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Abstract: Intracerebral hemorrhage (ICH) is a significant health problem with high mor-
tality and morbidity rates, partly due to limited treatment options. Hematoma after ICH
causes neurological deficits due to the mass effect. Hemorrhage catalyzes secondary dam-
age, resulting in increased neurological damage, poor prognosis, and treatment problems.
This review evaluates the role of immunotherapeutic approaches in ICH based on original
full-text and review articles on the pathophysiology and immunotherapy of ICH, with em-
phasis on the modulation of microglia/macrophage polarization to the M2 subtype. In this
review, we concluded that the pathophysiology of injury progression after ICH is complex
and multifaceted. Inflammation plays a dominant role in secondary injuries. Furthermore,
cells involved in the inflammatory process have dual roles in pro-inflammatory / destructive
and anti-inflammatory /healing. While the role of inflammation in the pathophysiology
makes the immune system a therapeutic target in ICH, the dual role of cells makes them
a therapeutic target that can modulate anti-inflammatory/healing. Resident microglia
(and even macrophages migrating from a peripheral source) are important therapeutic
targets for modulation because of their role in the initiation phase and in shaping immunity.
Although clinical results remain poor, experimental and clinical trial data seem promising
for deciphering the pathophysiology of ICH and providing treatment options.

Keywords: intracerebral hemorrhage; immune mechanisms; immunotherapy; M1/M2
macrophage polarization; macrophages; microglia

1. Introduction

Intracerebral hemorrhage (ICH) is one of the most dangerous types of strokes [1]. Ap-
proximately 15 million strokes are reported worldwide annually. Despite accounting for up to
20% of all stroke cases (over 2 million worldwide), ICH is associated with a higher mortality
rate than ischemic stroke or subarachnoid hemorrhage, with mortality rates reaching 54% after
the index event [2]. More than half of the fatal events occur in the first 2 days [3]. Among those
who survive, only approximately 20% regain functional independence [4]. In addition to being
associated with high mortality and morbidity, ICH also has fewer treatment options than
ischemic stroke. The incidence increases significantly with advanced age, and the majority of
patients are over 65 years of age [3,4]. In the United States alone, ICH is estimated to incur an
annual healthcare cost of USD 12.7 billion [2]. Therefore, it is a significant burden not only in
terms of health but also in terms of social and economic aspects [5].

Hematoma after ICH can catalyze primary damage caused by the mass effect and
secondary damage caused by the inflammatory reaction, resulting in poor prognosis and
treatment problems for patients [6]. The treatment of ICH remains a major challenge.
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Current medical treatments are based on lowering the blood and intracranial pressure
and/or hemostatic therapy [3,7,8]. In addition to having the highest mortality rate, ICH is
the least treatable subtype of stroke [3].

The severity, location, and extent of the hemorrhage affect both the prognosis and
management of the disease. A larger initial blood volume and progressive growth in the
hematoma volume are associated with worse functional outcomes and increased mortality
rate [9]. The middle cerebral artery (MCA), part of the circle of the Willis anastomotic
system that supplies blood to a wide area of brain tissue, is highly vulnerable and is
associated with the majority of stroke-related disability [10,11].

It is important to understand the pathophysiological mechanisms associated with the
occurrence and progression of ICH to choose the best treatment [12]. Following the initial
injury, secondary injuries occur in which complex mechanisms involving many cells and
molecules play a role. Furthermore, crosstalk between the cells involved in this process and
their mutual influence on each other’s phenotype and function is noteworthy for secondary
injury in ICH [13].

Disruption of the blood-brain barrier (BBB) is a key role in the progression of ICH
pathophysiology. Disruption of the BBB results in the uncontrolled flow of blood-borne
cells, macromolecules, and fluid into the brain, resulting in devastating malignant brain
edema and life-threatening hemorrhagic transformation (Figure 1). Rapid activation of
blood-borne immune cells further enhances impaired BBB damage, as they cause microvas-
cular dysregulation and increase BBB permeability by secreting inflammation-associated
molecules. There in an extensive inflammatory response in the brain after ICH, involv-
ing both the proliferation of resident microglia (Mig) and the recruitment of circulating
leukocytes such as monocytes, neutrophils, lymphocytes, and macrophages (Meos) [14].
The production of specific chemokines within a few hours at the site of injury facilitates
the selective recruitment, adhesion, and migration of leukocytes through interactions
with chemokine receptors expressed in circulating immune cells. This contributes to the
development of secondary brain damage [15].
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Figure 1. Illustration of the anatomical structure of the BBB and immune cell migration as a result
of permeability disruption. (A) brain vessel, (B) anatomical structure of the BBB, (C) migration of
immune cells through the damaged barrier in the brain vessel.

The weakness of current therapeutic approaches and the knowledge that the basic
pathophysiological mechanisms underlying poor prognosis are immunologically initiated
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have made attempts to find effective immunotherapeutic targets for ICH a hot research
topic [12]. The purpose of this study was to evaluate the role of an immunotherapeutic
approach in ICH, mainly emphasizing the modulation of microglia/macrophage polariza-
tion to the M2 subtype, in light of recent data. For these reasons, important immunological
mechanisms and therapeutic strategies have been summarized.

2. Inflammatory Response to Intracerebral Hemorrhage (ICH)

ICH is a common form of hemorrhagic stroke with poor prognosis and limited ther-
apeutic options. Primary and secondary brain damage occur because of bleeding. Pri-
mary damage develops as a result of the mass effect and physical disruption of the brain
parenchyma. The fundamental factors for secondary damage are neuroinflammatory reac-
tions and the release of clot components. Infiltrating white blood cells, including resident
microglia and peripheral leukocytes, has been suggested [16].

Hematoma formation after ICH usually stimulates an inflammatory reaction via
activated microglia/macrophages (Mig/Mags), which induces inflammatory signaling
pathways. Therefore, these cells contribute to the activation of the immune cascade and
secretion of pro-inflammatory cytokines [12,17]. The onset of ICH disrupts the integrity
of the BBB and exposes the brain parenchyma to neurotoxic substances and immune cells,
ultimately increasing the risk of secondary brain injury. Subsequently, the secretion of
cytokines triggers innate immunity. The movement of circulating immune cells, especially
neutrophils, into the brain parenchyma and meninges further damages brain cells by
secreting numerous destructive substances, such as cytokines, reactive oxygen species
(ROS), matrix metalloproteinases (MMPs), and neutrophil extracellular traps (NETs). In
the later period, the activation of acquired immunity triggered by the spread of dead
cell-derived antigens exacerbates the systemic immune response, eventually leading to the
emergence of systemic negative effects, such as systemic immune response syndrome and
cardiac disfunction [18].

The inflammatory response following cerebral hemorrhage is particularly deleterious
in the acute phase because the surrounding tissue is destroyed by proteases (such as
matrix metalloproteinases, primarily MMP-2, 3, and 9) and ROS secreted by infiltrating
leukocytes [1,19]. The accumulation of microglia, macrophages, and T lymphocytes occurs
later, significantly affecting the immune response. These cells have subtypes that lead to
a pro-inflammatory (destructive) or anti-inflammatory (regenerative) state [3]. The BBB
is a unique anatomical interface between the blood and central nervous system (CNS)
formed by endothelial cells (ECs), the end legs of astrocytes, and pericytes embedded in the
capillary basement membrane. Extravasation of peripheral immune cells (PICs) occurs by
binding to adhesion molecules, such as vascular cell adhesion molecule-1 (VCAM-1) and
intercellular cell adhesion molecule-1 (ICAM-1), expressed by EC and pericytes. Although
these adhesion molecules are expressed at extremely low levels under resting conditions,
their levels increase exponentially after any damage signal [1,19]. In addition to these
molecules, many other immunological or non-immunological molecules play a vital role in
cell migration, signaling pathways, shaping the immune mechanism, and crosstalk between
immune cells [1,15,18].

3. Immune Cells in ICH

The immune cells involved in brain hemorrhage normally fall into two categories:
The first category is neuroglia, including microglia and astrocytes, which occur naturally
in the brain tissue and are involved in the innate immune response. The other category
is leukocytes, which includes neutrophils, monocytes, macrophages, and lymphocytes.
Leukocytes migrate from the bloodstream, are recruited at the site of cerebral hemorrhage,
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and play an important role in the acquired immune reaction [20,21]. The different roles of
cells involved in the pathophysiology of ICH are summarized in Table 1.

Table 1. Different roles of cells involved in the pathophysiology of ICH.

Immune Cell Phenotype Essential Function Role in ICH Reference
- Recruit PICs by secreting
M1 Pro-inflammatory chemotactic substances [12]
- Neuronal apoptosis
Microglia/Macrophage - Disruption of the BBB
o - Clearance of cell debris by
M2 Anti-inflammatory phagocytosis [12]
- Tissue repair
Al Pro-inflammatory - Neuronal death [12]
- Perihematomal edema
Astrocyte :
A2 .Resolutlon' of - Hematoma clearance [12]
inflammation - Tissue repair
N1 Pro-inflammatory - Aggravate brain damage [17]
Neutrophil Resolution of - Contributing to resolution of
N2 inflammation inflammation by [17]
inducing TGFf3
$upp0rF cell-mediated - Exacerbating brain damage by
Thi Immunity a'nd secreting pro-inflammatory [12,20]
phagocytotic cytokines including IL-2, IL-12,
protective responses and IFN-y
5 h . - Exhibiting neuroprotective
upport humora effects for injured brain b
Th2 . . J y 12,20
Lymphocyte Immunity secreting anti-inflammatory [ :
cytokines including IL-4, IL-10
Th17 Creation Of - Exacerbating ischemic damage [20,21]
inflammation by IL-17 production
Treg Maintenance of - Promoting neuroprotection [20,21]

peripheral tolerance and repair

Abbreviations: PICs: peripheral immune cells; BBB: blood-brain barrier; TGFf3: Transforming growth factor-f3.

3.1. Local Immune Cells
3.1.1. Microglia

Microglia constitute the largest population of immune cells in the brain. Their highly
ramified structures allow them to constantly scan the surrounding environment [3,16].
In experimental models, microglia are activated within minutes after brain injury, while
peripheral macrophages infiltrate 1-2 days later [1,22,23]. It is difficult to distinguish
between activated microglial cells and macrophages, which have high phagocytic proper-
ties. Furthermore, both expressed similar cellular surface markers, including CD11b and
Iba-1 [24]. Both microglia and macrophages are divided into M1 (pro-inflammatory, clas-
sically activated) and M2 (anti-inflammatory, alternatively activated) [12,25]. The M1
subtypes are generally active in the early stages of damage, while the M2 subtypes are
usually effective in the later resolution period, usually after day three, and gradually reach
their peak after day seven [12].
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M1 microglia, whose activation is typically induced by IFN-y and lipopolysaccha-
ride (LPS), produce inflammatory cytokines such as TNF-«, IL-6, IL-1f3, and IL-12, and
chemokines such as CC-2 [26]. These cells also produce enzymes such as NADPH oxidase
(ROS producing) and inducible nitric oxide synthase (iNOS) (NO producing), MHC-II
molecules, integrins (such as CD11b and CD11c), co-stimulatory molecules (such as CD36,
CD45, and CD47), and Fc receptors, which contribute to neurological damage [27]. M2 mi-
croglia, which are typically induced by cytokines such as IL-4 and IL-13, express cytokines
such as IL-10 and TGEF-f3, and growth factors such as insulin-like growth factor-1 (IGF-1),
fibroblast growth factor (FGF), colony stimulating factor (CSF) -1, and neurotrophic growth
factors (NGFs) (Figure 2) [26,28].
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Figure 2. Schematic representation of the injury mechanisms after intracerebral hemorrhage and the
treatment strategy polarizing microglia/macrophage to the M2 subtype.

L. Pathophysiological process: (Step 2 to 6): After brain injury, vascular rupture of the
brain parenchyma contributes to the formation of hematoma, which causes primary brain
damage (Step-1). Simultaneously, within hours to days, hematoma-derived toxic products
initiate secondary brain damage by also inducing the inflammatory response. In the first
stage of this step, microglia are activated and polarized into the pro-inflammatory M1
subtype (Step-2). M1 polarization of microglia results in the release of pro-inflammatory
factors such as TNF-oc and IL-6 and the aggravation of the inflammatory response (Step-3).
The increase in inflammatory response causes disruption of the blood-brain barrier (BBB),
increased number of cell adhesion molecules, and migration of immune cells, including
monocyte-derived macrophages, from peripheral blood to the site of cerebral hemor-
rhage (Step-4). Finally, brain damage is further exacerbated by the release of certain
substances (such as reactive oxygen species), cytokines (such as IFN-y and TNF-«), and
proteases (not shown in the figure) (Step-5). During the subsequent resolution period,
microglia/macrophages polarize to anti-inflammatory M2 subtypes (Step-6). This anti-
inflammatory process contributes to the resolution of inflammation and healing brain
damage (Step-7).

II. Polarization therapy process: (Dark blue arrow shifting from Step 2 to 6, entitled
“M2 polarizing therapy”): Targeted polarization of microglia/macrophage polarizers to
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anti-inflammatory M2 subtypes supports the healing process by reducing the inflammatory
reaction and preventing BBB damage.

M2 microglia promote the phagocytosis of cell debris and misfolded proteins, promote
the reconstruction and repair of the extracellular matrix, and promote neuron survival
through neurotrophic factors [29,30].

Although microglia/macrophage are generally considered M1 and M2 subtypes, the M2
subtypes can further be divided into sub-phenotypes: M2a (wound healing/anti-inflammatory),
M2b (immune-mediated / pro-inflammatory), M2c (regulatory/anti-inflammatory), and M2d
(tumor-associated /proangiogenic) [31]. Furthermore, several macrophage subtypes
have been defined, such as tumor-associated macrophages (TAMs), lipid-associated mi-
croglia/macrophages (LAMs), disease-associated microglia (DAM), and scar-associated
macrophages (SAMs), each representing specialized contexts related to defining spatial
localization, origin, and functional pathways [32]. Recently, it has been observed that the
LAM subset is stroke-associated myeloid cells. Certain genes, such as Spp1, that affect
post-stroke outcome are upregulated [33].

The bone marrow and spleen are well-known tissues that provide monocytes with ICH-
induced inflammation. However, skull bone marrow-derived monocytes/macrophages
(SBMs) have recently been discovered to be another local source of brain damage [34]. The
proximity of the SBM to the injury site allows rapid influx to the injury site, especially in
the acute phase after stroke [34,35]. Another subtype is border-associated macrophages
(BAMs), which are clearly confined to the anatomical boundaries between the periphery
and CNS parenchyma. They are believed to act as regulators of CNS homeostasis within
the local niches. Subpopulations of BAMs include perivascular macrophages (pvMs),
meningeal macrophages (mMs), and choroid plexus macrophages (cpMs) [35].

Unfortunately, few studies have investigated the relationship between sub-phenotypes
and ICH, and studies have generally evaluated the M1 and M2 phenotypes broadly, here
representing a critical direction moving forward.

3.1.2. Astrocytes

Another type of cerebral immune cell is astrocytes, which express significant amounts
of receptors that enable the recognition of pathogens, primarily pattern recognition re-
ceptors (PRRs) and Toll-like receptors (TLRs). Astrocytes also secrete pro-inflammatory
mediators, such as cytokines, chemokines, adhesion molecules, proteases, and iNOS, when
they sense danger signals [36]. While A1 astrocytes increase pro-inflammatory cytokines
(such as IL-1p3, IL-6, and TNF-«) and chemokines (such as CCL2 and CCL5), the other
astrocyte subgroup A2 produces IL-2, IL-10, and TGF-3, which accelerate the resolution of
inflammation [1].

Other cells: it is thought that oligodendrocytes may play a neuroprotective role in
ICH by promoting remyelination and helping the repair process after injury, while pericyte
cover in blood vessels contributes to preserving vascular integrity [37,38].

3.2. Systemic Immune Cells
The release of chemoattractant substances at the injury site leads to endothelial activa-

tion, which disrupts the BBB. These processes facilitate the infiltration and accumulation of
innate and adaptive immune cells at the injury site [35].

3.2.1. Innate Immune Cells
Neutrophils

Neutrophils, one of the most abundant immune effector cells, are the first cells to
respond to any injury. Their counts increase within a few hours after the injury and
remain high for a week [17]. Neutrophils are known for their destructive role in BBB
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disruption following brain injury. A high circulating neutrophil-to-lymphocyte ratio (NLR)
is associated with symptomatic intracranial hemorrhage and poor functional outcome [39].
In ICH, neutrophils (N1 subtype) migrate from the peripheral blood to the site of cerebral
hemorrhage and further exacerbate brain damage by secreting substances (such as ROS),
cytokines (such as IFN-y and TNF-«), proteases (particularly MMP-2, 3, and 9), and NET.
In animal models, the association between NETs and tissue plasminogen activator (tPA)
exacerbates cerebral hemorrhage [40]. In addition to the N1 subtype, neutrophils can
also be polarized to the N2 subtype. The N2 subtype, induced by transforming growth
factor-f (TGFf), contributes to the resolution of inflammation and promotes macrophage
clearance [38].

Monocytes/Macrophages

In fact, microglia residing in the brain tissue and macrophages in the periphery have
similar functions [18]. However, microglia participate in this process faster in the ICH
region than monocyte-derived macrophages (MDMs) in the periphery [1,19,22]. Monocytes
and MDMs are not found in the brain parenchyma under physiological conditions [1].
However, in addition to the local response, ICH triggers systemic responses and the
activation of PICs [35]. A higher number of circulating monocytes is associated with worse
outcomes [38].

Monocyte recruitment is primarily mediated by chemoattractants such as CCL2 and
CXCL12 released from infarct tissue and receptors such as CCR2 and CXCR?2 expressed on
monocytes [35,38]. Some substances produced by neutrophils, such as ROS and IL-6, also
attract monocytes and macrophages to the site of injury [1].

Increasing the expression of cell adhesion molecules, such as intracellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), also facilitates
monocyte migration [37]. Twelve hours after the onset of ICH, monocytes outnumber
neutrophils in the perihematomal area. As the levels of inflammatory factors increase,
tissue damage increases further [38].

Like microglia, monocytes can also polarize into classically activated macrophages (M1
macrophages, CD14"*CD16™) or alternatively activated macrophages (M2 macrophages,
CD14*CD16™*) [18]. M1 macrophages secrete pro-inflammatory mediators including tumor
necrosis factor (TNF)-«, IL-13, IL-6, IL12, chemokine (C-C motif) ligand-2, and nitric oxide
(NO). This subtype regulates the activation of other immune cells and their recruitment
to injury sites. In contrast, M2 macrophages triggered by IL-4 and IL-13 typically secrete
anti-inflammatory cytokines, mainly IL-10 and transforming growth factor (TGF)-3, and
contribute to tissue repair [35,37]. The M2 phenotype tends to be more abundant in the late
stages of ICH and has a longer life [1].

Other cells: Additionally, other non-phagocytic cells, such as dendritic cells (DCs),
mast cells, natural killer cells (NKs), and Thl7, are also involved in the secondary
injury [18,41-43]. However, these cell types are not the focus of this review.

3.2.2. Adaptive Immune Cells
Lymphocytes

Under normal physiological conditions, leukocytes, including lymphocytes, rarely
enter the brain parenchyma. However, they do not remain in the CNS unless they en-
counter antigens and become activated [2,44]. Increasing evidence shows that both innate
and adaptive immunity, which also means T lymphocytes, play an important role in the
progression of brain damage in ICH [43]. However, the role of lymphocytes in ICH has not
been well defined [2]. Establishing an antigen-specific immune response against any anti-
gen usually requires several (5-7) days. However, mouse models showed that they begin
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to be activated earlier (within 3—4 days) during ICH events (Figure 3). The predominant
subtypes are CD4* T cells (T helper cells) rather than CD8* T cells (cytotoxic T cells) [45].
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Figure 3. Timeline of inflammatory cell activation and differential factor expression after intracerebral
hemorrhage.

Another set of lymphocytes involved in the inflammatory response in ICH are Th17
and Treg cells [2]. Th17 and Treg cells are functionally opposite to each other in the normal
immunological response. However, the actual role of Th17 cells in the pathophysiology of
neuroinflammation after ICH is still unknown. It is believed that the disruption of the BBB
occurs by binding to IL-17 and IL-22 receptors on endothelial cells through Th17-secreted
cytokines, which ultimately allows further migration of Th17 and other immune cells to the
site of the injury [46]. Th17 cells have a high degree of flexibility and functional adaptation.
While TGF-§3 alone induces differentiation of these cells into Treg cells, conversely TGF-f3
plus IL-6 or IL-21 can lead to differentiation of Th17 cells [47]. Treg cells are known
for their anti-inflammatory functions by mediating immune tolerance, secreting several
immunosuppressive cytokines such as IL-10, TGF-§3, and IL-35 [48]. Current data suggest
that Treg cells are beneficial in the context of hemorrhagic stroke, as their depletion results in
increased brain damage and neurological impairment. Corroborating this are data showing
that increasing their presence reduces ICH-induced inflammatory damage, neurological
impairment, and BBB breakdown [49]. Although depleting Treg cells results in increased
brain damage and neurological impairment, increasing the presence of Treg cells has been
observed to reduce ICH-induced inflammatory damage [48,50].

It is important to note that in the days following a stroke, including one caused by
ICH, patients may develop lymphopenia and the spleen may shrink in size in both animals
and humans. This condition, called stroke-induced immunodepression, is a major cause
of poststroke infections. In fact, while inflammatory reactions occurring after a stroke
accelerate tissue healing and destroy necrotic cells, secondary damage occurs as a result of
exacerbated inflammatory reactions [21].
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4. Crosstalk Between Different Inmune Cells Implicated in ICH

Changes in the inflammatory response after ICH are not only the result of an individual
immune cell but are also closely related to interactions between different immune cells [11].
Crosstalk between cerebral resident cells and PICs creates a delicate and complex network,
and its disruption can indirectly affect the integrity of the BBB [1]. This crosstalk between
immune cells is attracting the attention of researchers.

By secreting IL-1, TNF-&, and Clq, activated microglia induce the conversion of
astrocytes to the A1 type, which promotes neuron death and exacerbates inflammatory dam-
age [51]. On the other hand, astrocytes express IL-15, CCL2, CCL5, CXCL1, and CXCL10,
which allow microglial polarization towards the pro-inflammatory phenotype [52].

Activated macrophages secrete greater amounts of the inflammatory factors IL-13
and TNF-«, which promote the recruitment of Th17 cells and neutrophils, exacerbating the
inflammatory response and leading to tissue damage [46]. IL-15 derived from microglia and
astrocytes enhances BBB disruption by increasing the levels and activation of CD8+T (Th1)
and NK cells [53]. M1-type microglia secrete IL-12 and TNF-« in the early stages of ICH,
accelerating Th1 cell polarization and inhibiting Treg immunosuppressive function [54].

Subgroups of T lymphocytes showed immunoregulatory effects. The Th1 cell subpop-
ulation promotes microglial M1 polarization through the secretion of pro-inflammatory
factors such as IFN-b [55]. In contrast, the Th2 cell subpopulation contributes to astrocytes
and microglia in an anti-inflammatory way [56]. Similarly, Th2-driven IL-4 and IL-13
promote macrophage polarization toward the M2 type, which contributes to collagen
deposition and tissue healing by secreting IL-10 and TGEF- 3 [37,57]. Treg cells secrete im-
munosuppressive molecules, inhibit the secretion of inflammatory factors, such as TNF-«
and IL-13, by microglia, and promote microglial M2 polarization through IL-10 secretion.
They eventually alleviate the inflammatory response that occurs after ICH [48,50,58].

Microglia-derived leukotriene B4 (LTB4) causes neutrophils to migrate to the
hematoma site and exacerbates the effect of inflammatory damage [59]. However, IL-27
derived from microglia inhibits the production of inflammatory factors by regulating
neutrophil function and reduces the formation of hematoma and edema [50].

5. Role of Microglia/Macrophages as an Immunotherapeutic
Target in ICH

The central role of Mig/Mags in the maintenance of inflammation, the important dual
effects of the M1 and M2 phenotypes on brain damage, their formative role in adaptive
immunity, and their interaction through cross-linking with other immune cells and the
clot component have made them the subject of investigation as an important potential
therapeutic target [1,22,24,37]. With polarization plasticity from M1 to M2, Mig/Mas repre-
sent the crossroads of various pro- and anti-inflammatory subtypes (Figure 4) [60]. These
therapeutic agents, such as minocycline, broadly speaking promote M2 polarization and
inhibit aspects of acute injury response, such as MMP release and iron toxicity. Minocycline,
ultimately, stabilizes the integrity of the BBB and the neuroprotective state [18].

After ICH, vessel rupture of brain parenchyma contributes to the aggregation of
red blood cells (RBCs) and the formation of hematoma to oppress brain tissue structure
forming primary brain injury (PBI). Erythrocyte hemolysis in hematoma results in sec-
ondary brain injury (SBI) and non-reversing neurological deficits due to the toxic hemolytic
products. Inflammatory responses firmly participate in and contribute to the SBI patho-
physiological processes following ICH. During this pathological process, the CNS resident
microglia become activated and monocytes-derived macrophages infiltrate from the circu-
lation at the hemorrhagic site. These microglia/macrophages act as a primary modulator
for the hematoma resolution and alleviation of neuroinflammation in SBI. Specifically,
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microglia polarization produces pro-inflammatory (IL-13, IL-6, TNF-«, CXCLS8, CCL2, and
CCL5) or anti-inflammatory (IL-4, IL-10, IL-13, IL-1Ra, and TGF{3) mediators during the
different pathological phases, participating in ICH progression [61].
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Figure 4. Schematization of exemplified microglia/macrophage polarization by intervention with
selected agents (Modified from Ref. [45]).

The inhibition of M1 microglia alone is not sufficient to achieve therapeutic significance.
Success in promoting M2 activation combined with inhibition of M1 microglia reveals the
critical role of the M2 phenotype in the resolution of inflammation, elimination of tissue
debris, and tissue healing [61].

Minocycline exerts anti-inflammatory effects by inhibiting MMPs and microglial
reactivity. It also promotes microglia M2 polarization by suppressing the NOD-like receptor
protein 3 (NLRP3) inflammasome. Additionally, it reduces typical markers of M1 activation
(such as TNF-x and IL-1$3) and increases the levels of M2 markers (such as TGF-$ and
IL-10) [62,63]. Furthermore, it inhibits T lymphocytic migration and reduces the secretion
of chemokine and MMP (especially MMP-9).

Another modulator, fingolimod (FTY720), is a high-affinity agonist of sphingosine-
1-phosphate receptor (S1PR). FTY720 can also cross the BBB and suppress inflammation
by modulating S1PR-positive cells (especially Mig/Mags and astrocytes) and reducing the
levels of some mediators (such as TNF-a and IL-6) [64]. Additionally, this complement
significantly increases Treg cells, reduces NK cells, and limits the intravascular adhesion of
leukocytes. As a result, it reduces brain damage and facilitates neurological recovery in
patients [65,66].

Inhibition of pro-inflammatory cytokines is considered a useful clinical intervention.
For example, IL-1Ra supplementation has been shown to significantly reduce inflammatory
biomarkers and is safe and well tolerated [67].

Blocking TLR4 with agents such as eritoran, MTS510, miR-1906, and TAK-242 reduces
the number of activated microglia and the production of iNOS, ROS, and pro-inflammatory
factors, thus protecting the BBB against inflammatory damage [1].

The effects of many potential modulators, transcription factors, receptors, and cy-
tokines on the shift of microglia from the M1 phenotype to the M2 phenotype are today’s
research topics [12,30,68-70].
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Activated Mig/Mes are important source cells for chemokines, such as CCL2, CCL3,

and CCL4. In addition to their role in Mig/Mpgs activation, these chemokines also have

a direct effect on the chemotaxis of cells involved in the inflammation process and the

increase in blood-brain barrier permeability [71]. Elevated serum CCL2 levels after ICH in

humans have been associated with poor functional outcomes [72]. In contrast, inhibition

or deficiency of CCL2 and CCL3 has been reported to result in reduced brain ischemic

damage [73]. CX3CR1 deficiency, which modulates microglial activation in a mouse model,

was observed to have a positive impact on functional recovery after ICH [74]. Generally,

manipulating chemokine expression by Mig/Mgs and chemotactic signals may constitute

an approach to the treatment of ICH injury. Selected examples of therapeutic agents used

in studies targeting microglia/macrophages in ICH are presented in Table 2.

Table 2. Selected examples of studies targeting microglia/macrophages in ICH.

Major Action Mechanisms/

Therapy Administration Route Outcomes Reference
Animal Studies
Rat/(intraperitoneal):
- FPree radical suppression .
. . Deactivated M1
- Pro-inflammatory cytokine I 4 M2 polarizati
downregulation ncreased M2 po arization
: : - Anti-inflammatory cytokine BBB stabilization
Minocycline lati Decreased inflammation [69,75]
upregulation Reduced brain ed
- NLRP3 inflammasome I educe d ram e ) ema T .
suppression mproved neurological functions
- MMP inhibition
Decreased numbers of both M1 and
M2 (increase in M2b was slower than
L . . the increases in M1 and M2a, b)
o Mice/(intraperitoneal): Decreased neuroinflammation
Gadolinium - Mig/Mes apoptosis Reduced brain edema [25]
Enhanced anti-inflammatory factors
Improved neurological functions
Reduced overall mortality
L . . Modulated microglia phenotype
Mice/(intraperitoneal): Decreased neuroinflammation
MCC950 - NLRP3 ir.1ﬂammasome Reduced brain edema [76]
suppression Enhanced anti-inflammatory factors
Improved neurological functions
Mice/(intraperitoneal)/Rat/(intramuscular): o000 4 v polarization
. - Iron chelation (brain permeable) Reduced brain water content
VK-28/Deferoxamine - Pro—inﬂammatory cytokine Reduced overall mortality [77,78]
downregulation Reduced neuronal death/deficits
Increased M2 microglia
) Mice/(intranasal): Decreased neuro?nﬂan‘lmation
SIRNA Specific silencing of CXCL16 Decreased M1 microglia [79]
Enhanced anti-inflammatory factors
Mice/(intraperitoneal): Increased M2 microglia
Sinomenin - Anti—inﬂammatory responses Decreased inflammation [80]

- Immunomodulatory

Inhibited MMP-3/9 expression
Improved neurological functions
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Table 2. Cont.
Major Action Mechanisms/
Therapy Administration Route Outcomes Reference
- Increased M2 microglia
] o - Decreased inflammation
PAP-1 Mice/(tail vein): - Enhanced anti-inflammatory [81]
Kv1.3 blockade response
- Enhanced neurotrophic factors
- Increased anti-inflammatory
) Mice: microglia polarization
TGF-B/(intravenous) - Decreased neuroinflammation [82]

Human studies

Immune regulation )
- Enhanced functional recovery

Fingolimod
(FTY720)/(oral)

Edaravone/(intravenous)

Deferoxamine/ (intravenous)

- S1PR agonist
- STAT3 pathway activation
- Pro-inflammatory cytokine

- Reduced perihematomal edema
- Improved neurological functions
- Cell migration inhibition [83]

. iiﬁg;?ﬂaﬁoﬁ v evtokin - Reduced vascular permeability
armatory cytorane - Decreased MMP-9 level
upregulation
- NLRP3 inflammasome - Reduced perihematomal edema
suppression - Improved neurological functions [84]
- Iron chelation - Improved daily living activity
- Iron chelation (brain permeable) - Increased M2 polarization
Pro-inflammatory cytokine - Reduced brain water content [85]
downregulation - Reduced overall mortality

- Reduced neuronal death/deficits

* Observational outcome (not TGF-f3 therapy) in patients with earlier elevation of TGF-f in peripheral blood.

In addition to preclinical research, several clinical trials have been conducted
(e.g., NCT01805895 in minocycline, NCT04088630 in fingolimod, NCT02175225 in deferoxam-
ine, and NCT03737344 in IL-1Ra) to find the optimal treatment for ICH [ClinicalTrials.gov].

6. Strategies to Overcome Off-Target Effects and Improve
On-Target Delivery

Nonspecific and/or off-target undesirable and uncontrollable systemic events can
cause significant problems associated with therapeutic compound application in ICH [86].
Target-decorated nanoparticles (NPs), which enable localized and controlled delivery of
these agents only to the site of injury, have recently garnered attention due to their promise
for treatment and diagnostic purposes in various diseases [37]. The limited delivery of
these agents to the brain is challenging for reasons such as the BBB. Various techniques
to improve delivery efficiency hold great promise for overcoming this limitation [87]. To
overcome the BBB challenges, the use of NP surfaces that can be conjugated with specific
ligands can be considered as one of these strategies [87]. Magnetic nanoparticles (MNPs)
loaded with targeting ligands and functional compound agents can be better localized to
the hemorrhage site by applying an external magnetic field (EMF) [88].

7. Discussion

Cerebral hemorrhage is an important clinical condition with a high mortality rate and
a poor prognosis. Currently, no effective treatment intervention is currently available [44].
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Preclinical and clinical evidence shows that the inflammatory response has a crucial impact
on the formation of perihematomal edema, disruption of BBB integrity, and brain cell death,
which are involved in the pathophysiological process associated with ICH [44].

Diversity and plasticity are two important characteristics of the immune cells. In this
context, Mig/Meas M1 phenotypes are pro-inflammatory and damage the tissue surround-
ing ICH. In contrast, the M2 phenotype is associated with anti-inflammatory reactions and
tissue repair [89]. Therefore, M2 phenotypes play an important role in the resolution of
hematoma and in the recovery phase after ICH [12,24]. For this reason, the modulation
of microglia to the M2 phenotype has become an important therapeutic strategy in the
treatment of ICH. Preventing excessive immune response by interfering with immune
checkpoints may also be an attractive treatment method. The interaction between the
programmed cell domain (PD-1/PD-L1)/cytotoxic T lymphocyte-associated antigen-4
(CTLA-4) and CD80/CD86 signaling pathways can be considered [89].

Although the basis of ICH-associated secondary injuries is inflammatory, the molecu-
lar mechanisms involved in the pathophysiology are complex and not yet clear [17]. This
complex mechanism is not only dependent on an individual immune cell in the inflamma-
tory process but also on their interactions with other immune cells and even cellular or other
molecular components involved in coagulation [12,90]. The hematoma that forms shortly
after an ICH event stimulates an inflammatory reaction. In the early stages, hemoglobin
is released from lysed red blood cells and phagocytosed by activated Mig/Mes in the
perihematomal region. Excess iron is transported out of Mig/Megs and accumulates in the
neurons, leading to toxic effects on them [90].

The role of microglia/macrophage-mediated phagocytosis in clearing dead and dam-
aged brain tissues is extremely important, especially in the subacute stage of ICH. The
observation that lactoferrin treatment contributes to this phagocytosis process by reducing
the amount of iron in the ICH-affected area and facilitates the hematoma resolution process
suggests that it supports immune homeostasis while preventing global iron deficiency [91].
In a clinical trial, deferoxamine treatment has been observed to have good results at the
90-day follow-up [85].

Neutrophils cause brain damage owing to their phagocytic properties, degranulation
of a number of cytotoxic molecules, and even secretion of NETs, which have recently
become an important subject of research [92,93]. Neuronal damage is also worsened
through the interaction between NETs and tissue plasminogen activator (tPA), which
increases BBB disruption and cerebral hemorrhage [40]. Microglia-derived LTB4 induces
neutrophil migration to the hematoma site, intensifying inflammatory damage both by the
neutrophil itself and by its products, such as NETs [17,59]. In contrast, IL-27, also derived
from microglia, ameliorates damage by regulating the function of neutrophils [50].

Upon stimulation after ICH, the first immune cells to be activated are microglia,
which reside in the CNS [94]. Activated microglia produce a variety of pro-inflammatory
cytokines, chemokines, and reactive oxygen species. In addition to acquiring phago-
cytic and toxic properties, these cells also gain chemotactic activity for other immune
cells, especially neutrophils and macrophages, and lead to increased permeability of the
BBB [12,22,95]. Furthermore, microglia polarized to the M1 phenotype intensify ICH-
induced neuronal damage by amplifying early neuroinflammation through crosstalk with
the immune cells [24]. The infiltration of circulating leukocytes peaks within 1-3 days after
ICH and continues for weeks [38].

Secondary damage in ICH is triggered by the presence of intraparenchymal blood
mainly through the initiation of the inflammatory process. Immediately after ischemic
injury, microglia are activated. These cells then further activate the immune system and
attract immune cells, especially neutrophils, MDM, and lymphocytes, to the injury site.



Clin. Transl. Neurosci. 2025, 9, 4

14 of 19

As a result, intracerebral damage further increases. There are even important interactions
between the inflammatory process and components involved in coagulation. In this context,
it is critical to eliminate the source of pro-inflammatory responses to restore homeostatic
balance and promote healing. Microglia may be considered the most important target
cells, as they play a dominant and central role in both the initiation and progression of
inflammation. Furthermore, when microglia are polarized to the M2 phenotype, they play
a role in preventing inflammation, resolving hematoma, and repairing damaged tissues.
General anti-inflammatory medications and treatments targeting only the M2 phenotype
have also been observed to not yield sufficient results. For this reason, it can be considered
that approaches that modulate microglia/macrophages to the M2 phenotype would be
more appropriate approaches.

The treatment options for ICH are very limited. The vast majority of patients die within
a short period of time, and survivors often have significant residual disability and are at
risk of significant neurological complications, including epilepsy and vascular cognitive
impairment [96]. The incidence of ICH is closely related to the elderly population and the
use of anticoagulant drugs [97]. Unfortunately, antiplatelet drug use is widespread among
the aging population, sometimes without a clear indication. Moreover, these drugs have an
impact not only on the occurrence of ICH but also on its prognosis, especially in terms of
disability and mortality [98].

It is now well known that the inflammatory response plays a vital role in the develop-
ment of secondary damages that affect the clinical outcome in ICH. After ICH, glial cells
are activated. These lead to disruption of the blood-brain barrier, peripheral blood inflam-
matory cell infiltration, and production of numerous inflammatory cytokines, resulting in
brain edema and neuronal injury [99]. In addition to leukocytes/macrophages, activated
microglia and astrocytes are the main cellular mediators of secondary brain injury based on
the local release of immune-active molecules (cytokines, chemokines, prostaglandins, pro-
teases, ferrous iron, etc.). Inhibiting the initial upstream event that triggers the subsequent
inflammatory response can significantly alleviate ICH-induced injury and reduce associ-
ated neurological deficits. For example, minocycline treatment improves clinical outcome
by reducing the level of cerebral edema and neurological deficits. At the pathophysiological
level, it reduces the number of microglia and macrophages around the hematoma, protects
capillaries, and decreases TNF-oc and MMP-12 levels [21].

Future Perspective and Conclusions

The failure of more than 250 clinical trials using more than 1000 brain-protective
molecules for therapeutic purposes highlights the critical need for new approaches to
developing treatments for acute stroke [21]. As the role of Mig/Maes in the pathophysiol-
ogy of ICH becomes better understood, future research will become more specific, such
as discovering new signaling pathways or therapeutic molecules. Despite tremendous
progress, there are important unidentified aspects of the molecules involved in their polar-
ization [99]. Studies such as transcriptomics and proteomics may offer the opportunity for
more targeted intervention. Again, understanding the spatial and temporal dynamics of
microglial/macrophage activation may provide more precise windows of opportunity for
therapeutic interventions. This approach also enables treatment options that reduce the
risk of infection due to stroke-induced immunodepression.

Additionally, the combination of microglia/macrophage regulatory agents with other
therapeutics such as anti-inflammatory cytokines and iron chelators may provide syn-
ergistic effects and ultimately fewer side effects. In a two-arm clinical trial, a reduction
in neurological impairment was observed in the fingolimod (FTY720) group compared
with the standard treatment regimen. Moreover, a greater proportion of patients in the
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combined treatment group achieved complete recovery of neurological function after
3 months. In ICH, patients show heterogeneity in terms of clinical and treatment response,
highlighting the importance of personalized approaches. In this regard, biomarkers may
provide the opportunity to improve patient outcomes with personalized treatment options.
Localization of therapeutic agents only to the damaged area may improve clinical outcomes.
This approach also plays a vital role in reducing the risk of undesirable and uncontrollable
off-target systemic events.

In conclusion, modulating immunotherapies holds promise for use in intracerebral
hemorrhage. However, further studies are needed to identify the most appropriate molecu-
lar targets that mediate immune cell shifts toward beneficial phenotypes and to validate
them for use in clinical settings.

Author Contributions: R.D. and N.A. designed and conceptualized this study. R.D. searched and
analyzed the data. N.A. drafted and wrote the manuscript R.D. and N.A. reviewed and approved the
final version of this manuscript. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable. Neither human nor animal models were used.
Data Availability Statement: All supporting data of this study are included in the article.

Conflicts of Interest: The authors have no conflicts of interest to declare.

References

1. Qiu, Y.M,; Zhang, C.L.; Chen, A.Q.; Wang, H.L.; Zhou, Y.F; Li, YN.; Hu, B. Immune Cells in the BBB Disruption After Acute
Ischemic Stroke: Targets for Inmune Therapy. Front. Immunol. 2021, 12, 678744. [CrossRef] [PubMed]

2. Tschoe, C.; Bushnell, C.D.; Duncan, PW.; Alexander-Miller, M.A.; Wolfe, S.Q. Neuroinflammation after Intracerebral Hemorrhage
and Potential Therapeutic Targets. ]. Stroke 2020, 22, 29-46. [CrossRef] [PubMed]

3. Klebe, D.; McBride, D.; Flores, J.J.; Zhang, ].H.; Tang, ]J. Modulating the Immune Response Towards a Neuroregenerative
Peri-injury Milieu After Cerebral Hemorrhage. J. Neuroimmune Pharmacol. 2015, 10, 576-586. [CrossRef] [PubMed]

4. Zhao, W.; Wu, C; Stone, C.; Ding, Y.; Ji, X. Treatment of intracerebral hemorrhage: Current approaches and future directions.
J Neurol. Sci. 2020, 416, 117020. [CrossRef]

5. GBD 2016 Stroke Collaborators; Johnson, C.O.; Nguyen, M.; Roth, G.A.; Nicols, E.; Alam, T.; Abate, D.; Abd-Allah, F.; Abdelalim,
A.; Abraha, H.N,; et al. Global, regional, and national burden of stroke, 1990-2016: A systematic analysis for the Global Burden of
Disease Study 2016. Lancet Neurol. 2019, 18, 439-458. [CrossRef]

6. Al-Kawaz, M.N.; Hanley, D.F; Ziai, W. Advances in Therapeutic Approaches for Spontaneous Intracerebral Hemorrhage.
Neurotherapeutics 2020, 17, 1757-1767. [CrossRef]

7. Rosand, ]. Preserving brain health after intracerebral haemorrhage. Lancet Neurol. 2021, 20, 879-880. [CrossRef]

8.  Singh, S.D.; Brouwers, H.B,; Senff, ].R.; Pasi, M.; Goldstein, J.; Viswanathan, A.; Klijn, C.].M.; Rinkel, G.J.E. Haematoma evacuation
in cerebellar intracerebral haemorrhage: Systematic review. J. Neurol. Neurosurg. Psychiatry 2020, 91, 82-87. [CrossRef]

9. Liebeskind, D.S. Hemorrhagic Stroke. In eMedicine; Medscape: New York, NY, USA, 2019. Available online: https://emedicine.
medscape.com/article/1916662-overview#al (accessed on 22 August 2024).

10. Kuriakose, D.; Xiao, Z. Pathophysiology and Treatment of Stroke: Present Status and Future Perspectives. Int. ]. Mol. Sci. 2020, 21,
7609. [CrossRef] [PubMed] [PubMed Central]

11. Nogles, T.E.; Galuska, M.A. Middle Cerebral Artery Stroke. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2024.
Available online: https:/ /www.ncbinlm.nih.gov/books/NBK556132/ (accessed on 22 August 2024).

12. Zhang, W.; Wu, Q.; Hao, S.; Chen, S. The hallmark and crosstalk of immune cells after intracerebral hemorrhage: Immunotherapy
perspectives. Front. Neurosci. 2023, 16, 1117999. [CrossRef]

13. Zille, M; Farr, T.D.; Keep, R.E; Romer, C.; Xi, G.; Boltze, ]. Novel targets, treatments, and advanced models for intracerebral
haemorrhage. EBioMedicine 2022, 76, 103880. [CrossRef] [PubMed]

14. Chu, HX,; Broughton, B.R,; Kim, H.A ; Lee, S.; Drummond, G.R.; Sobey, C.G. Evidence That Ly6C(hi) Monocytes are Protective in

Acute Ischemic Stroke by Promoting M2 Macrophage Polarization. Stroke 2015, 46, 1929-1937. [CrossRef] [PubMed]


https://doi.org/10.3389/fimmu.2021.678744
https://www.ncbi.nlm.nih.gov/pubmed/34248961
https://doi.org/10.5853/jos.2019.02236
https://www.ncbi.nlm.nih.gov/pubmed/32027790
https://doi.org/10.1007/s11481-015-9613-1
https://www.ncbi.nlm.nih.gov/pubmed/25946986
https://doi.org/10.1016/j.jns.2020.117020
https://doi.org/10.1016/S1474-4422(19)30034-1
https://doi.org/10.1007/s13311-020-00902-w
https://doi.org/10.1016/S1474-4422(21)00339-2
https://doi.org/10.1136/jnnp-2019-321461
https://emedicine.medscape.com/article/1916662-overview#a1
https://emedicine.medscape.com/article/1916662-overview#a1
https://doi.org/10.3390/ijms21207609
https://www.ncbi.nlm.nih.gov/pubmed/33076218
https://pmc.ncbi.nlm.nih.gov/articles/PMC7589849
https://www.ncbi.nlm.nih.gov/books/NBK556132/
https://doi.org/10.3389/fnins.2022.1117999
https://doi.org/10.1016/j.ebiom.2022.103880
https://www.ncbi.nlm.nih.gov/pubmed/35158309
https://doi.org/10.1161/STROKEAHA.115.009426
https://www.ncbi.nlm.nih.gov/pubmed/25999385

Clin. Transl. Neurosci. 2025, 9, 4 16 of 19

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.
38.
39.

40.

Iadecola, C.; Anrather, . The immunology of stroke: From mechanisms to translation. Nat. Med. 2011, 17, 796-808. [CrossRef]
[PubMed]

Shtaya, A.; Bridges, L.R.; Williams, R.; Trippier, S.; Zhang, L.; Pereira, A.C.; Nicoll, ].A.R.; Boche, D.; Hainsworth, A.H. Innate
Immune Anti-Inflammatory Response in Human Spontaneous Intracerebral Hemorrhage. Stroke 2021, 52, 3613-3623. [CrossRef]
Ardic, AF; Ardic, N. Role of Neutrophils as Therapeutic Targets in Intracerebral Hemorrhage. Ther. Innov. Regul. Sci. 2024, 58,
807-816. [CrossRef]

Zhang, A.; Liu, Y.,; Wang, X.; Xu, H.; Fang, C.; Yuan, L.; Wang, K.; Zheng, J.; Qi, Y,; Chen, S.; et al. Clinical Potential of
Immunotherapies in Subarachnoid Hemorrhage Treatment: Mechanistic Dissection of Innate and Adaptive Immune Responses.
Aging Dis. 2023, 14, 1533-1554. [CrossRef]

Malone, K.; Amu, S.; Moore, A.C.; Waeber, C. Inmunomodulatory Therapeutic Strategies in Stroke. Front. Pharmacol. 2019, 10,
630. [CrossRef]

Huang, Y.; Chen, S.; Luo, Y.; Han, Z. Crosstalk between Inflammation and the BBB in Stroke. Curr. Neuropharmacol. 2020, 18,
1227-1236. [CrossRef]

Xu, X; Li, Y;; Chen, S.; Wu, X,; Li, J.; Li, G.; Tang, Z. Mechanism and application of immune interventions in intracerebral
haemorrhage. Expert Rev. Mol. Med. 2024, 26, e22. [CrossRef]

Hu, X,; Li, P; Guo, Y,; Wang, H.; Leak, RK.; Chen, S.; Gao, Y.; Chen, J. Microglia/macrophage polarization dynamics reveal novel
mechanism of injury expansion after focal cerebral ischemia. Stroke 2012, 43, 3063-3070. [CrossRef]

Dudvarski Stankovic, N.; Teodorczyk, M.; Ploen, R.; Zipp, F.; Schmidt, M.H.H. Microglia-blood vessel interactions: A double-
edged sword in brain pathologies. Acta Neuropathol. 2016, 131, 347-363. [CrossRef] [PubMed]

Mracsko, E.; Veltkamp, R. Neuroinflammation after intracerebral hemorrhage. Front. Cell. Neurosci. 2014, 8, 388. [CrossRef]
[PubMed]

Ohnishi, M.; Kai, T.; Shimizu, Y.; Yano, Y.; Urabe, Y.; Tasaka, S.; Akagi, M.; Yamaguchi, Y.; Inoue, A. Gadolinium causes M1 and
M2 microglial apoptosis after intracerebral haemorrhage and exerts acute neuroprotective effects. J. Pharm. Pharmacol. 2020, 72,
709-718. [CrossRef] [PubMed]

Colonna, M.; Butovsky, O. Microglia Function in the Central Nervous System During Health and Neurodegeneration. Annu. Rev.
Immunol. 2017, 35, 441-468. [CrossRef] [PubMed]

Nguyen, H.M.; Grossinger, E.M.; Horiuchi, M.; Davis, KW.,; Jin, L.W.; Maezawa, I.; Wulff, H. Differential Kv1.3, KCa3.1, and
Kir2.1 expression in “classically” and “alternatively” activated microglia. Glia 2017, 65, 106-121. [CrossRef]

Bi, R.; Fang, Z.; You, M.; He, Q.; Hu, B. Microglia Phenotype and Intracerebral Hemorrhage: A Balance of Yin and Yang. Front.
Cell. Neurosci. 2021, 15, 765205. [CrossRef]

Tang, Y.; Le, W. Differential Roles of M1 and M2 Microglia in Neurodegenerative Diseases. Mol. Neurobiol. 2016, 53, 1181-1194.
[CrossRef]

Jiang, C.T.; Wu, W.E; Deng, Y.H.; Ge, ].W. Modulators of microglia activation and polarization in ischemic stroke (Review). Mol.
Med. Rep. 2020, 21, 2006—2018. [CrossRef]

Poudel, B.; Ekperikpe, U.S.; Mandal, S.; Wilson, G.E.; Shields, C.A.; Cornelius, D.C.; Williams, ].M. Chronic treatment with IL-25
increases renal M2 macrophages and reduces renal injury in obese Dahl salt-sensitive rats during the prepubescent stage. Am. J.
Physiol. Ren. Physiol. 2023, 325, F87-F98. [CrossRef]

Ghosh, P; Sinha, S.; Katkar, G.D.; Taheri, S.; Dang, D.; Das, S.; Sahoo, D. Machine learning identifies signatures of macrophage
reactivity and tolerance that predict disease outcomes. EBioMedicine 2023, 94, 104719. [CrossRef]

Luo, M,; Qiu, Z; Tang, X.; Li, S.; Zhu, J.; Jiang, Y. Inhibiting Cyclin Bl-treated Pontine Infarction by Suppressing Proliferation of
SPP1 + Microglia. Mol. Neurobiol. 2023, 60, 1782-1796. [CrossRef] [PubMed]

Mazzitelli, J.A.; Smyth, L.C.D.; Cross, K.A.; Dykstra, T.; Sun, J.; Du, S.; Mamuladze, T.; Smirnov, I.; Rustenhoven, J.; Kipnis, J.
Cerebrospinal fluid regulates skull bone marrow niches via direct access through dural channels. Nat. Neurosci. 2022, 25, 555-560.
[CrossRef] [PubMed]

Blank-Stein, N.; Mass, E. Macrophage and monocyte subsets in response to ischemic stroke. Eur. J. Immunol. 2023, 53, €2250233.
[CrossRef] [PubMed]

Colombo, E.; Farina, C. Astrocytes: Key Regulators of Neuroinflammation. Trends Immunol. 2016, 37, 608-620. [CrossRef]

Kang, M.; Yao, Y. Oligodendrocytes in intracerebral hemorrhage. CNS Neurosci. Ther. 2019, 25, 1075-1084. [CrossRef]

Gautam, J.; Yao, Y. Roles of Pericytes in Stroke Pathogenesis. Cell Transplant. 2018, 27, 1798-1808. [CrossRef]

Pikija, S.; Sztriha, L.K.; Killer-Oberpfalzer, M.; Weymayr, F; Hecker, C.; Ramesmayer, C.; Hauer, L.; Sellner, J. Neutrophil to
lymphocyte ratio predicts intracranial hemorrhage after endovascular thrombectomy in acute ischemic stroke. J. Neuroinflamm.
2018, 15, 319. [CrossRef]

Wang, R.; Zhu, Y,; Liu, Z; Chang, L.; Bai, X.; Kang, L.; Cao, Y.; Yang, X.; Yu, H.; Shi, M.].; et al. Neutrophil extracellular traps
promote tPA-induced brain hemorrhage via cGAS in mice with stroke. Blood 2021, 138, 91-103. [CrossRef]


https://doi.org/10.1038/nm.2399
https://www.ncbi.nlm.nih.gov/pubmed/21738161
https://doi.org/10.1161/STROKEAHA.121.034673
https://doi.org/10.1007/s43441-024-00668-9
https://doi.org/10.14336/AD.2023.0126
https://doi.org/10.3389/fphar.2019.00630
https://doi.org/10.2174/1570159X18666200620230321
https://doi.org/10.1017/erm.2024.22
https://doi.org/10.1161/STROKEAHA.112.659656
https://doi.org/10.1007/s00401-015-1524-y
https://www.ncbi.nlm.nih.gov/pubmed/26711460
https://doi.org/10.3389/fncel.2014.00388
https://www.ncbi.nlm.nih.gov/pubmed/25477782
https://doi.org/10.1111/jphp.13235
https://www.ncbi.nlm.nih.gov/pubmed/32037551
https://doi.org/10.1146/annurev-immunol-051116-052358
https://www.ncbi.nlm.nih.gov/pubmed/28226226
https://doi.org/10.1002/glia.23078
https://doi.org/10.3389/fncel.2021.765205
https://doi.org/10.1007/s12035-014-9070-5
https://doi.org/10.3892/mmr.2020.11003
https://doi.org/10.1152/ajprenal.00209.2022
https://doi.org/10.1016/j.ebiom.2023.104719
https://doi.org/10.1007/s12035-022-03183-w
https://www.ncbi.nlm.nih.gov/pubmed/36572839
https://doi.org/10.1038/s41593-022-01029-1
https://www.ncbi.nlm.nih.gov/pubmed/35301477
https://doi.org/10.1002/eji.202250233
https://www.ncbi.nlm.nih.gov/pubmed/37467166
https://doi.org/10.1016/j.it.2016.06.006
https://doi.org/10.1111/cns.13193
https://doi.org/10.1177/0963689718768455
https://doi.org/10.1186/s12974-018-1359-2
https://doi.org/10.1182/blood.2020008913

Clin. Transl. Neurosci. 2025, 9, 4 17 of 19

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Gelderblom, M.; Gallizioli, M.; Ludewig, P.; Thom, V.; Arunachalam, P; Rissiek, B.; Bernreuther, C.; Glatzel, M.; Korn, T.; Aru-
mugam, T.V; et al. IL-23 (Interleukin-23)-Producing Conventional Dendritic Cells Control the Detrimental IL-17 (Interleukin-17)
Response in Stroke. Stroke 2018, 49, 155-164. [CrossRef]

Bielawska-Pohl, A.; Crola, C.; Caignard, A.; Gaudin, C.; Dus, D.; Kieda, C.; Chouaib, S. Human NK cells lyse organ-specific
endothelial cells: Analysis of adhesion and cytotoxic mechanisms. J. Immunol. 2005, 174, 5573-5582. [CrossRef]

Zhang, T.; Huang, L.; Peng, J.; Zhang, ].H.; Zhang, H. L]529 attenuates mast cell-related inflammation via A3R-PKCe-ALDH?2
pathway after subarachnoid hemorrhage in rats. Exp. Neurol. 2021, 340, 113686. [CrossRef] [PubMed]

Mei, S.; Shao, Y.; Fang, Y.; Lu, J.; Lu, J.; Zheng, J.; Xu, S.; Wu, H.; Sun, Z; Yu, J.; et al. The Changes of Leukocytes in Brain and
Blood After Intracerebral Hemorrhage. Front. Immunol. 2021, 12, 617163. [CrossRef] [PubMed]

Xue, M.; Yong, V.W. Neuroinflammation in intracerebral haemorrhage: Immunotherapies with potential for translation. Lancet
Neurol. 2020, 19, 1023-1032. [CrossRef] [PubMed]

Kebir, H.; Kreymborg, K.; Ifergan, 1.; Dodelet-Devillers, A.; Cayrol, R.; Bernard, M.; Giuliani, F.; Arbour, N.; Becher, B.; Prat, A.
Human TH17 lymphocytes promote blood-brain barrier disruption and central nervous system inflammation. Nat. Med. 2007, 13,
1173-1175. [CrossRef] [PubMed]

Kleinewietfeld, M.; Hafler, D.A. The plasticity of human Treg and Th17 cells and its role in autoimmunity. Semin. Immunol. 2013,
25,305-312. [CrossRef]

Liesz, A.; Suri-Payer, E.; Veltkamp, C.; Doerr, H.; Sommer, C.; Rivest, S.; Giese, T.; Veltkamp, R. Regulatory T cells are key
cerebroprotective immunomodulators in acute experimental stroke. Nat. Med. 2009, 15, 192-199. [CrossRef]

Shang, Y.; Zheng, L.; Du, Y,; Shang, T.; Liu, X.; Zou, W. Role of Regulatory T Cells in Intracerebral Hemorrhage. Mol. Neurobiol.
2024, 62, 518-532. [CrossRef]

Zhou, K.; Zhong, Q.; Wang, Y.C.; Xiong, X.Y.; Meng, Z.Y.; Zhao, T.; Zhu, W.Y.; Liao, M.F;; Wu, L.R,; Yang, Y.R; et al. Regulatory
T cells ameliorate intracerebral hemorrhage-induced inflammatory injury by modulating microglia/macrophage polarization
through the IL-10/GSK3p /PTEN axis. J. Cereb. Blood Flow Metab. 2017, 37, 967-979. [CrossRef]

Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, EC.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Miinch, A.E.; Chung, W.S,;
Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 2017, 541, 481-487. [CrossRef]
McKimmie, C.S.; Graham, G.J. Astrocytes modulate the chemokine network in a pathogen-specific manner. Biochem. Biophys. Res.
Commun. 2010, 394, 1006-1011. [CrossRef]

Lee, G.A; Lin, TN,; Chen, C.Y;; Mau, S.Y.; Huang, W.Z.; Kao, Y.C.; Ma, R.Y;; Liao, N.S. Interleukin 15 blockade protects the brain
from cerebral ischemia-reperfusion injury. Brain Behav. Immun. 2018, 73, 562-570. [CrossRef] [PubMed]

Shu, L.; Xu, C.Q.; Yan, Z.Y; Yan, Y,; Jiang, S.Z.; Wang, Y.R. Post-Stroke Microglia Induce Sirtuin2 Expression to Suppress the
Anti-inflammatory Function of Infiltrating Regulatory T Cells. Inflammation 2019, 42, 1968-1979. [CrossRef] [PubMed]

Yao, X; Jiang, Q.; Ding, W.; Yue, P.; Wang, J.; Zhao, K.; Zhang, H. Interleukin 4 inhibits high mobility group box-1 protein-mediated
NLRP3 inflammasome formation by activating peroxisome proliferator-activated receptor-y in astrocytes. Biochem. Biophys. Res.
Commun. 2019, 509, 624-631. [CrossRef] [PubMed]

Liu, X,; Liu, J.; Zhao, S.; Zhang, H.; Cai, W.; Cai, M,; Ji, X.; Leak, RK.; Gao, Y.; Chen, J.; et al. Interleukin-4 Is Essential for
Microglia/Macrophage M2 Polarization and Long-Term Recovery After Cerebral Ischemia. Stroke 2016, 47, 498-504. [CrossRef]
Murray, PJ.; Wynn, T.A. Protective and pathogenic functions of macrophage subsets. Nat. Rev. Immunol. 2011, 11, 723-737.
[CrossRef] [PubMed]

Xie, L.; Choudhury, G.R.; Winters, A.; Yang, S.H.; Jin, K. Cerebral regulatory T cells restrain microglia/macrophage-mediated
inflammatory responses via IL-10. Eur. J. Immunol. 2015, 45, 180-191. [CrossRef]

Hijioka, M.; Anan, ].; Ishibashi, H.; Kurauchi, Y.; Hisatsune, A.; Seki, T.; Koga, T.; Yokomizo, T.; Shimizu, T.; Katsuki, H. Inhibition
of Leukotriene B4 Action Mitigates Intracerebral Hemorrhage-Associated Pathological Events in Mice. J. Pharmacol. Exp. Ther.
2017, 360, 399-408. [CrossRef]

David, S.; Kroner, A. Repertoire of microglial and macrophage responses after spinal cord injury. Nat. Rev. Neurosci. 2011, 12,
388-399. [CrossRef]

Yang, G.; Fan, X.; Mazhar, M.; Guo, W.; Zou, Y.; Dechsupa, N.; Wang, L. Neuroinflammation of microglia polarization in
intracerebral hemorrhage and its potential targets for intervention. Front. Mol. Neurosci. 2022, 15, 1013706. [CrossRef]

Yang, Y.; Salayandia, V.M.; Thompson, J.F; Yang, L.Y.; Estrada, E.Y.; Yang, Y. Attenuation of acute stroke injury in rat brain
by minocycline promotes blood-brain barrier remodeling and alternative microglia/macrophage activation during recovery.
J. Neuroinflamm. 2015, 12, 26. [CrossRef]

Lu, Y; Xiao, G.; Luo, W. Minocycline Suppresses NLRP3 Inflammasome Activation in Experimental Ischemic Stroke. Neuroim-
munomodulation 2016, 23, 230-238. [CrossRef] [PubMed]

Rothhammer, V.; Kenison, ]J.E.; Tjon, E.; Takenaka, M.C.; de Lima, K.A.; Borucki, D.M.; Chao, C.C.; Wilz, A.; Blain, M.; Healy, L.;
et al. Sphingosine 1-phosphate receptor modulation suppresses pathogenic astrocyte activation and chronic progressive CNS
inflammation. Proc. Natl. Acad. Sci. USA 2017, 114, 2012-2017. [CrossRef] [PubMed]


https://doi.org/10.1161/STROKEAHA.117.019101
https://doi.org/10.4049/jimmunol.174.9.5573
https://doi.org/10.1016/j.expneurol.2021.113686
https://www.ncbi.nlm.nih.gov/pubmed/33713658
https://doi.org/10.3389/fimmu.2021.617163
https://www.ncbi.nlm.nih.gov/pubmed/33659003
https://doi.org/10.1016/S1474-4422(20)30364-1
https://www.ncbi.nlm.nih.gov/pubmed/33212054
https://doi.org/10.1038/nm1651
https://www.ncbi.nlm.nih.gov/pubmed/17828272
https://doi.org/10.1016/j.smim.2013.10.009
https://doi.org/10.1038/nm.1927
https://doi.org/10.1007/s12035-024-04281-7
https://doi.org/10.1177/0271678X16648712
https://doi.org/10.1038/nature21029
https://doi.org/10.1016/j.bbrc.2010.03.111
https://doi.org/10.1016/j.bbi.2018.06.021
https://www.ncbi.nlm.nih.gov/pubmed/29959050
https://doi.org/10.1007/s10753-019-01057-3
https://www.ncbi.nlm.nih.gov/pubmed/31297748
https://doi.org/10.1016/j.bbrc.2018.11.145
https://www.ncbi.nlm.nih.gov/pubmed/30606476
https://doi.org/10.1161/STROKEAHA.115.012079
https://doi.org/10.1038/nri3073
https://www.ncbi.nlm.nih.gov/pubmed/21997792
https://doi.org/10.1002/eji.201444823
https://doi.org/10.1124/jpet.116.238824
https://doi.org/10.1038/nrn3053
https://doi.org/10.3389/fnmol.2022.1013706
https://doi.org/10.1186/s12974-015-0245-4
https://doi.org/10.1159/000452172
https://www.ncbi.nlm.nih.gov/pubmed/27846628
https://doi.org/10.1073/pnas.1615413114
https://www.ncbi.nlm.nih.gov/pubmed/28167760

Clin. Transl. Neurosci. 2025, 9, 4 18 of 19

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Wang, Y.; Zhou, S.; Han, Z,; Yin, D.; Luo, Y,; Tian, Y.; Wang, Z.; Zhang, ]. Fingolimod administration improves neurological
functions of mice with subarachnoid hemorrhage. Neurosci. Lett. 2020, 736, 135250. [CrossRef] [PubMed]

Fu, Y,; Hao, J.; Zhang, N.; Ren, L.; Sun, N.; Li, Y]J.; Yan, Y.; Huang, D.; Yu, C.; Shi, ED. Fingolimod for the treatment of intracerebral
hemorrhage: A 2-arm proof-of-concept study. JAMA Neurol. 2014, 71, 1092-1101. [CrossRef] [PubMed]

Emsley, H.C.; Smith, CJ.; Georgiou, R.E; Vail, A.; Hopkins, S.J.; Rothwell, N.J.; Tyrrell, PJ. Acute Stroke Investigators. A
randomised phase II study of interleukin-1 receptor antagonist in acute stroke patients. J. Neurol. Neurosurg. Psychiatry 2005, 76,
1366-1372. [CrossRef]

Wang, J.; Xing, H.; Wan, L.; Jiang, X.; Wang, C.; Wu, Y. Treatment targets for M2 microglia polarization in ischemic stroke. Biomed.
Pharmacother. 2018, 105, 518-525. [CrossRef]

Wang, M.; Feng, L.R; Li, Z.L.; Ma, K.G.; Chang, KW.; Chen, X.L.; Yang, P.B.; Ji, S.F; Ma, Y.B.; Han, H.L. Thymosin (34 reverses
phenotypic polarization of glial cells and cognitive impairment via negative regulation of NF-«kB signaling axis in APP/PS1 mice.
J. Neuroinflamm. 2021, 18, 146. [CrossRef]

Wang, G.; Shi, Y.; Jiang, X.; Leak, RK,; Hu, X.; Wu, Y.; Pu, H.; Li, WW.,; Tang, B.; Wang, Y.; et al. HDAC inhibition prevents white
matter injury by modulating microglia/macrophage polarization through the GSK3f3 /PTEN/Akt axis. Proc. Natl. Acad. Sci. USA
2015, 112, 2853-2858. [CrossRef]

Bai, Q.; Xue, M.; Yong, V.W. Microglia and macrophage phenotypes in intracerebral haemorrhage injury: Therapeutic opportuni-
ties. Brain 2020, 143, 1297-1314. [CrossRef]

Hammond, M.D,; Taylor, R.A; Mullen, M.T; Ai, Y.; Aguila, H.L.; Mack, M.; Kasner, S.E.; McCullough, L.D.; Sansing, L.H. CCR2+
Ly6C(hi) inflammatory monocyte recruitment exacerbates acute disability following intracerebral hemorrhage. J. Neurosci. 2014,
34, 3901-3909. [CrossRef]

Garau, A,; Bertini, R.; Colotta, E; Casilli, E; Bigini, P.; Cagnotto, A.; Mennini, T.; Ghezzi, P; Villa, P. Neuroprotection with the
CXCLS8 inhibitor repertaxin in transient brain ischemia. Cytokine 2005, 30, 125-131. [CrossRef] [PubMed]

Taylor, R.A.; Hammond, M.D.; Ai, Y,; Sansing, L.H. CX3CR1 signaling on monocytes is dispensable after intracerebral hemorrhage.
PLoS ONE 2014, 9, €114472. [CrossRef] [PubMed]

Wang, G.; Li, Z; Li, S;; Ren, J.; Suresh, V.; Xu, D.; Zang, W.; Liu, X,; Li, W.; Wang, H. Minocycline Preserves the Integrity and
Permeability of BBB by Altering the Activity of DKK1-Wnt Signaling in ICH Model. Neuroscience 2019, 415, 135-146. [CrossRef]
[PubMed]

Xiao, L.; Zheng, H.; Li, J.; Zeng, M.; He, D.; Liang, J.; Sun, K.; Luo, Y,; Li, F; Ping, B.; et al. Targeting NLRP3 inflammasome
modulates gut microbiota, attenuates corticospinal tract injury and ameliorates neurobehavioral deficits after intracerebral
hemorrhage in mice. Biomed. Pharmacother. 2022, 149, 112797. [CrossRef]

Li, Q.; Wan, J.; Lan, X.; Han, X.; Wang, Z.; Wang, ]. Neuroprotection of brain-permeable iron chelator VK-28 against intracerebral
hemorrhage in mice. . Cereb. Blood Flow Metab. 2017, 37, 3110-3123. [CrossRef]

Hatakeyama, T.; Okauchi, M.; Hua, Y.; Keep, R.F; Xi, G. Deferoxamine reduces neuronal death and hematoma lysis after
intracerebral hemorrhage in aged rats. Transl. Stroke Res. 2013, 4, 546-553. [CrossRef]

Dingyi, L.; Libin, H,; Jifeng, P; Ding, Z.; Yulong, L.; Zhangyi, W.; Yunong, Y.; Qinghua, W.; Feng, L. Silencing CXCL16 alleviate
neuroinflammation and M1 microglial polarization in mouse brain hemorrhage model and BV2 cell model through PI3K/AKT
pathway. Exp. Brain Res. 2024, 242, 1917-1932. [CrossRef]

Shi, H.; Zheng, K.; Su, Z.; Su, H.; Zhong, M.; He, X.; Zhou, C.; Chen, H.; Xiong, Q.; Zhang, Y. Sinomenine enhances microglia M2
polarization and attenuates inflammatory injury in intracerebral hemorrhage. . Neuroimmunol. 2016, 299, 28-34. [CrossRef]
Wang, B.; Chen, J.; Wang, S.; Chen, L.; Zhang, X.; Zhou, T.; Zhong, ].; Zhang, C.; He, Y.; Zuo, Y; et al. Kv1.3 Blockade Alleviates
White Matter Injury through Reshaping M1/M2 Phenotypes via the NF-«B Signaling Pathway after Intracerebral Hemorrhage.
J. Integr. Neurosci. 2023, 22, 171. [CrossRef]

Taylor, R.A.; Chang, C.F,; Goods, B.A.; Hammond, M.D.; Mac Grory, B.; Ai, Y.; Steinschneider, A.F,; Renfroe, S.C.; Askenase, M.H.;
McCullough, L.D.; et al. TGF-f1 modulates microglial phenotype and promotes recovery after intracerebral hemorrhage. J. Clin.
Investig. 2017, 127, 280-292. [CrossRef]

Li, YJ.; Chang, G.Q.; Liu, Y.; Wei, D.; Li, T; Jiang, P; Guan, J.; Zhang, X.; Shi, X.; Liang, N.; et al. Fingolimod alters inflammatory
mediators and vascular permeability in intracerebral hemorrhage. Neurosci. Bull. 2015, 31, 755-762. [CrossRef]

Qin, M,; Feng, L.; Yang, C.; Wei, D.; Li, T.; Jiang, P.; Guan, J.; Zhang, X.; Shi, X.; Liang, N.; et al. Edaravone use in acute
intracerebral hemorrhage: A systematic review and meta-analysis of randomized controlled trials. Front. Pharmacol. 2022, 13,
935198. [CrossRef] [PubMed]

Selim, M.; Foster, L.D.; Moy, C.S,; Xi, G.; Hill, M.D.; Morgenstern, L.B.; Greenberg, S.M.; James, M.L.; Singh, V.; Clark, WM,;
et al. Deferoxamine mesylate in patients with intracerebral haemorrhage (i-DEF): A multicentre, randomised, placebo-controlled,
double-blind phase 2 trial. Lancet Neurol. 2019, 18, 428-438. [CrossRef] [PubMed]

Abd Elrahman, A.A.; Mansour, ER. Targeted magnetic iron oxide nanoparticles: Preparation, functionalization and biomedical
application. J. Drug Deliv. Sci. Technol. 2019, 52, 702-712. [CrossRef]


https://doi.org/10.1016/j.neulet.2020.135250
https://www.ncbi.nlm.nih.gov/pubmed/32673690
https://doi.org/10.1001/jamaneurol.2014.1065
https://www.ncbi.nlm.nih.gov/pubmed/25003359
https://doi.org/10.1136/jnnp.2004.054882
https://doi.org/10.1016/j.biopha.2018.05.143
https://doi.org/10.1186/s12974-021-02166-3
https://doi.org/10.1073/pnas.1501441112
https://doi.org/10.1093/brain/awz393
https://doi.org/10.1523/JNEUROSCI.4070-13.2014
https://doi.org/10.1016/j.cyto.2004.12.014
https://www.ncbi.nlm.nih.gov/pubmed/15826819
https://doi.org/10.1371/journal.pone.0114472
https://www.ncbi.nlm.nih.gov/pubmed/25469644
https://doi.org/10.1016/j.neuroscience.2019.06.038
https://www.ncbi.nlm.nih.gov/pubmed/31344398
https://doi.org/10.1016/j.biopha.2022.112797
https://doi.org/10.1177/0271678X17709186
https://doi.org/10.1007/s12975-013-0270-5
https://doi.org/10.1007/s00221-024-06875-y
https://doi.org/10.1016/j.jneuroim.2016.08.010
https://doi.org/10.31083/j.jin2206171
https://doi.org/10.1172/JCI88647
https://doi.org/10.1007/s12264-015-1532-2
https://doi.org/10.3389/fphar.2022.935198
https://www.ncbi.nlm.nih.gov/pubmed/36034840
https://doi.org/10.1016/S1474-4422(19)30069-9
https://www.ncbi.nlm.nih.gov/pubmed/30898550
https://doi.org/10.1016/j.jddst.2019.05.030

Clin. Transl. Neurosci. 2025, 9, 4 19 of 19

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Qiao, R.; Fu, C,; Forgham, H.; Javed, I; Javed, I.; Huang, X.; Zhu, J.; Whittaker, A K.; Davis, T.P. Magnetic iron oxide nanoparticles
for brain imaging and drug delivery. Adv. Drug Deliv. Rev. 2023, 197, 114822. [CrossRef]

Hersh, A.M.; Alomari, S.; Tyler, B.M. Crossing the Blood-Brain Barrier: Advances in Nanoparticle Technology for Drug Delivery
in Neuro-Oncology. Int. ]. Mol. Sci. 2022, 23, 4153. [CrossRef]

Dinc, R. The Role of Immune Mechanisms in Abdominal Aortic Aneurysm: Could It be a Promising Therapeutic Strategy? Acta
Cardiol. Sin. 2023, 39, 675-686. [CrossRef]

Sun, Y.; Sun, W.; Liu, J.; Zhang, B.; Zheng, L.; Zou, W. The dual role of microglia in intracerebral hemorrhage. Behav. Brain Res.
2024, 473,115198. [CrossRef]

Zhao, X.; Kruzel, M.; Ting, S.M.; Sun, G.; Savitz, S.I.; Aronowski, J. Optimized lactoferrin as a highly promising treatment for
intracerebral hemorrhage: Pre-clinical experience. J. Cereb. Blood Flow Metab. 2021, 41, 53—-66. [CrossRef]

Zeng, H.; Fu, X,; Cai, J.; Sun, C,; Yu, M,; Peng, Y,; Zhuang, J.; Chen, J.; Chen, H.; Yu, Q.; et al. Neutrophil Extracellular Traps may
be a Potential Target for Treating Early Brain Injury in Subarachnoid Hemorrhage. Transl. Stroke Res. 2022, 13, 112-131. [CrossRef]
Rosales, C. Neutrophils at the crossroads of innate and adaptive immunity. J. Leukoc. Biol. 2020, 108, 377-396. [CrossRef]
[PubMed]

Wang, Z.; Kawabori, M.; Houkin, K. FTY720 (Fingolimod) Ameliorates Brain Injury through Multiple Mechanisms and is a Strong
Candidate for Stroke Treatment. Curr. Med. Chem. 2020, 27, 2979-2993. [CrossRef] [PubMed]

Jiang, C.; Wang, Y.; Hu, Q.; Shou, J.; Zhu, L.; Tian, N.; Sun, L.; Luo, H.; Zuo, F,; Li, F; et al. Immune changes in peripheral blood
and hematoma of patients with intracerebral hemorrhage. FASEB J. 2020, 34, 2774-2791. [CrossRef] [PubMed]

Fernando, S.M.; Qureshi, D.; Talarico, R.; Tanuseputro, P.; Dowlatshahi, D.; Sood, M.M.; Smith, E.E.; Hill, M.D.; McCredie, V.A,;
Scales, D.C,; et al. Intracerebral Hemorrhage Incidence, Mortality, and Association with Oral Anticoagulation Use: A Population
Study. Stroke 2021, 52, 1673-1681. [CrossRef] [PubMed]

Yang, Q.; Zeng, X,; Tang, L.; Liu, X,; Xia, K.; Gao, F.; Huang, X.; Li, N.; Fan, D. Association of APOE genotype with CT markers of
cerebral amyloid angiopathy in spontaneous intracerebral haemorrhage. Stroke Vasc. Neurol. 2024, 1-9. [CrossRef]

Foschi, M.; Ornello, R.; De Santis, F.; Gabriele, F.; Romoli, M.; Conversi, F,; De Santis, F.; Orlandi, B.; Sacco, S. Incidence and
prognosis of first-ever intracerebral hemorrhage on antiplatelet therapy over 10 years in a population-based stroke registry. Sci.
Rep. 2024, 14, 29664. [CrossRef]

Wang, Y.C.; Wang, PF,; Fang, H.; Chen, J.; Xiong, X.Y,; Yang, Q.W. Toll-like receptor 4 antagonist attenuates intracerebral
hemorrhage-induced brain injury. Stroke 2013, 44, 2545-2552. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.addr.2023.114822
https://doi.org/10.3390/ijms23084153
https://doi.org/10.6515/ACS.202309_39(5).20230531A
https://doi.org/10.1016/j.bbr.2024.115198
https://doi.org/10.1177/0271678X20925667
https://doi.org/10.1007/s12975-021-00909-1
https://doi.org/10.1002/JLB.4MIR0220-574RR
https://www.ncbi.nlm.nih.gov/pubmed/32202340
https://doi.org/10.2174/0929867326666190308133732
https://www.ncbi.nlm.nih.gov/pubmed/31785606
https://doi.org/10.1096/fj.201902478R
https://www.ncbi.nlm.nih.gov/pubmed/31912591
https://doi.org/10.1161/STROKEAHA.120.032550
https://www.ncbi.nlm.nih.gov/pubmed/33685222
https://doi.org/10.1136/svn-2024-003477
https://doi.org/10.1038/s41598-024-81526-4
https://doi.org/10.1161/STROKEAHA.113.001038

	Introduction 
	Inflammatory Response to Intracerebral Hemorrhage (ICH) 
	Immune Cells in ICH 
	Local Immune Cells 
	Microglia 
	Astrocytes 

	Systemic Immune Cells 
	Innate Immune Cells 
	Adaptive Immune Cells 


	Crosstalk Between Different Immune Cells Implicated in ICH 
	Role of Microglia/Macrophages as an Immunotherapeutic Target in ICH 
	Strategies to Overcome Off-Target Effects and Improve On-Target Delivery 
	Discussion 
	References

