke. Brain Commun 5:fcad090.
https://doi.org/10.1093/braincomms/fcad090

Feng Y, Zhang D, Zhao Y, Duan T, Sun H, Ren L, Ren X, Lu
G et al (2022) Effect of intestinal microbiota transplantation on
cerebral ischemia reperfusion injury in aged mice via inhibition
of IL-17. Neurogastroenterol Motil 34:e14313. https://doi.org/
10.1111/nmo.14313

Xie Y, Zou X, Han J, Zhang Z, Feng Z, Ouyang Q, Hua S, Liu
Z et al (2022) Indole-3-propionic acid alleviates ischemic brain
injury in a mouse middle cerebral artery occlusion model. Exp
Neurol 353:114081. https://doi.org/10.1016/j.expneurol.2022.
114081

Lee J, Daigle J, Atadja L, Quaicoe V, Honarpisheh P, Ganesh
BP, Hassan A, Graf J et al (2020) Gut microbiota-derived short-
chain fatty acids promote poststroke recovery in aged mice. Circ
Res 127:453-465. https://doi.org/10.1161/CIRCRESAHA.119.
316448

Chen YL, Bai L, Dilimulati D, Shao S, Qiu C, Liu T, Xu S,
Bai XB et al (2022) Periodontitis salivary microbiota aggravates
ischemic stroke through IL-17A. Front Neurosci 16:876582.
https://doi.org/10.3389/fnins.2022.876582

Dou Z, Rong X, Zhao E, Zhang L, Lv Y (2019) Neuroprotec-
tion of resveratrol against focal cerebral ischemia/reperfusion
injury in mice through a mechanism targeting gut-brain axis.
Cell Mol Neurobiol 39:883-898. https://doi.org/10.1007/
s10571-019-00687-3

Yin L, Ouyang D, Lin L, Xin X, Ji Y (2021) Salidroside regulates
imbalance of Th17/Treg and promotes ischemic tolerance by

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

targeting STAT-3 in cerebral ischemia-reperfusion injury. Arch
Med Sci 17:523-534. https://doi.org/10.5114/aoms.2019.85349
Wang X, Ye L, Sun W, Li L, Wang C, Xu X, Pan Z, Gong J
(2022) Effect of Dihuang Yinzi on inflammatory response in cer-
ebral ischemia-reperfusion model rats by regulating gut micro-
biota. Biomed Res Int 2022:3768880. https://doi.org/10.1155/
2022/3768880

Zhang J, Wu 'Y, Weng Z, Zhou T, Feng T, Lin Y (2014) Glycyr-
rhizin protects brain against ischemia-reperfusion injury in mice
through HMGB1-TLR4-IL-17A signaling pathway. Brain Res
1582:176-186. https://doi.org/10.1016/j.brainres.2014.07.002
Wang X, Wang S, Wang J, Guo H, Dong Z, Chai L, Hu L,
Zhang Y et al (2015) Neuroprotective effect of xueshuantong
for injection (lyophilized) in transient and permanent rat cer-
ebral ischemia model. Evid Based Complement Alternat Med
2015:134685. https://doi.org/10.1155/2015/134685

Pan R, Zhou M, Zhong Y, Xie J, Ling S, Tang X, Huang Y,
Chen H (2019) The combination of Astragalus membranaceus
extract and ligustrazine to improve the inflammation in rats with
thrombolytic cerebral ischemia. Int J Immunopathol Pharmacol
33:2058738419869055. https://doi.org/10.1177/2058738419
869055

Brait VH, Arumugam TV, Drummond GR, Sobey CG (2012)
Importance of T lymphocytes in brain injury, immunodeficiency,
and recovery after cerebral ischemia. J Cereb Blood Flow Metab
32:598-611. https://doi.org/10.1038/jcbfm.2012.6

Basler M, Beck U, Kirk CJ, Groettrup M (2011) The antiviral
immune response in mice devoid of immunoproteasome activity.
J Immunol 187:5548-5557. https://doi.org/10.4049/jimmunol.
1101064

Sommer A, Marxreiter F, Krach F, Fadler T, Grosch J, Maroni
M, Graef D, Eberhardt E et al (2019) Th17 lymphocytes induce
neuronal cell death in a human iPSC-based model of Parkinson’s
disease. Cell Stem Cell 24:1006. https://doi.org/10.1016/j.stem.
2019.04.019

Margolis KG, Cryan JF, Mayer EA (2021) The microbiota-gut-
brain axis: from motility to mood. Gastroenterology 160:1486—
1501. https://doi.org/10.1053/j.gastro.2020.10.066

Ivanov Ii, Littman DR (2010) Segmented filamentous bacteria
take the stage. Mucosal Immunol 3:209-212. https://doi.org/10.
1038/mi.2010.3

Pluznick JL (2017) Microbial short-chain fatty acids and blood
pressure regulation. Curr Hypertens Rep 19:25. https://doi.org/
10.1007/s11906-017-0722-5

Henry N, Frank J, Mclouth C, Trout AL, Morris A, Chen J, Stowe
AM, Fraser JF et al (2021) Short chain fatty acids taken at time of
thrombectomy in acute ischemic stroke patients are independent
of stroke severity but associated with inflammatory markers and
worse symptoms at discharge. Front Immunol 12:797302. https://
doi.org/10.3389/fimmu.2021.797302

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.neuroscience.2015.01.041
https://doi.org/10.1016/j.neuroscience.2015.01.041
https://doi.org/10.1161/STROKEAHA.117.019101
https://doi.org/10.1016/j.bbrc.2010.10.058
https://doi.org/10.1007/s12017-018-8484-z
https://doi.org/10.1186/s12974-016-0753-x
https://doi.org/10.1007/s11033-021-06339-4
https://doi.org/10.1007/s11033-021-06339-4
https://doi.org/10.1093/braincomms/fcad090
https://doi.org/10.1111/nmo.14313
https://doi.org/10.1111/nmo.14313
https://doi.org/10.1016/j.expneurol.2022.114081
https://doi.org/10.1016/j.expneurol.2022.114081
https://doi.org/10.1161/CIRCRESAHA.119.316448
https://doi.org/10.1161/CIRCRESAHA.119.316448
https://doi.org/10.3389/fnins.2022.876582
https://doi.org/10.1007/s10571-019-00687-3
https://doi.org/10.1007/s10571-019-00687-3
https://doi.org/10.5114/aoms.2019.85349
https://doi.org/10.1155/2022/3768880
https://doi.org/10.1155/2022/3768880
https://doi.org/10.1016/j.brainres.2014.07.002
https://doi.org/10.1155/2015/134685
https://doi.org/10.1177/2058738419869055
https://doi.org/10.1177/2058738419869055
https://doi.org/10.1038/jcbfm.2012.6
https://doi.org/10.4049/jimmunol.1101064
https://doi.org/10.4049/jimmunol.1101064
https://doi.org/10.1016/j.stem.2019.04.019
https://doi.org/10.1016/j.stem.2019.04.019
https://doi.org/10.1053/j.gastro.2020.10.066
https://doi.org/10.1038/mi.2010.3
https://doi.org/10.1038/mi.2010.3
https://doi.org/10.1007/s11906-017-0722-5
https://doi.org/10.1007/s11906-017-0722-5
https://doi.org/10.3389/fimmu.2021.797302
https://doi.org/10.3389/fimmu.2021.797302

	Th17 Cells and IL-17A in Ischemic Stroke
	Abstract
	Introduction
	Differentiation of Th17 Cells and IL-17A Signaling Pathway
	Changes of Th17IL-17A in Ischemic Stroke
	Mechanism of Action of Th17 Cells and IL-17A in Ischemic Stroke
	Th17 Cells and IL-17A Promote the Pathogenesis of Ischemic Stroke
	Th17 Cells and IL-17A Promote Secondary Brain Injury After Ischemic Stroke
	Th17 Cells and IL-17A Enhance BBB Damage After Ischemic Stroke
	Th17 Cells and IL-17A Promote Infiltration of Peripheral Immune Cells After Ischemic Stroke
	Interaction of Th17 Cells and IL-17A with Glial Cells After Ischemic Stroke
	Th17 Cells and IL-17A Promote Neuronal Injury

	Th17 Cells and IL-17A Regulate Ischemic Stroke Recovery
	Th17 Cells and IL-17A and Neurovascular Remodeling During Stroke Recovery
	Th17 Cells and IL-17A and Cognitive Dysfunction After Ischemic Stroke


	Targeting Th17 Cells and IL-17A in Treatment of Ischemic Stroke
	Inhibition of Proliferation and Differentiation of Th17 Cells
	Altering the Microenvironment Affecting Th17 Cell Differentiation
	Reduction in the Levels of Relevant Transcription Factors
	Inhibition of the Activity of Related Transcription Factors

	Neutralization or Inhibition of IL-17A
	Traditional Chinese Medicine Treatment Targeting Th17 Cells or IL-17A

	Conclusion
	Acknowledgements 
	References


