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The immune response following neuroinflammation is a vital element of ischemic stroke

pathophysiology. After the onset of ischemic stroke, a specialized vasculature system

that effectively protects central nervous system tissues from the invasion of blood

cells and other macromolecules is broken down within minutes, thereby triggering the

inflammation cascade, including the infiltration of peripheral blood leukocytes. In this

series of processes, blood-derived monocytes have a significant effect on the outcome

of ischemic stroke through neuroinflammatory responses. As neuroinflammation is a

necessary and pivotal component of the reparative process after ischemic stroke,

understanding the role of infiltrating monocytes in the modulation of inflammatory

responses may offer a great opportunity to explore new therapies for ischemic stroke. In

this review, we discuss and highlight the function and involvement of monocytes in the

brain after ischemic injury, as well as their impact on tissue damage and repair.
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INTRODUCTION

Stroke is the third leading cause of death globally, and ∼80% of all strokes are ischemic strokes,
which occur when brain cells die of reduced blood supply to various parts of the brain (1–3).
Within minutes after the onset of stroke, immune processes are activated by ischemic cascades,
from intravascular events triggered by the occlusion and moving of vessels to brain parenchymal
inflammatory responses, leading to tissue damage and repair (4–10). The pathophysiological
features of ischemic stroke, such as the production of reactive oxygen species (ROS) (11), the
release of ATP and UTP by dying cells (12), and the loss of beneficial nitric oxide (NO) in
states of oxidative stress (13), can trigger the activation of a neuroinflammatory response (14–17).
In addition, cells that are dying of a lack of blood supply release cytokines, chemokines, and
matrix metalloproteinases, thereby inducing the infiltration of blood cells, such as monocytes,
lymphocytes, neutrophils, and natural killer cells, into the injured brain parenchyma (18–20). The
initial immune response to neuroinflammation following ischemic stroke is characterized by early
neutrophils swarming into the ischemic injured brain. Neutrophils’ immune process has been
extensively studied and is well-organized, with subsequent steps of cellular recruitment (21–25).
However, little is known about the impact of monocyte recruitment to brain tissue affected by
ischemic injury.

In mice, monocytes are categorized into two functional subpopulations, which can be
differentiated by the expression of specific surface markers, such as lymphocyte antigen 6C (Ly6C),
C-C chemokine receptor 2 (CCR2), and CX3C chemokine receptor (CX3CR1) (26). The first
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TABLE 3 | Current ischemic stroke therapeutics targeting anti-inflammation.

Therapeutics Role(s) Effect(s) on stroke

Aspirin - Non-selective cyclooxygenase inhibitor - Decrease the accumulation of macrophages

- Delays the onset of ischemic stroke

Rosuvastatin - Lowers low-density lipoprotein cholesterol

- Lowers high-sensitivity CRP levels

- Attenuate the expression of inflammatory

biomarkers: MCP-1, IL-1β

TNF-α, TGF-β1, p-selectin

Thiazolidinediones - PPARγ agonists - Suppress the cyclooxygenase-2 expression

- Inhibit the infiltration of macrophages

- Decrease the expression level of MCP-1 and TNF-α

- Promote the PPARγ DNA binding

Minocycline - Semisynthetic tetracycline antibiotic - Reduce the microglia/macrophage activation

- Improves the neurological outcome

FIGURE 3 | Immunotherapeutic strategy through the modulation of monocytes following ischemic stroke.

FIGURE 4 | Current advanced biotechnologies for treatment of ischemic stroke.

models for investigating the biological and pathophysiological
mechanisms in various diseases (173). Recently, studies applying
the advantages of CRISPR/Cas9 system have been reported in
the field of stroke. It has been reported that the inhibition
of semaphorin 4D (Sema4D), an axon guidance molecule,
and its receptor, PlexinB1, which has the highest affinity

to Sema4D, remarkably attenuate the inflammatory responses
and BBB permeability and significantly reduce the infarct
volume, resulting in the improvement of ischemic stroke
outcome. The researchers in the study provided decisive evidence
demonstrating the effect of Sema4D/PlexinB1 signaling using
lentiviral transfection system targeting PlexinB1 disruption
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through CRISPR gene editing, which suggests that the regulation
of Sema4D/PlexinB1 signaling is a novel therapeutic target for
acute-phase treatment of ischemic stroke (174). Another study
using CRISPR/Cas9 system in a genetic approach has been
reported. Li et al. demonstrated that neuronal apoptosis was
highly protected through Akt activation in ischemia-reperfusion
(I/R) injury in Tollip-deficient rats, suggesting that Tollip is a
novel modulator of I/R injury by promoting neuronal apoptosis
and neuroinflammation (175). So far, despite the numerous
advancements made through various genetic manipulations
regarding the potential treatments of ischemic stroke, treatments
targeting monocyte transmodulation using CRISPR/Cas9 system
have not yet been reported. Therefore, future research to
overcome this matter would be needed to continue as it may lead
to more promising ischemic stroke treatment.

Applied Nanotechnologies
As ischemic stroke occurs through different etiologies and
pathophysiologies, the evolution of damage is complex and
dynamic. Technologies based on structural and molecular brain
imaging and effective drug delivery are necessary to apply
precise and appropriate treatments at different phases. As a
result, nanotechnologies, which involve nanomaterials, such as
liposomes, nanocapsules, nanotubes, and micelles, have been
developed for the treatment of stroke (176). Furthermore, to
accurately assess a prognosis and overcome the difficulties
limiting the present treatment of ischemic stroke, efforts to
develop new biomarkers and investigate factors related to
monocytes following ischemic stroke are ongoing in clinical
studies. Recently, new assessments have been applied in clinical
studies to improve the outcomes of ischemic stroke. Hou
et al. reported the results of a new trial that showed that
using monocytes and neutrophils, which were developed as
carriers for cRGD [cyclo (Arg-Gly-Asp-D-Tyr-Lys)] liposome-
mediated drug delivery, may alleviate ischemic stroke outcomes
(177). Targeting monocyte that protects neuronal cell death
through nanotechnology could be a novel therapeutic strategy for
ischemic stroke. However, few optimal “nano” -related studies
regarding immunomodulation of monocytes in ischemic stroke
have been reported yet. Future studies are warranted to resolve
the complexity of ischemic stroke in the context of nanotherapy
targeting monocytes.

Three-Dimensional Bioprinting
The main goal of ischemic stroke treatment is to promote the
neurogenesis and angiogenesis, thereby improving the functional
outcomes. However, few patients with ischemic stroke onset can
be served timely with thrombolytic treatment, which mainly
focuses on the rapid reperfusion, from the acute phase of
occlusion. Therefore, to overcome the limitations, strategies
ultimately promoting neurorecovery have been investigated
(178). As a part of these therapeutic strategies, bioprinting,
an emerging modern technology mixing cells related with
tissue regeneration, such as stem cells, with biomaterials that
are designed with high precision in order to obtain high
compatibility with host tissues, has been developed (179, 180).
Recently, it was reported that implanted exogenous human

neural progenitor cells, which are electrically preconditioned
on a conductive biopolymer scaffold prior to transplantation,
cause the endogenous vasculature changes that enhance the
gene expression involved in VEGF-A pathway, resulting in
improvement of functional recovery after ischemic stroke (181).
In addition, Brzezinski et al. demonstrated the efficacy of 3D
printed novel holdfast devices. Briefly, left atrial appendage
(LAA) occlusion is used as a method of preventing ischemic
stroke in patients with atrial fibrillation. LAA exclusion device
based on 3D printing using the selective laser sintering
technology with polyamide powder was tested in this research
because of its broad accessibility and low costs for production.
The researchers tested for the reactions with local tissue and
biocompatibility of the device when implanted in swine models.
Results showed no clots on the atrium surface, and the foreign
body reaction levels were similar to that of a polyester graft.
This novel device that was evaluated in the research meets the
biocompatibility parameters without any issues; that is, it is a
suitable device for stroke prevention (182).

CONCLUSION

During the past decade, significant progress has been achieved
in the understanding and treatment of ischemic stroke.
In particular, many studies have investigated the role of
monocytes from various angles, including cellular and
genetic approaches. The evidence discussed here suggests
that the application of transcriptomics and epigenomics
targeting monocyte/macrophage plays a crucial role in the
regulation of neuroinflammation following ischemic stroke.
The advancements in proteomics have remarkably contributed
to development of novel biomarkers related to monocytes in
evaluating the prognosis of ischemic stroke in clinical studies.
The role of infiltrating monocytes in ischemic stroke is still
controversial as it varies depending on timing and the degree
of damage. This conflicting discussion supports vital evidence
related to the importance of monocytes and the potential to
convert into beneficial M2 macrophages by transmodulation.
Several studies related to Ly6C− alternative monocytes have
also been reported in the field of ischemic stroke. Therefore,
further research regarding alternative monocytes and the
transmodulation of classical monocytes with the application
of advanced biotechnologies is necessary, as it may open
doors to new therapeutic strategies for stroke. Taken together,
immunomodulation that aims to specifically control the
functions of each monocyte subset is a curtail strategy for
developing new therapies and may provide a promising future
for the treatment of ischemic stroke.
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GLOSSARY

AIS, acute ischemic stroke; BBB, blood–brain barrier; BM,

bone marrow; BrdU, bromodeoxyuridine; CCL2, chemokine [C-
C motif] ligand 2; CCL7, chemokine [C-C motif] ligand 7;
CCR2, C-C chemokine receptor 2; cMoP, common monocyte

progenitors; CNS, central nervous system; CRP, C-reactive
protein; CX3CL1, C-X3-C motif chemokine ligand 1; CX3CR1,
C-X3-C motif chemokine receptor 1; CXCR4, C-X-C motif
chemokine receptor 4; DCs, dendritic cell; dMCAO, distal middle

cerebral artery occlusion; ERK5, extracellular signal–regulated
kinase 5; FGF1, fibroblast growth factor 1; HSCs, hematopoietic
stem cells; HT–hemorrhagic transformation; IGF-1, insulin-like
growth factor-1; IL-10, interleukin 10; IL-13, interleukin 13;
IL-1b, interleukin-1β; IL-4, interleukin-4; IL-6, interleukin-6;

IRF8, interferon-regulatory factor 8; KLF4, kruppel-like factor 4;

LMR, lymphocyte-to-monocyte ratio; Ly6C, lymphocyte antigen
6C; M-CSF, macrophage colony stimulating factor; MCP-1,
monocyte chemoattractant protein-1; MHR, monocyte-to-high-
density lipoprotein ratio; MIF, migration inhibitory factor;
mKO, myeloid cell-specific PPARγ knockout; NIHSS, national
institute of health stroke scale; NO, nitric oxide; NR4A1, nuclear
receptor subfamily 4 group A member 1; Osm, oncostatin
M; PPARγ, peroxisome proliferator-activated receptor γ; RLC,
remote ischemic limb conditioning; ROS, reactive oxygen
species; S1PR1, S1P receptor 1; STAT6, signal transducer and
activator of transcription 6; TAK1, transforming growth factor-
β-activated kinase 1; Tet3, Tet methylcytosine dioxygenase; TIM-
4, T-cell immunoglobulin and mucin domain-4; TNF-α, tumor
necrosis factor-α; tPA, tissue plasminogen activator; TREM1,
triggering receptor expressed on myeloid cells 1; VEGF, vascular
endothelial growth factor.

Frontiers in Neurology | www.frontiersin.org 17 October 2020 | Volume 11 | Article 578003

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

