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Neuroinflammation and acute
Ischemic stroke: impact on
translational research and
clinical care

Simon Levinson'™, Benjamin Pulli’ and Jeremy J. Heit®

!Department of Neurosurgery, School of Medicine, Stanford University, Stanford, CA, United States,
?Department of Radiology, School of Medicine, Stanford University, Stanford, CA, United States

Background: Stroke, encompassing both ischemic and hemorrhagic subtypes, is
a leading cause of mortality and disability globally and current treatments remain
limited. Neuroinflammation plays a crucial role in the pathophysiology of stroke,
influencing both acute injury and long-term recovery.

Objective: This review aims to provide a comprehensive overview of
neuroinflammation in stroke, detailing the mechanisms, clinical implications,
and potential therapeutic strategies.

Methods: A detailed literature review was conducted, focusing on recent
advancements in understanding the neuroinflammatory processes in stroke,
including the roles of thromboinflammation, blood-brain barrier (BBB)
disruption, and the immune response.

Results: The initial ischemic insult triggers an inflammatory cascade involving
both innate and adaptive immune responses. BBB disruption allows
peripheral immune cells and neurotoxic substances to infiltrate the brain,
exacerbating neuronal damage and increasing the risk of infections such as
pneumonia and urinary tract infections. Thromboinflammation, characterized
by platelet activation and immune cell interactions, further complicates the
ischemic environment. Proteomic studies have identified key biomarkers that
offer insights into neuroinflammatory mechanisms and potential therapeutic
targets. Advances in imaging techniques, such as PET and MRI, enable
real-time monitoring of neuroinflammation, facilitating personalized
treatment approaches.

Conclusion: Neuroinflammation significantly impacts stroke outcomes,
presenting both challenges and opportunities for treatment. Current
immunologic therapeutic strategies are limited. Future research should aim to
further elucidate the complex immune interactions in stroke, refine imaging
biomarkers for clinical use, and develop effective interventions to
mitigate neuroinflammation.
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Introduction

Stroke is a major cause of mortality and disability within the United States,
presenting as either ischemic or hemorrhagic subtypes. Ischemic strokes constitute
approximately 85% of cases and primarily result from occlusions in cerebral blood
flow, while the remaining 15% are hemorrhagic due to arterial ruptures (1-3). Both
types of strokes pose significant public health challenges, contributing to substantial
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morbidity and mortality nationwide. Annually, approximately
795,000 individuals in the United States experience a stroke,
with 610,000 being first-time events (1, 4, 5). The mortality rate
is approximately 25% for ischemic strokes and nearly 50% for
hemorrhagic strokes (1, 2). The incidence of ischemic stroke
correlates positively with advancing age, though it poses a risk
at all stages of life (2, 3, 6). Economically, stroke imposes a
substantial burden, with combined direct and indirect costs
surpassing $46 billion annually in the United States. These costs
encompass healthcare services, pharmacological treatments, and
loss of productivity (7, 8).

Significant advancements have been made in the acute
management of stroke in recent years. These include expanding
the therapeutic window for intravenous tissue plasminogen
activator (tPA) or Tenecteplase (TNK), developing new imaging
techniques such as perfusion imaging to better identify
salvageable brain tissue, and the widespread use of endovascular
mechanical thrombectomy (EVT) up to 24 h from stroke onset
(9-12). Despite the effectiveness of these treatments, a large
subset of patients fail to benefit from these therapies or do not
access care within the therapeutic window for intravenous
thrombolysis or EVT (13). Therefore, there is an urgent need to
investigate novel treatments for stroke.

In ischemic stroke, an obstruction in a cerebral vessel leads to
oxygen deprivation of the brain tissue supplied by
the thrombosed vessel, resulting in a multi-phased death of
cells of the

mechanisms of cell death occur, including free radical damage,

compromised neurovascular unit. Several

oxidative  stress, neuronal excitotoxicity, —mitochondrial
senescence, and a disordered acute and chronic inflammatory
response. While the primary insult from the initial ischemic
event causes a certain amount of irreversible damage, the post-
stroke neuroinflammatory response, which leads to further
neuronal cell loss over an extended period, presents a clear
therapeutic target to improve outcomes and reduce morbidity
from stroke.

In this review, we describe the current state of our
understanding of neuroinflammation and its relationship to
cerebral ischemia. First, we outline the organization of the
immune system in the brain and its response to stroke. Next,
we discuss the involvement of different components of the
acute and adaptive immune response in thromboinflammation.
We then describe several neuroimaging techniques that can
provide a real-time, individualized picture of the immune
response in a clinical setting and its implications. Finally, we
research, and

review ongoing clinical trials, translational

possible future directions for the field.

_Neuroinflammation in acute cerebral
ischemia

This section provides a broad overview of the main cell types
and timelines of the neuroinflammatory response after an
ischemic stroke. Each of these in turn is then discussed further
in their respective sections.
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Immune system'’s role in neuroinflammation

Following an ischemic stroke, the immune system is critically
involved in the neuroinflammatory response. The initial damage
from the stroke releases DAMPs (damage-associated molecular
patterns), which activate various components of the innate immune
system, such as neutrophils, macrophages, and microglia (14, 15).
This activation triggers the complement system and toll-like
receptors, intensifying the inflammatory response. Concurrently,
the adaptive immune system is engaged, involving different
lymphocyte populations including T cells, B cells, and regulatory
T cells, as well as antigen-specific responses (14, 16, 17). This
immune activation can compromise the integrity of the blood-
brain barrier (BBB), allowing immune cells and inflammatory
molecules to enter the brain, further exacerbating inflammation
and stroke injury (14, 18). Importantly, this response presents a
wide array of possible therapeutic targets since it involves many
signaling pathways over a timescale of days to weeks.

Overview of neuroinflammation post-stroke

The inflammatory response following a stroke evolves over
time, transitioning from an acute phase to a chronic phase.
Acute neuroinflammation serves as an initial defense mechanism,
with microglial cells, the brain’s resident immune cells, clearing
out dead cells and debris (19, 20). In intracerebral hemorrhage
(ICH), macrophages clear red blood cells, aiding in hematoma
resolution, while in ischemic stroke, microglia and macrophages
might contribute to ferroptosis, a type of non programed cell
death associated with iron and lipid peroxidation (21, 22).
Targeting ferroptosis is a promising therapeutic strategy, though
the mechanisms are still under investigation (23-25).

Two types of edema characterize the acute and chronic phases
of post stroke neuroinflammation. Cytotoxic edema occurs rapidly
after an ischemic stroke within minutes to hours and is caused by
loss of ATP due to reduced blood flow and glucose supply. This
leads to Na+/K+ pump failure and thus cellular swelling.
Cytotoxic edema peaks 3-4 days post injury (26, 27). Vasogenic
edema is characterized by BBB breakdown that allows water and
plasma proteins to leak into the interstitial compartment. This
occurs via a transcellular route and a paracellular route through
tight junction disruption. Vasogenic edema can begin as early as
6 h after a stroke and peaks 6-7 days. Since vasogenic edema
causes direct tissue swelling, it is the primary driver of post
stroke elevations of intracranial pressure and subsequent
neurologic decline. Severe cerebral edema of either variety (but
more commonly vasogenic) can increase mortality rates up to
80% (26, 27).

Acute thromboinflammatory response

Immediately following an ischemic event, a complex

thromboinflammatory ~cascade is initiated, involving both

thrombotic and inflammatory pathways (28, 29). Neutrophils,
macrophages, and T and B cells act as key thromboinflammatory
mediators, modulating the

neuroinflammatory ~ response.
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Neutrophils, attracted by chemokines and signaling molecules from
the damaged endothelium, exacerbate damage through the release of
neutrophil extracellular traps (NETSs), reactive oxygen species (ROS),
and proteases and arrive at the site of ischemia within minutes to
hours (29, 30). They also exacerbate clot formation and
inflammation by providing a scaffold for platelet adhesion and
activation. Neutrophil-derived proteases and ROS further damage
the BBB, allowing more immune cells to infiltrate the brain and
perpetuate the cycle of inflammation and thrombosis (31, 32).

Within 24-48 h, monocytes are recruited to the ischemic brain
and differentiate into macrophages, which can adopt pro-
inflammatory (M1) or anti-inflammatory (M2) phenotypes (33).
M1 macrophages produce pro-inflammatory cytokines and
contribute to tissue damage, while M2 macrophages aid in tissue
repair and resolution of inflammation. The balance between
these phenotypes is dynamic and influenced by the local
microenvironment and signaling cues.

After 2-3 days, the adaptive immune response predominates.
T cells, particularly CD4+ and CD8+ subsets, infiltrate the brain
and exacerbate inflammation through direct cytotoxicity and
cytokine release (34-36). Regulatory T cells (Tregs) can mitigate
these effects by suppressing excessive immune responses and
promoting tissue repair. T cells have been shown to persist in the
injured brain tissue up to 28 days (37). B cells, although less
studied, may contribute to stroke pathology by producing
antibodies that enhance inflammation or by modulating T cell
responses (38, 39).

The interplay between these immune cells and the thrombotic
processes underscores the complexity of neuroinflammation in
stroke. Therapeutic strategies that modulate these immune
responses, such as targeting specific chemokines or cytokines,
hold promise for reducing tissue damage and improving recovery.

Innate CNS immune response: microglial
activation

Microglial activation occurs swiftly post-stroke. Initially, acute
inflammation can be neuroprotective, enhancing immune signaling
and cytokine expression like IL-1, which helps in brain repair
processes (40, 41). IL-4 also plays a role in recovery and axonal
regrowth. However, as acute inflammation progresses, it can also
involve pro-inflammatory cytokines like TNF-o, IL-6, and IL-1,
produced by activated microglia and neurons (40). The pro-
inflammatory (M1) microglia subtype tends to dominate in this
phase over the anti-inflammatory (M2) phenotype (40, 42, 43).

Chronic neuroinflammation

Chronic neuroinflammation has been shown to worsen stroke
outcomes (44, 45). Prolonged BBB disruption allows continuous
infiltration of immune cells and serum proteins into the brain
tissue, which leads to sustained inflammation, increased intracranial
pressure, and further cell death (44, 46). Multiple mechanisms
contribute to the ongoing inflammatory response, which has been
initial
Dysfunctional activation of microglia and astrocytes, which also

shown to exacerbate the stroke damage (45, 47).
respond to brain injury, contributes to this chronic inflammation.

Recent studies have suggested that there may also be a significant
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involvement of the peripheral immune system at this stage as well
including a prolonged autoimmune response against neuronal
antigens, perpetuating long-term neuroinflammation (48).

Systemic immunodepression

Just as important as the local CNS inflammatory response, is
the systemic immunodepression that occurs (49, 50). Critically ill
stroke patients often develop respiratory or genitourinary
infections which significantly contribute to the in-hospital
morbidity and mortality due to systemic lymphopenia and
dysfunctional innate immune cells (49). These infections may
also increase the chance of developing a chronic maladaptive
inflammatory state which has been linked to poorer long term

neurologic outcomes (49-51).

Thromboinflammation

Thromboinflammation is a pivotal mechanism contributing to
the pathophysiology of ischemic stroke and involves both the
inflammatory and thrombotic pathway. Research has focused on
this pathway as it involves many specific and well-studied
molecules and signaling cascades, which could serve as
therapeutic targets. There are three general components of this
system. First the initial platelet-based thrombus, second the pro-
coagulopathic and pro-inflammatory contact-kinin system, and

third the delayed adaptive immune response (Figure 1).

Platelet activation and stroke

Current research underscores the importance of platelet adhesion
and early activation in mediating thromboinflammatory damage post-
stroke, primarily through interactions involving glycoprotein (GP) VI
and integrin o,pB; with collagen, and GPIbo. with von Willebrand
factor (VWF) (31, 52). These interactions facilitate platelet adhesion,
activation, and aggregation, crucial for thrombus formation.
Notably, VWF’s role in stroke is evidenced by studies showing that
VWE deficiency leads to reduced ischemic damage and improved
outcomes (53-55). Therapeutic approaches targeting the VWE-
GPIba axis, such as anti-VWF nanobodies and GPIbo antagonists,
show promise in experimental models by reducing both thrombosis
and inflammation without increasing bleeding risks (28, 56-58).
However, these interventions have not been performed in humans yet.

Platelet activation begins with endothelial damage, which
exposes subendothelial collagen and VWE. This exposure results
in platelet tethering via the GPIb-V-IX complex. Subsequent firm
adhesion is mediated by integrins, notably o,f; binding to
collagen and oll,B; binding to fibrinogen (59). This interaction
triggers platelet activation, characterized by shape change,
degranulation, and the release of secondary mediators such as
ADP and thromboxane A2, which amplify the activation process
(60). Activated platelets aggregate to form a thrombus, stabilizing
the initial hemostatic plug.

Activated platelets also release polyphosphates, which further
activate the intrinsic coagulation pathway through EXII, which
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FIGURE 1

Thromboinflammation and the neurovascular unit. Schematic representation of neurovascular unit and thromboinflammation after stroke. Upper left:
the neurovascular unit is comprised of the vascular endothelium, pericyte and foot processes of astrocytes. There are also associated neuronal
processes and resident microglia and macrophages. Upper right: Zoomed in view on a tight junction between endothelial cells which has several
subtypes. On the left shows is a tight junction where Occludin, Claudin and JAM proteins adhere to one another across the cell membrane and
attach to the actin cytoskeleton. Bottom pane: an activated platelet thrombus triggers an immunologic cascade. Neutrophils respond initially with
their binding stabilized by ICAM-1 and associates with Factor Vlla which catalyzes the formation of fibrin from fibrinogen. The fibrin fragments
triggers further neutrophil activation and CD40/L T cells are recruited. ADAM10 and activated platelets release CD84 and the T cell migrates
through the blood brain barrier. In the brain parenchyma, the T cells release cytokines, activating proteases and microglia (many of which may
already be responding to the death of neurons from hypoxia) to release oxygen free radicles which damage neurons. The resulting Damage
Associated Molecular Patterns (DAMPs) further activate more microglial leading to a maladaptive immune response. Created with BioRender.com.
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leads to thrombin generation and fibrin formation (61). Beyond
their hemostatic function, platelets release pro-inflammatory
cytokines and chemokines, such as IL-13 and CD40l, which
recruit and activate leukocytes, thereby linking thrombosis with
inflammation (62, 63). Additionally, when activated to the
inflammatory phenotype, platelets impair normal microvascular
function, cause breakdown of microvascular barriers and can
affect the extravasation of immune cells through gap junctions
(29, 64, 65). These multifaceted roles of platelets highlight their
central position in thromboinflammation, making them a prime
target for therapeutic intervention.

Kallikrein-kinin pathway

The kallikrein or contact-kinin pathway is, initiated by factor
XII (FXII) activation,
thromboinflammation by promoting both coagulation and

and it significantly contributes to
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inflammation (66, 67). This complex of serine proteases both
triggers thrombus formation and helps regulate the subsequent
local response via kinin mediated signaling cascade. FXII
activation leads to a cascade involving plasma kallikrein and
bradykinin release, which exacerbates BBB permeability and
inflammation, worsening the risk of subsequent hemorrhage
(68, 69). Inhibition of this pathway, either genetically or
pharmacologically, has been shown to reduce stroke severity in
animal MCA occlusion mouse models, highlighting its potential
as a therapeutic target. For instance, blocking plasma kallikrein
or bradykinin receptors mitigates BBB disruption, inflammation,
and thrombus formation, which suggests these interventions may
provide neuroprotective effects without impairing hemostasis.
Upon vascular injury, FXII binds to exposed endothelial surfaces
and becomes activated to FXIIa. This initiates the kallikrein-kinin
system (KKS), where FXIla converts plasma prekallikrein to
kallikrein. Kallikrein then cleaves high-molecular-weight kininogen
(HMWK) to release bradykinin, a potent vasodilator and
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inflammatory mediator. Bradykinin binds to its receptors, B1 and
B2, on endothelial cells, which increases vascular permeability and
promotes the recruitment of immune cells.

This pathway also interacts with the complement system,
which is another critical component of the inflammatory
response. FXIla can activate the complement cascade, which
leads to the production of anaphylatoxins such as C3a and C5a
that further recruit and activate leukocytes. This crosstalk
between the coagulation and complement systems amplifies the
inflammatory response and contributes to tissue damage and
edema in the ischemic brain.

Therapeutic interventions targeting the kallikrein-kinin system
(KKS), FXII kallikrein
bradykinin receptor antagonists, have demonstrated substantial

such as inhibitors, inhibitors, and
promise in preclinical MCA occlusion mouse models. For
instance, FXII inhibitors like garadacimab have been shown to
reduce thrombus formation and limit inflammation, resulting in
Kallikrein

lanadelumab, effectively block the conversion of prekallikrein to

decreased infarct  sizes. inhibitors, such as
kallikrein, thereby diminishing the production of bradykinin and

subsequent inflammatory responses. Bradykinin receptor
antagonists, including icatibant, prevent bradykinin from binding
to its receptors B1 and B2, which helps to stabilize the BBB and
reduce cerebral edema. A phase 1 clinical trial ReMEDyl
(NCT03290560), testing DM199 a recombinant form of human
tissue kallikrein-1 (KLK1) showed promising initial results in
reducing the rate of secondary strokes. A follow up phase 2/3
trial ReMEDy2 (NCT05065216) is ongoing, though it was paused
for nearly 2 years due to reports of three adverse events
regarding hypotension on drug administration (70-72).

These treatments collectively reduce inflammation and stabilize
the BBB, which lead to smaller infarct sizes and better overall
outcomes in animal models. Importantly, these therapeutic agents
have not been associated with a significant increase in bleeding risk,
and they are attractive candidates for further clinical development.
Their efficacy in managing thromboinflammatory processes in
ischemic stroke presents a promising avenue for improving patient

care and reducing the long-term impacts of stroke.

Adaptive immune system

The adaptive immune system, particularly T cells, plays a critical
Studies
demonstrated that T cell infiltration into the ischemic brain

role in stroke-induced thromboinflammation. have
exacerbates neuronal damage through interactions with platelets and
endothelial cells (35). Regulatory T cells (Tregs) and other subsets of
T cells modulate this inflammatory response, with evidence
suggesting that their absence can either worsen or ameliorate stroke
outcomes depending on the context (73, 74). Current research is
exploring the modulation of T cell activity as a therapeutic strategy,
with promising results from interventions targeting T cell adhesion
molecules and cytokine signaling pathways (75).

After a stroke, the damaged BBB allows immune cells to
infiltrate the brain parenchyma (76). CD4+ and CD8+ T cells,

which are normally involved in immune surveillance, become
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pathogenic in the context of ischemic injury. CD4+ T cells
contribute to inflammation by releasing pro-inflammatory
cytokines such as IFN-y and TNF-o, which exacerbate neuronal
damage and promote further immune cell recruitment (77). CD8
+ T cells, on the other hand, directly kill neurons through
perforin and granzyme B, compounds typically used to eliminate
virus-infected cells (45, 77).

Regulatory T cells (Tregs) play a dual role in stroke. In the acute
phase, Tregs can limit excessive inflammation and tissue damage
through the release of anti-inflammatory cytokines like IL-10 and
TGF-B (78). However, in some contexts, Tregs may also inhibit
beneficial immune responses necessary for tissue repair and
clearance of dead cells (79). The timing and context of Treg activity
are therefore critical in determining their overall impact on
stroke outcomes.

The role of B cells in stroke-related thromboinflammation has
been less extensively studied compared to T cells, but emerging
evidence suggests they play important roles. Recent research
indicates that B cells may have both protective and pathogenic roles
in stroke. Regulatory B cells producing IL-10 have been shown to
limit CNS inflammation and reduce infarct volume in experimental
stroke models (80). However, B cells can also contribute to
thromboinflammation by producing autoantibodies against brain
antigens exposed after BBB disruption (81). The net effect of B cells
likely depends on the specific subsets involved and the timing
relative to stroke onset. More research is needed to fully elucidate
the diverse functions of B cells in stroke pathophysiology.

Therapies aimed at modulating T cell responses include
monoclonal antibodies targeting adhesion molecules (such as
ICAM-1 and VCAM-1) that facilitate T cell entry into the brain,
as well as cytokine inhibitors that block the action of pro-
inflammatory cytokines (82). Early clinical trials with these
approaches have shown potential in reducing inflammation and
improving neurological outcomes, although more research is
needed to refine these strategies (83-85).

Thromboinflammation post reperfusion
therapy

Thromboinflammation post-reperfusion in ischemic stroke
involves complex interactions between cellular and humoral
immune mediators. Reperfusion triggers an influx of neutrophils,
monocytes/macrophages, and T cells, which peak at different
time points and contribute to both protective and damaging
effects (86,
thromboinflammation due to the presence of the BBB and

87). This process in the CNS differs from peripheral

resident microglia (88). The repercussions of reperfusion on a
leaky BBB include increased permeability to both small and large
molecules, facilitating the entry of inflammatory mediators and
potentially exacerbating tissue damage.

The von Willebrand factor (VWF) Al domain plays a crucial
role in mediating the inflammatory response during cerebral
ischemia/reperfusion by recruiting inflammatory monocytes,
and T (56). This
contributes to the thromboinflammatory cascade, which involves

neutrophils, cells recruitment process
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highly interconnected thrombotic

signatures. The central-peripheral immune communication after

and neuroinflammatory

ischemic stroke is facilitated by various mechanisms, including
the release of damage-associated molecular patterns (DAMPs)
into the periphery and the transmission of inflammatory signals
from the brain to the spleen via the sympathetic nervous system
and hypothalamic-pituitary-adrenal axis (89, 90).

BBB disruption, a major hallmark of stroke, is initiated by
with
hypoperfusion. This breakdown occurs partially through the

ischemia and continues to deteriorate sustained
overexpression of matrix metalloproteinases (MMPs), which can
degrade the endothelial glycocalyx, a known mechanotransducer
(8). The sustained increase in BBB permeability is likely due to a
which,

consequences such as brain edema, contributes to longer-term

neuroinflammatory response, combined with other

permanent loss of neurological function (91).

Clinical implications and future directions

Antiplatelet agents such as clopidogrel or ticagrelor are
already in widespread clinical use and target this pathway
(92, 93). Other
example, GPVI antagonists are being tested for their efficacy

agents remain under investigation. For
in reducing stroke severity and improving outcomes (94).
Additionally, the potential repurposing of drugs used in other
inflammatory conditions, such as multiple sclerosis, for stroke
treatment is being investigated (95, 96). Overall, understanding
the intricate interplay between thrombosis and inflammation in
stroke is paving the way for novel therapeutic approaches that
could significantly enhance patient outcomes by addressing the
underlying thromboinflammatory mechanisms.

Kallikren-Kinin

promising approach. FXII inhibitors, such as garadacimab,

Targeting the pathway is another
have shown efficacy in reducing thrombus formation and
inflammation in animal models (97). A clinical trial of this
agent reduced the angioedema attacks in patients with
hereditary angioedema with dysfunction of factor XII (98,
99). This would be an interesting agent to test in the
stroke population. Similarly, bradykinin receptor antagonists,
such as icatibant, have demonstrated protective effects by
reducing BBB permeability and edema (100).

Anti-inflammatory strategies are also being explored, including
the use of Toll-like receptor 4 (TLR4) antagonists and interleukin-
1B (IL-1B) inhibitors (47, 101). Early clinical trials have shown
promising results, with agents like ApTOLL and Canakinumab
demonstrating potential in reducing inflammation and improving
recovery (102, 103). Fingolimod, a sphingosine-1-phosphate
receptor modulator used in multiple sclerosis, has also shown
potential in reducing infarct size and improving outcomes in
stroke patients (95, 96, 104).

The complex interplay between thrombotic and inflammatory
processes in stroke highlights the need for multifaceted
therapeutic approaches, but also offers promise because of the
many potential therapeutic targets. Combination therapies that
target both thrombosis and inflammation may offer the best
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outcomes. Ongoing research and clinical trials will be critical in
identifying the most effective strategies and translating these
findings into clinical practice.

Secondary cell death in stroke

Secondary cell death following ischemic stroke significantly
contributes to the overall damage and neurological deficits
experienced by patients. This process is not only driven by the
initial ischemic insult but is also profoundly influenced by the
body’s immune response, particularly the adaptive immune system.

Mechanisms of secondary cell death

Ischemic stroke disrupts the BBB and triggers a robust
inflammatory response. The primary ischemic injury sets off a chain
reaction involving excitotoxicity, oxidative stress, and the release of
damage-associated molecular patterns (DAMPs), which further
exacerbate the injury (Figure 2). Excessive release of glutamate leads
to overactivation of NMDA receptors, which in turn results in
calcium overload and neuronal injury. Reactive oxygen species (ROS)
generated during ischemia/reperfusion damage cellular components,
leading to lipid peroxidation, protein oxidation, and DNA damage.
The ischemic insult elevates levels of DAMPs, activating microglia
and astrocytes and attracting peripheral immune cells to the injury
site (105). This immune response, while initially protective, often
becomes dysregulated, leading to further neuronal damage.

Acute immune response

Neutrophils are among the first peripheral immune cells to
infiltrate the ischemic brain, which typically peaks within the first 3
days post-stroke. These cells exacerbate tissue damage through the
release of proteolytic enzymes, ROS, and pro-inflammatory cytokines
(106). Elevated levels of matrix metalloproteinases (MMPs),
particularly MMP-9, are associated with BBB breakdown and
hemorrhagic transformation (107). Neutrophil depletion or
inhibition of MMP activity has been shown to reduce BBB
permeability and infarct size, which suggests that neutrophil
inhibition may be an attractive therapy for acuter ischemic stroke
(108). Interestingly, in animal models there is evidence that
neutrophils from the bone marrow of the skull can utilize
microvascular channels to migrate to the neuroinflammatory site,
potentially indicating that there may be a role for blockading this
local bone marrow effect (109).

Monocytes are recruited to the ischemic brain shortly after
neutrophils, where they differentiate into macrophages. These
cells play a dual role in stroke pathology. In the early stages,
macrophages contribute to inflammation and tissue damage by
producing pro-inflammatory cytokines such as TNF-o and IL-1P
(90). However, during the later stages, macrophages can adopt an

anti-inflammatory phenotype, promoting tissue repair and
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Timeline of Neuroinflammation Post Stroke
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FIGURE 2

Timeline of neuroinflammatory response with selected inflammatory cells and events shown. Created with BioRender.com.

remodeling by secreting growth factors and anti-inflammatory
cytokines like IL-10 (90, 110).

The role of microglia in secondary cell
death

Microglia, the resident immune cells of the central
nervous system (CNS), play a crucial role in the immediate
and long-term response to ischemic stroke. Following the
ischemic insult, microglia are rapidly activated, migrating to
the site
clearance

of injury. This activation is essential for debris
and initial neuroprotection; however, prolonged or
excessive activation can lead to exacerbated neuroinflammation
and secondary cell death (20, 111).

Microglia exhibit a range of phenotypes post-stroke, including
(M1) and anti-inflammatory (M2)

subtypes (112). This categorization has fallen out of favor as it

both proinflammatory

does not capture the complex range of responses, however it is
still a useful structural framework to conceptualize the response.
The M1 phenotype is typically associated with the production
of pro-inflammatory cytokines, such as TNF-a, IL-1B, and IL-6,
and is linked to neurotoxicity and the perpetuation of
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inflammation (113, 114). On the other hand, the M2 phenotype
is associated with the release of anti-inflammatory cytokines,
such as IL-10 and TGF-B, and is involved in tissue repair and
neuroprotection (114).

The differentiation between these subtypes is influenced
by various signals in the microenvironment (115). For
example, interferon-gamma (IFN-y) and lipopolysaccharide
(LPS) can drive microglia towards the M1 phenotype, while
IL-4 and IL-13 promote the M2 phenotype (20, 114). Single
cell RNA studies have indicated that there can be many
microglial cell subsets within an area of ischemia neural
tissue (111, 113, 116, 117).

The interplay between microglia and adaptive immune
cells is critical in determining the extent of secondary cell
death, and this relationship is poorly understood in stroke
patients. For instance, microglia can present antigens to
T cells, influencing their activation and differentiation (111,
114). This interaction can either amplify the inflammatory
response or contribute to its resolution, depending on the
context and the signals involved.

This plasticity of microglial responses underscores their
potential as therapeutic targets in managing neuroinflammation
and secondary cell death post-stroke.
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Local adaptive immune system and
secondary cell death

The adaptive immune system also plays a critical role in the
progression of secondary cell death following stroke. The
activation of the adaptive immune response involves T cells,
B cells, and regulatory T cells (Tregs), each contributing to the
inflammatory milieu post-stroke (86, 87, 118). CD4+ and CD8+
T cells infiltrate the CNS following BBB disruption. CD4+ T cells
can differentiate into various subsets, including Thl and
Th17 cells, which produce pro-inflammatory cytokines that
exacerbate neuroinflammation and tissue damage (35). CD8+
T cells can directly induce neuronal apoptosis through cytotoxic
mechanisms. Regulatory T cells (Tregs), on the other hand, have
a neuroprotective role by secreting anti-inflammatory cytokines
such as IL-10 and TGF-B, which can suppress the activation of
harmful immune responses and promote tissue repair (34, 119).

B cells and the antibodies they produce may also contribute to
post-stroke inflammation, though evidence suggest they are less
important than T cells (38, 120). Autoantibodies targeting CNS
antigens can exacerbate neuronal damage and inflammation.
However, B cells can also have regulatory roles, producing IL-10
and other factors that help modulate the immune response and
promote resolution of inflammation (38).

Chronic neuroinflammation and its impact

Chronic inflammation following stroke leads to sustained
injury and impaired recovery. Persistent activation of microglia
and astrocytes, along with continuous recruitment of peripheral
immune cells, creates a hostile environment for neuronal survival
and regeneration (48). The prolonged inflammatory response
damages the BBB and allows further infiltration of immune cells
and perpetuates a cycle of injury. Chronic inflammation is
associated with ongoing neuronal loss and white matter damage,
which contributes to cognitive decline and functional deficits
(121, 122).
characterized by progressive neuronal death and gliosis in regions

Secondary neurodegeneration following stroke is

connected to the primary lesion site, such as the thalamus,
hippocampus, and corpus callosum (123). Biomarkers such as
neurofilament light chain (Nf-L), tau protein, and S100b reflect
the extent of brain injury and are associated with secondary
neurodegeneration and correlate with worse functional outcomes
post stroke (124, 125).

Interactions between immune cells in
stroke-related neuroinflammation

It is essential to highlight how the complex interplay between
different immune cell types plays a crucial role in shaping the
neuroinflammatory response after ischemic stroke. While more
challenging to study than single cell type effects, this network of
interactions better represents the physiologic environment and
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involves both resident and infiltrating immune cells, each
contributing to the progression and resolution of inflammation
in unique ways.

Microglia-T cell interactions

Microglia, the brain’s resident immune cells, interact closely
with infiltrating T cells to modulate the inflammatory response.
After stroke, activated microglia can present antigens to T cells,
influencing their differentiation and function (43). T cell subsets,
in turn, have at least three distinct effects on microglial
activation: (1) Thl cells promote a pro-inflammatory microglial
phenotype by secreting IFN-y, which induces the expression of
pro-inflammatory cytokines like TNF-a and IL-1B (43, 126). (2)
Regulatory T cells (Tregs) encourage an anti-inflammatory
microglial phenotype by producing IL-10 and TGF-B, which can
suppress excessive inflammation and promote tissue repair (126,
127). (3) A recent study demonstrated that early microglial
activation in response to stroke is differentially regulated by
T cell subpopulations, with Thl cells inducing type I interferon
signaling in microglia and Tregs promoting microglial genes
associated with chemotaxis (126).

Astrocyte-immune cell crosstalk

Astrocytes, another key glial cell type, engage in bidirectional
communication with various immune cells though several
mechanisms. First, activated astrocytes can produce chemokines
that attract T cells, neutrophils, and monocytes to the site of
injury (128). Second, CD8+ T cells and NK cells have been
observed to co-localize with astrocytes in peri-infarct regions
24 h after stroke, suggesting direct cellular interactions (129).
Lastly, astrocyte interactions with Tregs have been reported to
limit CNS inflammation, highlighting the complex role of these
glial cells in modulating the immune response (130).

Neutrophil-endothelial cell interactions

As discussed, neutrophils are among the first peripheral
immune cells to respond to stroke. Within hours of stroke onset,
neutrophils interact with activated endothelial cells through
adhesion molecules like ICAM-1, P-selectin, and E-selectin. This
interaction leads to neutrophil infiltration into the brain
parenchyma, where they release inflammatory mediators and
contribute to BBB breakdown (48, 131).

B cell interactions with the thromboinflammatory
cascade

While less studied than T cells, B cells also play a role in the
neuroinflammatory response to stroke. Regulatory B cells
producing IL-10 have been shown to limit CNS inflammation
and reduce infarct volume in experimental stroke models.
However, B cells can also contribute to thromboinflammation by
producing autoantibodies against brain antigens exposed after
BBB disruption (127).

Overall, the intricate network of interactions between various
immune cell types in stroke-related neuroinflammation involves a
delicate balance of pro-inflammatory and anti-inflammatory

signals. Understanding these interactions is crucial for developing
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targeted immunomodulatory therapies for stroke. Future research
should focus on elucidating the temporal dynamics of these
interactions and identifying key molecular mediators that could
serve as therapeutic targets.

Potential therapeutic interventions

Given the significant role of the adaptive immune system in
secondary cell death, targeting these immune responses presents
a  promising

therapeutic ~ strategy. Modulating microglial

activation, promoting Treg function, and inhibiting pro-
inflammatory T cell responses are potential approaches to reduce
secondary damage and improve outcomes following stroke.
Pharmacological agents that can skew microglia towards a
neuroprotective phenotype, such as minocycline or laquinimod,
133).

Additionally, therapies aimed at enhancing Treg function, such

show promise in reducing neuroinflammation (132,

as low-dose IL-2 or Treg adoptive transfer, could provide
neuroprotection by modulating the adaptive immune response
(134, 135). The use of stem cell therapy has also been explored
to modulate the immune response and promote recovery.
Mesenchymal stem cells (MSCs), for example, can secrete factors
that promote the M2 phenotype in microglia and enhance Treg

10.3389/fsurg.2025.1501359

function, providing a multifaceted approach to reducing
inflammation and promoting tissue repair (136-138).

Secondary cell death in stroke is a complex process driven by
both the initial ischemic insult and the subsequent immune
response. The adaptive immune system, through its various
cellular components and interactions with microglia, plays a
pivotal role in this process. Understanding these mechanisms
provides valuable insights into potential therapeutic strategies
aimed at reducing secondary damage and promoting neurological
recovery following stroke. Further research and clinical trials are
necessary to translate these findings into effective treatments for

stroke patients.

Blood brain barrier and peripheral
neuroinflammation

The peripheral immune system plays a critical role in the
response to ischemic stroke, and it likely impacts both acute
injury and long-term recovery (Figure 3). Neuroinflammation,
characterized by the activation and infiltration of peripheral
immune cells, contributes to BBB disruption, neuronal injury,
and secondary brain damage. Understanding the mechanisms by

The initial
ischemic insult
results in CNS

The activated CNS immune activation ¢

immune response
drains via the
cervical lymph
nodes leading to
hypertrophy and
further lymphatic
activation at these
sites

Peripheral immune
sites produce &\
neutrophils, A
macrophages and
T cells that
migrate to the CNS

FIGURE 3

Ischemic stroke results in a complex peripheral immune response as well as paradoxically an increased risk of infection due to global
immunodepression. CNS immune cells and inflammatory signals drain to the cervical lymph nodes causing cervical lymphadenopathy and
subsequent increased hematopoiesis in the axial bone marrow. The spleen also serves as a ready store of macrophages that are rapidly mobilized
after stroke and can migrate to the site of injury. Created with BioRender.com.

Immunodepression
in the lungs and
GU system leaves
the patient more
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which peripheral immune cells influence stroke pathology is crucial
for developing targeted therapeutic strategies.

Blood-brain barrier disruption

The BBB is a highly selective structural and functional barrier
that regulates the exchange of substances between the blood and
the central nervous system (CNS). It is composed of endothelial
cells, pericytes, astrocytes, neurons, microglia, and perivascular
macrophages, collectively known as the neurovascular unit. This
unit maintains CNS homeostasis and protects the brain from
harmful substances and pathogens. However, ischemic stroke
induces significant BBB disruption, leading to increased
permeability and the infiltration of peripheral immune cells (45).

Three key processes combine to disrupt the BBB: oxidative
stress, Matrix Metalloproteinases (MMPs) and Inflammatory
Cytokines. Following ischemic stroke, excessive production of
reactive oxygen species (ROS) damages endothelial cells and
other components of the neurovascular unit (Figure 1). This
oxidative stress compromises the structural integrity of the BBB,
contributing to its breakdown. Antioxidant mechanisms are
impaired, further exacerbating BBB damage. MMPs, particularly
MMP-2 and MMP-9, are rapidly upregulated in response to
ischemic injury (139-142). These enzymes degrade extracellular
matrix components and tight junction proteins, leading to
increased BBB permeability. Elevated MMP activity is associated
with
highlighting the detrimental role of these proteases in BBB

vasogenic edema and hemorrhagic transformation,
disruption (141, 143).

Pro-inflammatory cytokines such as tumor necrosis factor-
alpha (TNF-a), interleukin-1 beta (IL-1B), and interleukin-6 (IL-
6) are released by activated microglia and infiltrating immune
cells (22, 142). These cytokines induce the expression of
adhesion molecules on endothelial cells, promoting leukocyte
adhesion and transmigration across the BBB. The resulting
infiltration of immune cells further amplifies inflammation and
BBB breakdown (144).

The integrity of the BBB is crucial for determining the extent of
brain damage and the clinical outcome of stroke patients. Imaging
techniques such as dynamic contrast-enhanced MRI and CT scans
are used to assess BBB permeability in vivo and are discussed
separately. Increased BBB permeability is associated with worse
neurological outcomes and a higher risk of hemorrhagic

transformation following thrombolytic therapy (145).

Angiogenesis and neuroinflammation

Additionally, in addition to BBB disruption, neuroinflammation
can both promote and inhibit angiogenesis after stroke, depending
on the timing and specific mediators involved. In the acute
phase, pro-inflammatory factors like TNF-o and IL-1B can
stimulate angiogenesis by upregulating VEGF expression (146).
However, chronic inflammation may impair angiogenesis and
vascular remodeling.

Immune cells play crucial roles in post-stroke angiogenesis. For
example, M2 polarized macrophages promote angiogenesis by
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secreting growth factors like VEGF and bFGF (147). T cells,
particularly Th2 and regulatory T cells, can also support
angiogenesis through the production of IL-4 and IL-10 (31).

Conversely, newly formed blood vessels influence the
neuroinflammatory response by facilitating the infiltration of
peripheral immune cells into the brain parenchyma. This creates
a feedback loop between angiogenesis and neuroinflammation
that shapes stroke recovery (148).

Spleen as a key peripheral immunologic site
in stroke

The spleen, a crucial lymphatic organ, mounts an immune
response post-stroke that worsens the pathology. It acts as a
repository for immune cells, deploying monocytes to the injury
site (90). Studies have shown that splenectomy (removal of the
spleen) prior to stroke significantly reduces cerebral infarction
and the presence of monocytes in the brain, highlighting the
spleen’s role in stroke-induced inflammation.

The spleen serves as a reservoir for immune cells, including
monocytes, which are rapidly deployed to sites of injury. After a
stroke, monocytes from the spleen migrate to the brain, where
they differentiate into macrophages and exacerbate inflammation.
Post-stroke, the spleen undergoes contraction, releasing stored
monocytes into the bloodstream which differentiate into
macrophages and dendritic cells. This rapid deployment of
immune cells to the brain can worsen the inflammatory response
and contribute to secondary cell death.

Research involving splenectomy in animal models has
demonstrated mixed results. Splenectomy prior to permanent
middle cerebral artery occlusion (MCAO) significantly decreases
cerebral infarction (149). However, in cases of transient MCAO,
splenectomy reduces monocyte infiltration in the brain but does
not significantly alter cerebral infarction, suggesting the
involvement of different monocyte subsets in stroke pathology (90).

The spleen contains heterogeneous populations of monocytes,
particularly the pro-inflammatory Ly6C" and anti-inflammatory
Ly6C'® subsets (150-153). Stroke induces the deployment of both
subsets from the spleen to the brain, where they contribute to
the inflammatory response. Ly6C™ monocytes express high levels
of the chemokine receptor CCR2 and are recruited to the injury
site by monocyte chemoattractant protein-1 (MCP-1) (150).
Their rapid deployment to the brain post-stroke exacerbates
inflammation. Ly6C'® monocytes are predominately —anti-
inflammatory monocytes express high levels of the receptor
CX3CRI and are recruited to normal tissues for tissue repair and
maintenance (154). Their deployment to the brain post-stroke is

more sustained and contributes to the resolution of inflammation.

Brain-spleen inflammatory coupling

The concept of brain-spleen inflammatory coupling highlights
the systemic nature of stroke-induced inflammation. Brain injury
triggers autonomic responses that lead to the release of
proinflammatory cytokines from splenic macrophages. This
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interaction exacerbates central inflammation and contributes to the
overall pathology of stroke (90, 149).

Intravenous administration of stem cells in stroke models has
shown that these cells preferentially migrate to the spleen and
reduce systemic inflammation (138, 155). This observation
suggests that targeting the spleen with stem cell therapy could be
an effective strategy to mitigate peripheral inflammation and
improve stroke outcomes. Peripheral administration of stem cells
offers a minimally invasive approach that bypasses the need to
cross the BBB. This method allows for repeated treatments to
address chronic inflammation, making it a practical and feasible
option in clinical settings.

Developing therapies that selectively ablate specific subsets of
splenic monocytes could provide a more refined approach to
reducing the detrimental effects of peripheral immune responses in
stroke. The autonomic regulation of splenic immune responses
through cholinergic input opens new avenues for therapeutic
interventions. Modulating sympathetic and parasympathetic tones
could help balance proinflammatory and anti-inflammatory
responses, reducing the overall inflammatory burden in stroke patients.

Cervical lymph nodes post stroke

Another aspect of the peripheral immune response to stroke
involves cervical lymph node hypertrophy, likely from CNS
drainage coupled with the large-scale release of vascular
endothelial growth factor C (VEGF-C) (156, 157). Blocking this
endothelial
lymphatic system, decreases macrophage activation and has been

receptor reduces inflammation in the cervical
shown in mice studies (male C57BL6 mice) to lessen brain tissue
infarction (156). Brain to cervical lymph node signaling has also
been shown to modulate CD4 and CDI1b T cell neuronal
infiltration and subsequent secondary brain damage after injury
in animal models (158). In animal experiments with a cervical
lymphadenectomy can partial ameliorate some of the peripheral

immune system’s negative affects post stroke (156, 157).

Immunodepression and effect on
recovery

Stroke-induced immunodepression is a significant factor that
contributes to poor outcomes in stroke patients. Immediately
following a stroke, a neuroinflammatory process begins in the
brain, which simultaneously triggers systemic immunodepression
through the excessive activation of the autonomic nervous
system. This immunodepression manifests as lymphopenia and
dysfunctional innate and adaptive immune cells, significantly
impairing antibacterial defenses and rendering stroke patients
highly susceptible to infections (159).

Infections occur in up to 30% of stroke patients, with
pneumonia and urinary tract infections (UTIs) being the most
common (160-162). Stroke-associated pneumonia (SAP) and
UTIs are particularly prevalent and occur in approximately 10%
of patients. Among these, pneumonia has the most substantial
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impact, increasing the risk of unfavorable outcomes and
The STROKE-IFN highlighted that
pneumonia independently increased the odds of an unfavorable
outcome at 3 months post-stroke [odds ratio (OR), 9.64 (5.06-
18.42)] (163). However, neither the STROKE-IFN trial, nor the
similar PASS trial demonstrated any benefit to preventative

mortality (162). trial

antibiotics in stroke (163, 164).

Systemic infections further complicate the patient’s condition
by enhancing autoreactive immune responses against brain
antigens such as myelin basic protein (MBP) and glial fibrillary
acidic protein (GFAP), though studies have not yet found an
impact on functional outcomes (165).

The
lymphopenia but

to
of
immune cells. Stroke-induced immunodepression shifts the

susceptibility to infections is not only due

also to the functional impairments
immune response from a Thl (pro-inflammatory) to a Th2
(anti-inflammatory) profile, weakening the body’s ability to
fight bacterial infections (166, 167). This shift is characterized
by decreased production of pro-inflammatory cytokines like
interferon-gamma (IFN-y) and tumor necrosis factor-alpha
(INF-a), and increased levels of anti-inflammatory cytokines
such as interleukin-10 (IL-10) (167).

In conclusion, stroke-induced immunodepression significantly
worsens patient outcomes by increasing susceptibility to infections,
which in turn exacerbate neuroinflammation and impair recovery.
Understanding and mitigating this immunodepression is essential

for improving the prognosis and quality of life for stroke patients.

Imaging neuroinflammation

Several imaging modalities are available to visualize and
quantify various aspects of this inflammatory response to
ischemic stroke. These imaging techniques are critical for
understanding the underlying mechanisms, guiding therapeutic
interventions, and monitoring treatment efficacy.

Medical imaging technologies such as computed tomography
(CT), magnetic resonance imaging (MRI), and positron emission
tomography (PET) have significantly advanced stroke diagnostics
and the study of neuroinflammation. These modalities enable
the
infiltration, microglial activation, and the upregulation of cell

in vivo detection of BBB permeability, leukocyte

adhesion molecules.

Blood brain barrier permeability imaging

The disruption of the BBB is a hallmark of neuroinflammation,
and it plays a critical role in the pathophysiology of various
neurological conditions, including stroke. Imaging the permeability
of the BBB provides insights into the extent and dynamics of this
BBB permeability
extravasation of contrast agents or radioactive tracers, which result

disruption. can be assessed using the

in image contrast enhancement (45, 168). This enhancement allows
for the visualization of areas where the BBB is compromised.
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Dynamic contrast-enhanced MRI (DCE-MRI) and CT (DCE-
CT) scans are commonly employed techniques to quantitatively
measure BBB permeability, though non-contrast techniques have
also been described (169,
facilitate the derivation of key parameters such as the extraction

170). These imaging modalities

fraction, blood-to-brain transfer constant (K_trans), and the
product (PS) (171-173). These
quantitative measures provide detailed information about the

permeability-surface area
degree and spatial distribution of BBB disruption, offering a
more precise assessment of neuroinflammatory processes.

Animal studies utilizing advanced imaging in a mouse model
(Claudin5-GFP) have also offered new insights
mechanisms of BBB disruption in ischemic stroke. Fredriksson

into the

and colleagues established a protocol for longitudinal two-photon
imaging in mice, enabling the observation of BBB breach at
single-vessel resolution as early as 30 min after stroke induction
(174). They reveals that the disruption of BBB, along with
vascular leakage, can be tracked in real time, contributing to a
deeper understanding of the hemodynamic changes and vascular
remodeling, such as intussusception and angiogenic sprouting,
over both acute and chronic phases. Importantly, this method
allows the study of vessel-specific vulnerabilities along the
arteriovenous axis, which could guide the development of
targeted therapeutic strategies to mitigate the long-term impacts
of stroke (Figure 4).

Leukocyte infiltration and microglial
activation

Advanced MRI and PET imaging techniques have been developed
to detect and quantify leukocyte infiltration and microglial activation
(175, 176). For instance, the intravenous injection of ultrasmall
particles of iron oxide can highlight areas of inflammation due to
their uptake by circulating monocytes or phagocytosed by
macrophages or microglia (45, 177, 178). PET imaging with
radiolabeled ligands targeting specific inflammatory markers, such
as the 18-kDa translocator protein (TSPO), provides high sensitivity
and specificity for detecting microglial activation (179, 180).

PET imaging using radiotracers targeting specific inflammatory
markers, such as the somatostatin receptor (SSTR) and chemokine
receptors like CXCR4 and CCR2, have shown promise in
detecting and monitoring neuroinflammatory processes with
good specificity (181, 182).

Cell adhesion molecules

The expression of cell adhesion molecules like VCAM-1 and
ICAM-1 can be visualized using targeted molecular imaging
probes. For example, MRI enhanced with iron oxide particles
functionalized with antibodies against VCAM-1 has been used to
detect upregulation in and around stroke lesions (183, 184).
Similarly, dual-tracer PET studies have demonstrated differential
time courses for markers like MMPs and TSPO, highlighting
their roles in the neuroinflammatory cascade after stroke (45, 180).
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Recent advances and clinical implications

Recent studies have demonstrated the utility of advanced
imaging techniques in both preclinical and clinical settings. For
example, multimodal imaging combining PET and MRI has
enabled detailed mapping of neuroinflammatory processes, such as
the time-course of microglial activation and BBB permeability
changes following stroke (178, 184). These imaging approaches
not only enhance our understanding of stroke pathology but also
aid in the development and monitoring of therapeutic interventions.

Future directions, imaging
neuroinflammation

While many imaging modalities have shown promise in
preclinical studies, their routine clinical application remains
limited. Future research should focus on developing standardized
protocols for image acquisition and analysis, as well as
these The
development of biocompatible and biodegradable contrast agents

translating techniques into clinical practice.

with high specificity for human cells and epitopes will be crucial
for effective clinical implementation. Additionally, multimodal

that
diagnostic and therapeutic capabilities could revolutionize the

and multifunctional theranostic nanoprobes combine

management of neuroinflammation in stroke.

Future directions and ongoing
translational trials

Sex difference in stroke

Recent studies have illuminated significant sex differences in
the immune response to stroke, revealing intricate interactions
between biological sex and the immune system’s behavior post-
stroke. Factors such as host genetics and chromosomal sex play a
the host
to  brain

critical role in shaping immune system and

(185-187).
Epidemiological data indicate that older women have poorer

neuroimmune  response injury
functional outcomes compared with men, partly due to the older
age at which they experience their first stroke and the increased
comorbidities seen with aging (188). This disparity is also
attributed to differences in the immune response between men
and women, which leads to altered inflammatory events
contributing to sex differences in post-stroke recovery.

Further, evidence from preclinical studies suggests that males
and females exhibit distinct activation states of both the innate
and adaptive immune compartments post-stroke (188, 189). For
instance, females show differentially expressed genes acutely
following cardioembolic stroke, which is not observed in males
(190, 191). Experimental stroke MCA occlusion mouse C57BL/
6N models indicate that aged males have greater brain
infiltration of neutrophils compared with age-matched females,
corroborated by higher levels of neutrophil-specific cytokines
such as MCP-1 and G-CSF in the circulation of aged males

frontiersin.org


https://doi.org/10.3389/fsurg.2025.1501359
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/

Levinson et al.

10.3389/fsurg.2025.1501359

FIGURE 4

(b’) 25 pm. Reproduced with permission: Protzmann et al. (174).

Studies in mice can provide single cell resolution of blood brain barrier (BBB) breakdown in ischemic stroke. This image demonstrates longitudinal
imaging of the cerebral vasculature during the subacute and chronic phase after ischemic stroke. (A) Maximum intensity projections of two-
photon imaged z-stacks of a fluorescent tracer (FITC70 signal) in an Middle Cerebral Artery (MCA) mice stroke model field of view 48 h, 72 h and
7 days post MCA occlusion, respectively. Black arrow indicates direction of blood flow; yellow arrows indicate vessels with blocked (48 h) and re-
established blood flow at transition to chronic phase (72 h/7 days); yellow two-headed arrows indicate putative residual clots; scale bars 100 ym.
(B,C) Maximum intensity projection of M2CA field of view in Claudin5-GFP reporter mice depicting endothelial cells (green) and TRITC70 signal
(red) before and after MCA occlusion; (b’, ¢) depict individual z-planes. White arrows indicate direction of blood flow; arrowheads indicate loop
formed in bifurcation (b) and angiogenic sprouting (c'); two-headed arrows indicate intussusceptive pillars; scale bars (B,C, ¢’) 50 um; scale bars

(192). This neutrophil infiltration may contribute to an increased
incidence of hemorrhagic transformation in males (193). The
study also found that females exhibit higher expression levels of
Toll-like receptors (TLRs) on dendritic cells, leading to more
effective antigen sensing, processing, and presentation, potentially
mediated by X chromosome-encoded genes (194).

Emerging evidence suggests that there are innate sex
difference in the microglia population even in the healthy adult
brain. It has been observed that microglia in males are more
prone to an inflammatory phenotype whereas in females the
anti-inflammatory phenotype predominates (185, 195, 196).
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Male microglia display higher expression of interferon-
stimulated genes, whereas female microglia express genes
associated with development and morphogenesis, which are
linked to the inhibition of the inflammatory response (196,
197). These sex-specific gene expression patterns suggest that
female and male microglia inherently differ even in the healthy
brain and contribute to their differential responses to
ischemic stroke.

Clinical studies identified distinct biomarkers and immune
responses between males and females. For example, CCL20,

ICAMI, and PTGS2 were identified as sex-specific targets, with
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males exhibiting a stronger CD8+ T-cell response and females
(198).
Additionally, sex differences in inflammatory markers such as IL-
6, CRP, and S100B were observed, with these biomarkers being
more elevated in female stroke patients (199). The studies also

showing a more pronounced monocytic response

reported that females tend to have a higher risk of adverse
outcomes, such as poorer recovery and increased inflammation,
compared to males (185).

Collectively, these studies underscore the importance of
considering sex as a biological variable in stroke research. They
highlight the necessity for more sex-specific research to better
understand the mechanisms underlying these differences, which
could lead to more effective, tailored therapeutic strategies for
both men and women post-stroke.

While the acute phase of neuroinflammation following a stroke
is well-studied, there is a lack of comprehensive research on the
long-term impact of chronic neuroinflammation on stroke
recovery and rehabilitation. Understanding how persistent
inflammation affects neuroplasticity, functional recovery, and the
risk of recurrent strokes is crucial. Investigating the temporal
dynamics of neuroinflammation and its long-term effects could
lead to better strategies for managing stroke recovery and
preventing chronic neurological deficits and provide more
potential therapeutic targets.

Chronic neuroinflammation and neuroplasticity

Research should focus on how chronic inflammation influences
neuroplasticity—the brain’s ability to reorganize and form new
neural connections. Chronic inflammation may hinder this
process, resulting in poorer recovery outcomes. Longitudinal
studies and advanced imaging techniques could help elucidate
these effects and identify intervention points.

Functional recovery

Persistent neuroinflammation might impair functional

recovery by affecting motor and cognitive functions.
Importantly, understanding how neuroinflammation affects the
functional connections between brain regions is an active area
of research and should be studied further (200). This knowledge
could guide the development of therapeutic strategies to

enhance recovery.

Recurrent stroke risk

Chronic inflammation is a risk factor for recurrent strokes
(123, 201).
inflammatory processes contribute to this risk and identify

Future research should explore how ongoing

biomarkers that can predict recurrence. Preventative strategies
could then be developed to mitigate this risk in stroke survivors.

Emerging trends in imaging
neuroinflammation

Although several imaging techniques have been developed to
visualize and quantify neuroinflammation, there is a need for
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more sensitive and specific biomarkers that can accurately reflect
the extent and nature of neuroinflammation in stroke patients.
Current imaging modalities, such as MRI and PET, have
limitations in detecting subtle inflammatory changes and
differentiating between various types of immune cell activation.
Advancing imaging technology to include more precise and
reliable biomarkers would improve the diagnosis, monitoring,
and treatment of neuroinflammation in stroke patients.

Enhanced Sensitivity and Specificity: Developing new imaging
agents and techniques that can more precisely target and visualize
specific inflammatory cells and molecules is crucial. For instance,
using novel PET tracers that bind to unique markers of
microglial ~activation or could

specific  cytokines improve

sensitivity and specificity.

Multimodal imaging approaches

Combining multiple imaging modalities (e.g., PET/MRI) can
provide a more comprehensive picture of neuroinflammation.
Research focused on integrating these technologies to leverage
their detailed and
accurate assessments.

strengths and may provide a more

Standardized protocols and quantification

Establishing standardized imaging protocols and quantitative
measures for neuroinflammation is essential for consistency and
comparability across studies. This would facilitate the clinical
application of these techniques and enhance their reliability in
monitoring treatment responses.

Identification of circulating biomarkers

The quest for a reliable biomarker of stroke has been
challenging due to several factors inherent to the condition’s
complexity and the biological processes involved. Despite
extensive research, a universally accepted, highly specific, and
sensitive biomarker for stroke remains elusive. There are several
currently under investigation, several of which could also provide
information about the post stroke inflammatory cascade.

Glial fibrillary acidic protein (GFAP), an astrocyte-specific
protein, shows promise in distinguishing between ischemic and
hemorrhagic strokes (202). Elevated blood levels of GFAP are
typically associated with hemorrhagic events, aiding in critical
treatment decisions. Matrix metalloproteinase-9 (MMP-9) is
being studied as a marker of BBB disruption and hemorrhagic
transformation risk, particularly in patients treated with tissue
plasminogen activator (tPA) (203, 204).

Neurofilament light chain (NfL), a structural protein found in
neurons, serves as an indicator of axonal damage. Its levels in blood
or cerebrospinal fluid correlate with infarct volumes and functional
outcomes, making it valuable for prognostication (205).
MicroRNAs, particularly miR-124 and miR-223, have also shown
potential in stroke diagnosis and prognosis due to their rapid

expression changes in response to cerebral ischemia (206).
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While these biomarkers are promising, stroke’s complexity
means that no single marker is likely to provide all necessary
information. Current research focuses on developing panels of
multiple biomarkers and integrating this data with clinical
This
comprehensive approach aims to improve stroke diagnosis,

information and advanced imaging techniques.
prognosis, and treatment strategies, ultimately enhancing patient

care and outcomes (207, 208).

Correlate animal models with human
immune state

Due to multiple technical and logistical challenges in studying the
immune response from stroke patients, much of what is known about
the immune response comes from animal studies. There is a paucity
of human data which may explain why several promising therapies in
animal models have not shown successful results in early clinical trials.

Cross-species comparison
Conduct
responses observed in animal models and those in humans. This

systematic comparisons between the immune
could involve parallel studies where the same inflammatory
markers and pathways are investigated in both species, using

similar methodologies.

Translational biomarkers
Identify biomarkers that are conserved across species and can
be reliably measured in both animal models and human patients.

10.3389/fsurg.2025.1501359

These biomarkers could serve as bridges for translating findings
from preclinical to clinical settings.

Humanized animal models

Develop and utilize humanized animal models that better
mimic the human immune system as there is mounting evidence
that the human and rodent immune responses are quite
divergent (209, 210). These models could provide more relevant
insights into human neuroinflammatory processes and improve
the predictive value of preclinical studies.

Ongoing translational trials

The Table 1 summarizes the current ongoing clinical trials that
are designed to test various hypothesis about the role of the
immune system in acute stroke and that have been registered on
ClinicalTrials.Gov.

Conclusion

In summary, the role of neuroinflammation in stroke pathology is
multifaceted and critical to understanding stroke outcomes and
potential treatments. Neuroinflammation begins immediately after
the onset of a stroke, involving both the innate and adaptive immune
systems. Acute neuroinflammatory responses can exacerbate brain
damage, while chronic inflammation can impede
Thromboinflammation, driven by platelet activation and immune cell
interactions, further complicates the ischemic environment.

recovery.

Table 1 Selected ongoing clinical trials with current status and phase for trials related to neuroinflammation and acute cerebral ischemia.

NCT
number
NCT05277129

Study title

Summary//Status

Location and phase

The Immune Response to Stroke Observational study analyzing B and T Cell response after stroke | Akershus University Hospital,
and correlating with clinical outcome. // Recruiting Lorenskog, Norway
NCT04852445 | The Temporal Cellular Landscape of the Case Control Study seeking to determine by peripheral blood Academisch Medisch Centrum—
Adaptive Immune System in Patients With samples if patients that experience an increase in anti Universiteit van Amsterdam,
Acute Stroke inflammatory Treg cells (CD4+, CD25, +FoxP3+, “brain” Treg) | Netherlands
after stroke have improved clinical outcomes. // Recruiting.
NCTO06248242 | Treatment of Acute Ischemic Stroke With Rt-PA | RCT prospective cohort study to assess effect of a free radical | The Second Hospital of Hebei
Combined With Edaravone Dexborneol scavanger (Edaravone) and inflammatory cytokine inhibitor Medical University, Shijiazhuang,
(Dexborneol) on outcomes post stroke. // Recruiting Hebei, China
NCT03662750 | Inflammatory faCtors AfteR acUte Ischemic Single-centre hospital-based cohort using serial TSPO-PET Imperial College London; Institute
Stroke (ICARUS) imaging, immune cell profiling to assess the degree of microglial | for Stroke and Dementia Research,
activation and coorelate that with circulating immune bio Munich, Germany
markers. // Recruiting
NCT04675762 | Combination Fingolimod With Alteplase RCT assess the efficacy of an Immune Modulator Fingolimod | Zhejiang University; Hangzhou,
Bridging With Thrombectomy in Acute Ischemic | (sphingosine-1-phosphate receptor modulator) is a beneficial China
Stroke additional treatment to alteplase and thrombectomy. //
Recruiting
NCT04321512 | Study of Circulating Monocytes in Patients With | Prospective observational study to determine the levels of P2X4 | University of Connecticut, CT, USA
Ischemic Vascular Disease monocytes, Flt-1/VEGFR-1 and CD13 monocytes, thought to be
linked to post ischemic immune meditated injury, in stroke and
heart attack patients. // Recruiting
NCT05880524 | Reduction of SystemiC Inflammation After Randomized, placebo-controlled single-blinded, single-center University of Munich, Germany
Ischemic Stroke by Intravenous DNase trial test the hypothesis that DNase 1 administration leads to a | Phase 2
Administration (ReSCInD) (ReSCInD) reduction in systemic immune response measured in patients
after acute ischemic stroke compared to control treatment. // Not
yet recruiting.

NCT, national clinical trials registry number; RCT, randomized control trial.
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Diverse bodies of evidence from multiple sources implicate the
post-stroke immune response as a key mediator of neurologic
injury after the initial infarct. The dozens of cell types, cytokines,
and messenger molecules present a myriad of potential targets
for future therapies. They also present excellent options that
could serve as biomarkers of neuroinflammation, and possibly
prognosis, in future clinical studies.

Understanding the underlying mechanisms of neuroinflammation
is key to developing these potential future therapeutics. From the
moment of thrombus formation, an intricate thromboinflammatory
cascade begins to recruit systemic immune cells to the site of injury.
As the ischemia progresses, signaling molecules activate resident CNS
immune cells (microglia) and allow for T cell and macrophage
infiltration through the BBB which ultimately leads to more neuronal
damage. Lastly, the potential development of autoantibodies against
neural tissue or a maladaptive chronic inflammation can perpetuate
an inflammatory response that eventually will fade as time progresses
post injury.

The breakdown of the BBB during stroke allows peripheral
immune cells and harmful substances to infiltrate the brain,
contributing to edema, oxidative stress, and secondary neuronal
injury. This disruption also increases the risk of infections, which
are associated with poorer outcomes and higher mortality rates.
Imaging techniques like PET and MRI are advancing our ability
to monitor neuroinflammatory processes in vivo, potentially
guiding personalized treatment strategies.

Current therapeutic approaches, including anti-inflammatory
drugs and immunomodulatory therapies, aim to balance the need
to control harmful inflammation while promoting repair and
recovery. Despite promising preclinical results, translating these
therapies to clinical practice remains challenging, emphasizing
the need for further research and well-designed clinical trials.

Advancing imaging technology to include more precise and
reliable biomarkers would improve the diagnosis, monitoring,
and treatment of neuroinflammation in stroke patients. Enhanced
sensitivity and specificity in imaging techniques, coupled with
standardized protocols and multimodal approaches, are essential
steps forward.

While much work is being done already to understand the
acute phase of neuroinflammation, future research should focus
on the long-term impact of neuroinflammation on stroke
recovery, the development of more sensitive and specific imaging
biomarkers, and improving the correlation between animal
models and human immune responses. Investigating the
temporal dynamics of neuroinflammation and its long-term
effects could lead to better strategies for managing stroke
recovery and preventing chronic neurological deficits.

Furthermore, bridging the gap between animal models and
human studies is crucial. Translating promising animal studies
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