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Introduction

Stroke is characterized by an interruption or complete 
blockage of blood flow to certain areas of the brain and is a 
significant cause of morbidity and mortality worldwide. Stroke 
can broadly be classified as ischemic, where an infarction 
of the brain or spinal cord occurs, or hemorrhagic, where 
a ruptured blood vessel causes bleeding within the brain. 
For both ischemic and hemorrhagic stroke, early medical 
intervention is critical for minimizing brain injury, preserving 
neurologic functioning, and improving patient outcomes 
overall. Ischemic stroke makes up approximately 71% of all 
stroke incidences [1] and the current standard of care therapy 
involves reperfusion via intravenous thrombolysis with 

tissue plasminogen activators. Likewise, the goal of acute 
hemorrhagic stroke management involves the prevention of 
additional intracranial bleeding, and medical interventions 
may include surgical hematoma evacuation, placement 
of external ventricular drains, and blood pressure control. 
Following the initial acute injury, additional secondary 
signaling cascades induce neuroinflammation, disruption of 
the BBB, apoptosis, excitotoxicity, and cerebral edema. Each 
of these factors has the potential to induce and exacerbate 
neurologic deficits, highlighting the critical importance of 
their careful management by a diverse team of medical 
providers. 

Traditionally, stroke research and clinical management have 
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focused on vascular and neuronal factors contributing to 
brain damage and functional impairment. However, recent 
investigations have unveiled the pivotal role of the immune 
system in stroke pathogenesis and recovery. Neuronal 
death in the acute phase of stroke triggers robust innate 
and adaptive immune responses in the brain. Increased 
neuroinflammation secondary to immune infiltration and 
cytokine release has the ability to worsen patient outcomes 
following stroke. Chronic activation of the immune system 
in response to stroke can lead to immunosuppression, leave 
patients susceptible to life-threatening infections, promote 
dysbiosis of the gut microbiome, and encourage neurologic 
deficits. Immunocompromised patients are especially at an 
increased risk for poor outcomes following a stroke due to 
increased susceptibility to infections. 

Given the significant role of the immune system in 
stroke pathology and clinical management, novel 
immunotherapeutic treatment strategies aim to promote 
recovery in a highly patient-specific manner. Examples of such 
strategies include Tregs, cell adhesion molecules, cytokines, 
and monoclonal antibodies. Although immunotherapy holds 
great promise for stroke patients, many trials remain largely in 
the preclinical phase highlighting the need for further research 
before integration into clinical practice. Here, we provide an 
overview of stroke pathophysiology and delve into local and 
systemic immune responses to stroke. We then explore the 
consequences of chronic immune activation following stroke, 
highlight several current and novel immunotherapeutic 
treatment strategies, and provide future research directions. 

Overview of Stroke Pathophysiology

Strokes, otherwise known as cerebrovascular accidents, are 
clinically defined as vascular injuries in the central nervous 
system (CNS) that result in severe neurological deficits 
lasting longer than 24 hours [2,3]. These acute injuries are 
the second leading cause of death globally [2,3]. There are 
two major categories of stroke, ischemic and hemorrhagic. 
Ischemic strokes account for approximately 87% of all 
strokes in the United States and are characterized by a focal 
blockage within the cerebrovascular network that leads to a 
limited blood supply to the brain [1,4]. Hemorrhagic stroke 
involves the rupture of a weakened blood vessel resulting in 
the accumulation of blood and subsequent compression of 
nearby brain tissue [5]. This category can further be divided 
into intracerebral hemorrhages (ICH) and subarachnoid 
hemorrhages, which respectively account for 10% and 3% of 
all strokes in the United States [4,5]. 

Stroke etiology

While there are many causes of ischemic stroke, they 
all fit within three major categories: cerebral small vessel 
disease (CSVD), large artery disease, and cardioembolic 
stroke, altogether accounting for approximately 75% of 

ischemic strokes [2]. In both CSVD and large artery disease, 
arteriosclerotic changes can lead to the narrowing of the 
vessel lumen, resulting in cerebral hypoperfusion. This, in turn, 
can be exacerbated by the rupture of arteriosclerotic plaques 
and subsequent platelet activation [2,6]. Lastly, cardioembolic 
strokes encompass any condition that satisfies the criteria of 
Virchow’s Triad of hypercoagulability, stasis, or endothelial 
injury. This includes conditions such as atrial fibrillation, patent 
foramen ovale, valvular heart disease, myocardial infarction, 
and ventricular and septal aneurysms [2]. The remaining 20-
30% of patients suffer from cryptogenic ischemic stroke which 
is an ischemic stroke with no known cause [2].

Similarly, the etiology of hemorrhagic strokes is vast and 
encompasses a variety of underlying conditions. One of 
the main treatable causes of hemorrhagic strokes is arterial 
hypertension [7]. Untreated hypertension is thought to cause 
the remodeling of small vessels supplying the deep parts of the 
brain. Eventually, this can lead to the rupture of these vessels 
causing extraversion of blood into the brain parenchyma 
[7]. Comparably, cerebral amyloid angiopathy involves the 
buildup of amyloid within the arterial walls of small vessels, 
which also can weaken the vessel walls and cause rupture 
within the brain parenchyma [7]. Lastly, aneurysms, regardless 
of a spontaneous or genetic origin, can rupture into the brain 
tissue as well, thus causing hemorrhagic stroke in patients [7].

Stroke pathophysiology

With ischemic stroke, there is a deficient amount of 
blood reaching the brain tissue, thus causing a substantial 
decrease in oxygen delivery. Reduced oxygen delivery 
cannot sustain the metabolic demands of the brain tissue, 
causing necrotic cell death and irreversible damage [8,9]. In 
patients with hemorrhagic stroke, the resultant hematoma 
causes compression of the surrounding brain tissue, 
leading to neuronal and glial disruption [5]. Furthermore, 
the compression from the hematoma increases intracranial 
pressure [5]. This disruption leads to poor blood delivery to 
brain tissue, inappropriate neurotransmitter release, and 
inflammation via microglial activation [5].

Patients with stroke commonly present with neurologic 
deterioration due to its localization in the CNS. Among the 
chief deficits experienced by patients is neuromuscular 
dysfunction. This includes speech apraxia, incontinence, and 
spasticity of the extremities [10-12]. These factors significantly 
impact the quality of life for patients and are frequently 
indications of a poor outcome and permanent disability [10-
12]. Additionally, patients often experience serious cognitive 
impairment symptoms, including memory loss, speech 
deficits, and lapses in reasoning and problem-solving skills 
[13]. Typically, elderly patients experience memory-related 
symptoms more often, but patients of all ages can experience 
these symptoms on a varied spectrum [13]. 
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Additional risks for immunocompromised patients

Despite the known severity of strokes, there are additional 
risks and considerations to be made for immunocompromised 
patients. In general, certain immunocomprosed patients have 
an increased risk of developing strokes [14]. Of particular 
interest are patients with HIV. For example, the progression of 
atherosclerosis, a major cause of ischemic stroke, is accelerated 
by HIV infection. This is likely due to chronic inflammation or 
HIV treatment-associated dyslipidemia [14]. HIV infection 
may additionally lead to repeated endothelial damage and 
vasculopathy, possibly narrowing the vasculature lumen and 
weakening the vessel wall [14]. HIV infection also decreases 
CD4 count, which has been demonstrated to increase the risk of 
developing stroke due to decreased viral suppression [15-17]. 
These physiologic changes in patients with HIV all contribute 
to the multi-faceted predisposition of developing stroke. 
Furthermore, stroke results in activation of the autonomic 
nervous system, a phenomenon known as stroke-induced 
immunosuppression (SIIS) suppresses the activity of Th1 cells 
and the secretion of proinflammatory cytokines, such as TNF-α 
and interferon-gamma (IFN-γ). At the same time, SIIS increases 
the activation of anti-inflammatory Th2 cells and IL-10 [18]. 
Additionally, it is thought that peripheral innate immune cells 
have reduced function following stroke, including impaired 
neutrophil oxidative burst and NETosis [18]. Altogether, this 
increases a patient’s susceptibility to bacterial infections 
leading to deadly complications such as stroke-associated 
pneumonia [18]. Overall, this common phenomenon can 
disproportionately affect immunocompromised patients who 
already are more susceptible to infection and have difficulty 
mounting an appropriate immune response to infection.

Local Immune Responses to Stroke

The systemic and chronic effects of stroke extend far beyond 
the nervous system, disrupting the delicate balance between 
the CNS and other body systems [19,20]. The immune system 
in particular plays a crucial role in post-stroke care as stroke 
patients may become more susceptible to infections (Figure 
1) [19,20]. Infectious complications such as pneumonia 
or urinary tract infections are commonly observed in 
stroke patients, with an incidence rate of approximately 
30% [21-23]. Furthermore, infection is the leading cause 
of death in approximately 20% of stroke survivors [24]. To 
provide better care for stroke survivors, it is essential to 
comprehend the underlying mechanisms responsible for this 
immunosuppressed state.

The CNS and the immune system are intricately interconnected, 
enabling the CNS to sense and modulate immune responses. 
Typically, this occurs through an anti-inflammatory stimulus 
triggered by a strong inflammatory signal detected by the 
autonomic nervous system. This response helps to contain 
both the infection and the associated inflammation [25]. 

However, brain or spinal cord injury can lead to the production 
of inflammatory mediators within the CNS or disruption of 
signaling in the neural-immune interaction control circuitry. 
These factors can result in systemic downregulation of both 
the innate and adaptive immune systems [25]. A closer 
examination of the effect of stroke on various components 
of the immune system, including the complement system, 
macrophages, neutrophils, lymphocytes, microglia, and T 
cells, will shed light on this immunosuppressed state.

As aforementioned, the obstruction of blood flow to specific 
regions of the brain during an ischemic stroke prevents 
the delivery of oxygen and nutrients to neurons ultimately 
resulting in cell death. This is because the depletion of ATP 
and subsequent glutamate release into neurons results in a 
pathological increase of calcium-ion influx into cells which 
activates proteolytic enzymes that trigger apoptosis [26]. 
Following ischemia, damage-associated molecular patterns 
(DAMPs) are released from dying cells and stimulate the 
production of inflammatory cytokines and chemokines 
including CCR2, CXCL8, CXCR4, CCR5, CCR6, and CXCR2 
[27]. DAMPs ultimately function to activate innate immune 
receptors on glial cells in addition to acute and chronic post-
stroke inflammatory responses through several key proteins 
and pattern recognition receptors such as toll-like receptors 
(TLRs), receptor for advanced glycation end products (RAGEs), 
High-mobility group box 1 (HMGB1), and heat shock proteins 
(Hsps) [26,28]. Specifically, HMGB1 released from necrotic cells 
binds and activates RAGEs, TLR-2, and TLR-4 which upregulate 
the expression of matrix metalloproteinase 9 (MMP-9), 
tumor necrosis factor-α (TNF-α), and interleukin (IL)-1β, all of 
which promote cellular death and neuroinflammation [26]. 
Similarly, Hsps such as Hsp70 bind to TLRs on macrophages 
and dendritic cells (DCs) resulting in the activation of pro-
inflammatory nuclear factor kappa B (NF-κB) signaling [26]. 

Microglia, astrocytes, and oligodendrocytes are all glial cells 
activated by DAMP signaling. Microglia are brain cells largely 
responsible for the activation of innate immune responses 
in the brain and function to eliminate dead cells, microbes, 
protein aggregates, redundant synapses, and other antigens 
that endanger the CNS. In the acute phase, microglia secrete 
inflammatory cytokines including TNF-α, IL-6, and IL-1β 
which induce neuronal tissue injury [29]. However, microglia 
serve to aid in neurogenesis and tissue repair as the acute 
inflammatory response decreases [30]. Astrocytes additionally 
play a key role in the maintenance of CNS homeostasis through 
neurotransmitter regulation, BBB development and function, 
cerebral blood flow regulation, and synapse development. 
In contrast to microglia, astrocytes function to reduce 
neuroinflammation, support BBB regeneration, and promote 
CNS homeostasis following stroke [31]. However, glial scarring 
results from chronic astrocyte activation at the ischemic lesion 
which prevents axon regeneration and functional recovery 
[30]. Oligodendrocytes are the major myelinating cells of the 
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Figure 1. Visual Overview of the Immune Response to Ischemic Stroke. A) Ischemic stroke results in neuronal death. Dying neurons 
release DAMPs, which release pro-inflammatory cytokines that activate glial cells. Activated microglia promote monocyte and neutrophil 
proliferation and infiltration at the site of ischemia. MMP-9 produced by neutrophils disrupts the integrity of the BBB effectively exacerbat-
ing pathologic neuroinflammation. B) Disruption of the integrity of the BBB allows for the infiltration of additional immune cells into the 
damaged brain. NK cells at the ischemic lesion recruit additional neutrophils and secrete pro-inflammatory molecules. At the same time, 
DCs present antigens to T cells which launch specific immune responses at the lesion. C) B cells additionally work to produce antibodies and 
encourage immunologic memory following stroke. (Figure created with Biorender.com).
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CNS that function to promote neural regeneration following 
stroke [30]. Because oligodendrocytes do not have the ability 
to regenerate following injury, a large number of these cells 
die rapidly (within 3 hours) of ischemic stroke as a result of 
toxic levels of ATP and glutamate release [32].

Cytokine and chemokine secretion by activated microglia 
results in increased neutrophil proliferation and infiltration 
at the ischemic site [28,30]. Neutrophils are granulocytes 
that produce reactive oxygen species, MMP-9, perforins, 
and cytokines that directly damage the integrity of the BBB 
and exacerbate the ischemic lesion [28,33]. MMP-9 secreted 
by neutrophils specifically directly breaks down the BBB 
allowing for peripheral immune cell infiltration across the 
permeable BBB, activation of adhesion molecules in the 
brain endothelium, and increased cytokine production in 
the brain parenchyma [30]. This process results in increased 
neuroinflammation, tissue damage, and upregulation of TNF-α 
and IL-1β acutely and chronically following stroke [34]. Several 
animal models have demonstrated the detrimental effects 
neutrophil-induced neuroinflammation has on neurologic 
outcomes [26]. This effect is additionally observed in humans, 
where a high neutrophil count relative to a low lymphocyte 
count is considered to be a predictor of poor patient outcomes 
following stroke [35]. Interestingly, reactive microglia have 
been shown to engulf neutrophils at the periphery of the 
ischemic lesion, whereas microglial loss is associated with 
neutrophil accumulation in the brain parenchyma [36]. 
Furthermore, monocytes are additionally recruited to the site 
of ischemia around the same time as neutrophils in response 
to cytokine and chemokine secretion by activated microglia 
[27]. CCR2 is specifically responsible for monocyte recruitment 
to the brain parenchyma where they eventually mature and 
differentiate into macrophages [27].

Natural killer (NK) cells are lymphocytes that play a crucial role 
in innate immunity by recognizing and engulfing pathogens, 
producing cytokines, regulating immune responses, and 
assisting with antibody-dependent cell-mediated cytotoxicity. 
As such, NK cells contribute to the immune response following 
ischemia in the brain. NK cells have neurotoxic effects following 
ischemia as they express CX3CR1, a receptor that recruits and 
activates neutrophils [28]. Additionally, NK cells promote the 
upregulation of pro-inflammatory cytokines such as TNF-α 
and IFN-γ which contributes to neuroinflammation and can 
exacerbate tissue damage [30]. Both NK and DCs increase at 
the ischemic lesion until day 14 after stroke where they remain 
constant and continue to exert pro-inflammatory effects 
on the brain [27]. DCs are professional antigen-presenting 
cells that bridge the innate and adaptive immune systems. 
Specifically, DCs engulf and proteolyze pathogens by means 
of endocytosis or phagocytosis and express antigens on their 
surface through major histocompatibility complex (MHC) class 
I and II molecules. Once expressed on the surface of an MHC-I 
or -II receptor, T cells can then bind and recognize the specific 

antigen to launch a specific immune response. Within the 
ischemic environment, DCs engage in antigen presentation to 
T cells which secrete IL-12, IL-23, IL-6, and IL-1β, all of which 
promote neuroinflammation following stroke [28].

Following the innate immune response, T cells and B cells are 
activated to generate a highly specific immunologic defense 
and response to ischemia. After antigen presentation, CD8+ 
T cells exert cytotoxic effects on pathogens by introducing a 
large payload of molecules such as granzymes and perforin, 
both of which induce apoptosis via cell membrane lysis. T cells 
migrate to the ischemic region in an antigen-independent 
fashion within days following acute ischemia and continue to 
increase until up to 28 days after stroke [27,28,37]. At both the 
acute and chronic phases following stroke in the ischemic brain, 
CD8+ T cells produce significantly more IFN-γ, IL-17, and IL-10 
[38]. Significant reductions in IL-4 production are additionally 
observed [38]. Both of these actions together can work to 
exacerbate symptoms of neuroinflammation following stroke. 
Another class of T cells known as Tregs function to regulate 
T cell activity and homeostasis. Tregs are present in the brain 
after stroke, though they exist and accumulate primarily in 
the chronic phase [38]. Tregs are believed to limit astrogliosis, 
suppress astrocyte toxicity, and promote functional recovery 
after an ischemic event through the secretion of IL-10, IL-2, 
and IL-33 [33,38].

B cells are an important component of the humoral immune 
system, responsible for producing antibodies and participating 
in immune memory. B cells originate from stem cells in the 
bone marrow and become activated when encountered by a 
pathogen in addition to CD8+ T cell stimulation. Activated B 
cells then differentiate into plasma cells which produce and 
secrete antibodies into the bloodstream. These antibodies 
can then identify and neutralize pathogens in the body with 
assistance from other cytotoxic cells. Memory B cells survive in 
the bloodstream longer than plasma cells and have the ability 
to rapidly respond to a previously encountered antigen upon 
re-exposure, effectively forming the basis of immunological 
memory. Although being relatively understudied, B cells have 
been shown to exhibit both detrimental and protective effects 
in the ischemic brain. For example, B cells have been shown to 
undergo isotype switching and secrete immunoglobulins to 
impair long-term functional recovery after stroke [8]. However, 
B cells have been reported to provide neuroprotection in an 
IL-10-dependent manner similar to Tregs [8]. Ultimately, the 
role of B cells in the post-stroke brain remains elusive and 
complex, highlighting the need for additional research to 
better understand the function of B cells. 

Effects on the Immune System Following Stroke

Cells of the immune system

When examining peripheral blood as a whole, studies have 
reported a decrease in lymphocyte counts and impaired T- and 
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NK-cell activity in patients following a stroke [39]. Specifically 
focusing on T cells, multiple studies have demonstrated 
reduced mitogen-induced cytokine production [40-42]. 
Cytokines play a critical role in immune system function as 
they facilitate communication between immune cells and 
non-immune cells during an immune response. Impairment of 
these molecules hinders the body's ability to fight infections 
and leaves patients more susceptible to serious consequences 
of infection.

Beyond their role in immune function, neutrophils also 
contribute to the pathogenesis of stroke. Neutrophils are 
among the first cells in the blood to respond after an ischemic 
stroke, contributing to the disruption of the BBB, cerebral 
edema, and brain injury [43]. Neutrophils are also involved 
in the major processes that cause ischemic stroke, including 
thrombosis, atherosclerosis, and clot formation [44-46]. Due 
to their significance in stroke pathogenesis, neutrophils have 
become a subject of great interest in modern research. In 
contrast to other immune cells, the number of neutrophils 
increases following the onset of a stroke [47]. This leads to 
an elevation in the neutrophil-to-lymphocyte ratio, and the 
extent of this increase has been correlated with both the size 
and severity of the stroke [48]. The rise in neutrophils results 
from enhanced production, increased release from the bone 
marrow and spleen, and possibly a reduction in neutrophil 
apoptosis [49]. Overall, neutrophil function appears to be 
enhanced following a stroke. However, this enhancement 
primarily occurs in the CNS, where the injury took place, as an 
attempt to clear necrotic debris. Neutrophils seem to play a 
role in the healing process, but the extent of their overactivity 
is still an area of intense study. Studies that have targeted 
neutrophil-recruiting chemokines have shown mixed results. 
For instance, in a mouse ischemic stroke model, inhibition of 
CXC chemokines with Evasin-3 impaired neutrophil activation 
but had no effect on stroke outcomes [50]. Conversely, 
inhibition of CXCR1 and CXCR2 with Reparixin in a rat stroke 
model reduced ischemic brain injury, improved motor 
outcomes, and decreased brain levels of myeloperoxidase 
MPO and IL-1β. However, when only the CXCR2 receptor was 
blocked with SB225002, no improvement in stroke outcomes 
occurred despite a reduction in neutrophil activation and 
infiltration [51,52]. Thus, therapies targeting neutrophil 
activation and recruitment are not completely understood, 
and further research is needed.

The function of macrophages must also be considered when 
examining the functional status of the immune system in stroke 
patients. The phagocytic ability of macrophages is impaired, 
leaving the host particularly susceptible to bacterial infections 
[53,54]. This is of particular concern as stroke patients spend 
a significant amount of time in hospitals receiving treatment, 
where the risk of bacterial infections is high [55]. In addition 
to decreased phagocytic ability, circulating monocytes from 
patients with acute brain injury show decreased expression 

of MHC II [53]. This reduced MHC II expression leaves stroke 
survivors susceptible to both initial infection and reinfection, 
as MHC II is necessary for the generation of memory B 
cells [56]. Overall, impaired monocyte function results in 
insufficient antigen presentation, which is a crucial function of 
macrophages as it links the innate with the adaptive immune 
system. Impaired macrophage function may, therefore, 
contribute to reduced lymphocyte responses and an impaired 
immune response.

In general, changes in cellular immune responses correlate 
with the severity of brain injury. These changes occur rapidly 
within hours after the injurious insult and can last for up to 
several weeks [25,40]. Furthermore, the extent and duration 
of impaired cell-mediated immune responses in patients 
with CNS injuries are usually correlated with an increased 
risk of infection and poor outcomes [57]. A study using a 
mouse model highlighted this phenomenon, demonstrating 
that stroke-induced a rapid and extensive apoptotic loss of 
lymphocytes in lymphoid organs and peripheral blood. This 
dysfunction was characterized by decreased production of 
IFN-γ and TNF-α, two key molecules involved in initiating 
and propagating immune responses [58]. The study further 
showed that these dysfunctions persisted for up to 6 
weeks after the induction of stroke. Interestingly, immune 
reconstitution through the adoptive transfer of IFN-γ-
producing lymphocytes from healthy littermates or treatment 
with recombinant IFN-γ greatly diminished bacterial burden. 
This suggests a causative link between the suppression of cell-
mediated immune responses and increased susceptibility to 
bacterial infections following stroke.

The complement system

In addition to the role of immune cells, the complement 
system also plays a critical role in the immune response. 
Research has shown that complement components are 
strongly implicated in the progression of stroke in survivors 
[59]. C1q, a complement component, plays a crucial role in 
the CNS following ischemic injury. While C1q is normally 
present in the blood, it can also be synthesized in the brain 
after injury, such as viral infection, kainic acid treatment, 
and ischemic stroke [60,61]. Studies in mouse models have 
demonstrated that depletion of C1q results in impaired 
elimination of redundant synapses, highlighting the role of 
C1q following stroke [62]. This finding has been confirmed by 
other studies showing that ischemic neurons mostly express 
C1q, suggesting its involvement in the clearance of damaged 
neurons and cellular debris [63]. Further studies on C1q have 
shown that selective depletion of C1q in mice exposed to 
a hypoxia-ischemia state reduced neutrophil infiltration, 
oxidative injury, and brain infarct volume after 24 and 72 
hours of cerebral ischemia [63]. This suggests that inhibiting 
C1q expression during the acute phase of cerebral ischemia 
could be beneficial in attenuating ischemic brain injury. 
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However, the role of C1q is not as straightforward as this study 
suggests. Another study showed that C1q knockout in adult 
mice subjected to MCAO surgery did not affect brain infarct 
volume 24 hours after ischemia [64].

C3 is of particular importance in the complement system 
because of its role in creating both C3 convertase and C5 
convertase, which are essential for the formation of the 
membrane attack complex. Clinical studies have found that 
plasma levels of C3 were higher in ischemic stroke patients 
compared to healthy controls, peaking 3 days after brain 
ischemia [65,66]. Longitudinal studies have shown that 
elevated C3 levels were associated with worse neurological 
outcomes at 3-month and 2-year time points after ischemic 
onset [67]. However, like the role of C1q, the role of C3 is 
complex. Studies have demonstrated that C3 levels increase in 
the brain after ischemic stroke, and inhibiting C3 activity could 
attenuate ischemic brain injury [68]. However, in another 
study using mice, C3 deficiency reduced brain infarct volume 
and neutrophil influx at 1 day of ischemic stroke but impaired 
subsequent neurogenesis at 7 to 28 days of brain ischemia 
[69]. Thus, it can be concluded that C3 has a dual role in the 
pathogenesis of ischemic stroke, both attenuating ischemic 
damage and enhancing neurogenesis during the healing 
process. This suggests that levels of C3 need to be modulated, 
and further studies should analyze the effect of modulating 
C3 levels following ischemic stroke.

Ischemic cascade

The ischemic cascade encompasses a series of events 
that ultimately lead to neuronal death in the context of 
ischemia. Due to the lack of oxygen, aerobic respiration 
fails to function, resulting in a greater reliance on anaerobic 
respiration. This energy imbalance leads to ionic imbalance 
and neurotransmitter release, particularly glutamate, along 
with inhibition of reuptake [70]. The increased extracellular 
glutamate levels cause a significant influx of calcium into 
neurons. Calcium then triggers numerous proteases and 
phospholipases that degrade proteins and membranes [70]. 
Additionally, the influx of glutamate leads to increased entry 
of sodium and water, resulting in swelling and shrinkage of the 
extracellular space [70]. Elevated levels of calcium, sodium, and 
adenosine diphosphate in ischemic cells stimulate excessive 
production of mitochondrial oxygen radicals, causing damage 
to lipids, proteins, nucleic acids, and carbohydrates within 
the neurons [71]. This is particularly detrimental to neurons 
because protective mechanisms against these reactive 
oxygen species (such as superoxide dismutase, catalase, 
glutathione, etc.) are too slow to counteract the sudden surge 
[72]. Ultimately, all of these processes culminate in cell death.

Experimental models have attempted to block glutamate 
receptors. Studies have shown that this approach reduces 
infarction volume by decreasing calcium influx and the 
activation of related proteases. It also attenuates cortical 
spreading depressions and triggers the subfamily of 

metabotropic mGluRs towards prosurvival or prodeath 
signaling [73]. These initial findings provided hope for a 
potential therapeutic target to improve stroke outcomes. 
However, subsequent trials have failed to demonstrate 
improved patient outcomes [74,75]. This area of research 
requires further investigation to better understand the 
underlying mechanisms by which blocking the glutamate 
receptor initially yielded positive outcomes. Such research 
may eventually lead to the blockade of GluRs being a viable 
therapeutic target.

Systemic Effects of Chronic Immune Activation 
Following Stroke

Cognitive and psychiatrics effects of chronic immune 
activation

Increasing evidence points towards various downstream 
effects of chronic immune activation following stroke in the 
CNS (Figure 2). Among the most extensively studied chronic 
sequelae in post-stroke patients are depression, fatigue, and 
dementia. The underlying mechanism is hypothesized to 
involve antigen-presenting cells in the brain, which pick up 
new antigens released from stroke-induced tissue damage. 
These antigen-presenting cells then reach lymphoid organs 
through the circulation and engage naïve lymphocytes, 
thereby initiating an adaptive immune response targeted at 
the brain [28]. The link between chronic inflammation and 
cognitive decline finds support in research that highlights 
strong correlations between higher erythrocyte sedimentation 
rates and poorer performances on memory tests in post-
stroke patients [76].

Gut microbiome dysbiosis secondary to chronic immune 
activation

Chronic immune activation following stroke has systemic 
effects beyond the CNS. For example, the gut-brain axis is 
a key signaling pathway that monitors and integrates gut 
functioning with the emotional and cognitive centers of the 
brain. In mice, acute middle cerebral artery occlusion has been 
linked with gut microbiome dysbiosis, most notably reductions 
in bacterial diversity and an overgrowth of Bacteroidetes 
[77]. These pathological changes to the gut microbiome 
ultimately resulted in worse outcomes [77]. Notably, when 
germ-free mice were recolonized with dysbiotic post-stroke 
microbiota, they exhibited increased stroke lesion volume, 
functional deficits, and inflammatory responses compared to 
controls. These findings highlight the significance of the gut-
brain axis following stroke and the bidirectional effects that 
dysregulation can cause [77].

Immunosuppression following chronic immune 
activation

In humans, the spleen is the largest immune organ in the 
body, playing a significant role in both adaptive and innate 
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immunity. Following stroke, there is a significant reduction in 
splenic volume which has severe consequences on the normal 
homeostatic functions of the immune system [78]. Elevated 
levels of IFN-γ, IL-6, IL-10, IL-12, and IL-13 have been associated 
with reduced splenic volume in humans [79]. The subsequent 
loss of splenic B, T, and NK cells results in activation of the 
hypothalamic-adrenal axis and autonomic nervous system 
[58]. This event results in pathological overexpression of 
norepinephrine, acetylcholine, and glucocorticoids which 
further exacerbate splenic atrophy, T cell apoptosis, and NK 
cell deficiency [80,81]. Spleen volume reduction is associated 
with decreased lymphocyte counts which can leave patients 
susceptible to life-threatening infections [82]. Lymphopenia 
refers to a disorder characterized by a significant reduction 
in white blood cell lymphocytes caused by infections, 
medications, and nutritional deficiencies [83]. Stroke-induced 
lymphopenia arises as a consequence of β3-adrenergic 

receptor suppression of IL-7, CXCL12, and angiopoietin-1 which 
encourages myeloid cell proliferation and the development 
of lymphopenia [28]. Common infections seen following 
stroke as a result of immunosuppression include urinary tract 
infections and pneumonia [84,85]. Overall, ongoing research 
on the effects of chronic inflammation following stroke holds 
important implications for stroke outcomes and therapeutic 
interventions.

Current and Emerging Treatment Strategies for 
Stroke

Current treatment strategies for stroke

Therapeutic intervention for the clinical management of 
stroke is heavily time-dependent and begins before reaching 
the hospital when emergency medical service personnel 

 

  

Figure 2. Systemic Effects of Chronic Immune Activation Following Ischemic Stroke. Chronic immune activation following stroke can re-
sult in a variety of pathologies. Significant neurologic and motor deficits may occur following ischemic stroke. Exhaustion of spleen-derived 
immune cells and consequent reduction in splenic volume results in immunosuppression. Significant immunosuppression following stroke 
can result in the development of pneumonia and UTIs, both of which can be fatal. Ischemic stroke can additionally result in dysbiosis of the 
natural gut microbiota, which may exacerbate symptoms. (Figure created with Biorender.com).
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successfully identify the signs and symptoms of a stroke. The 
goal of treating ischemic stroke is to remove the embolus that 
causes blockage of blood flow to the ischemic area and tissue 
that receives blood from the affected blood vessels, known as 
the penumbra. Currently, the only FDA-approved medication 
for ischemic stroke is alteplase, a tissue plasminogen 
activator (tPA) [86]. When administered within 3 hours of the 
onset of symptoms, tPA provides optimal neurologic and 
functional improvement [87,88]. Certain patients may also 
receive treatment 4.5 hours after symptom onset; however, 
administering thrombolytics after the 3-4.5 hours post-stroke 
window can have deleterious effects [89-91]. These include an 
increased risk of symptomatic ICH, parenchymal hematoma, 
and hemorrhagic infarction [91,92]. 

Blood clots form when platelet cells aggregate and bind 
to fibrin which holds the blockage together. tPA, a serine 
protease, binds to plasminogen, activating it and forming 
plasmin which then breaks down the fibrin mesh of the 
embolus [93]. This allows recanalization and restores blood 
flow to the ischemic region. The effects of tPA are restricted to 
the site of the clot since plasmin breaks down rapidly with α2-
antiplasmin [93]. This rapid removal of tPA from the body can 
also serve as a disadvantage, however, since its therapeutic 
effects are short-lasting. Moreover, tPA only exerts its effects 
on the surface of the clot, therefore, blood flow to regions 
blocked by larger clots is stopped for longer periods of time 
[93]. Moreover, recanalization after intravenous administration 
of tPA is only seen in 21% of cases and reocclusions are seen 
in 12% and although 30% of patients have demonstrated 
better functional outcomes, the drug was still associated with 
a greater risk of ICH [94-96]. 

Since the effectiveness of tPA in the treatment of proximal 
large vessel occlusion was moderate at best, a more invasive 
treatment, endovascular thrombectomy (EVT), was studied 
[97]. There are two approaches to mechanical thrombectomy; 
the thrombi can be approached either distally with retrievers 
or proximally with aspiration devices. Retrievers (devices such 
as MERCI, CATCH, Solitaire FR, TREVO, REVIVE) expand within 
the vessel and are similar to stents often coming equipped 
with baskets that retrieve thrombi [98]. Aspiration devices 
fragment the thrombus and subsequently aspirate them when 
connected to a suction device, and any residual fragments are 
removed using the thrombus removal ring [95]. Examples of 
aspiration devices include the Penumbra System (Penumbra 
Inc, California, USA) and QuickCat (DSM Inc, Philadelphia, 
USA). The window within which the EVT procedure must be 
conducted is longer than for IVT; however, greater success 
is seen if it is done within 3-4.5 hours after stroke symptoms 
with decreased success seen if 5 to 8 hours after stroke [98,99]. 
EVT procedure can be performed under general anesthesia 
or under conscious sedation [94]. Based on data from five 
recent randomized trials for EVT, the combined tPA and EVT 
treatment group demonstrated better outcomes than the 
tPA-only group including reduced severity of disability, higher 

rates of functional independence, and reduced mortality [100-
104]. While some studies indicate the benefit of a combined 
therapy, other studies show the opposite [105]. Disadvantages 
of the treatment include the requirement for more resources, 
including a larger team of providers, and the need for a better-
equipped facility. In addition, there is an increased risk of ICH 
[106]. However, it remains an option for patients who are 
ineligible for tPA therapy [107].

Secondary stroke prevention

Antithrombotic treatments play an important role in acute 
ischemic stroke treatment and prevention. Antiplatelet and 
anticoagulant therapy is recommended to prevent future 
ischemic events [108]. Dual antiplatelet treatment in the form 
of clopidogrel and aspirin prevents future ischemic events 
more effectively than aspirin alone but the dual treatment 
also increases the risk of hemorrhage [109]. Therefore, it is 
recommended to be used only short-term in a subset of 
patients with early arriving minor stroke and high-risk transient 
ischemic attack or severe symptomatic intercranial stenosis 
[108]. Patients are recommended to cease dual antiplatelet 
therapy after 10 to 21 days to balance the risks and benefits 
[108,109]. Ticagrelor may be used as an alternative to aspirin 
in patients with a contraindication to aspirin, however, it is not 
preferred [109,110]. In addition, several other preventative 
actions can be taken against secondary strokes including 
lifestyle changes to increase activity and improve diet [108]. 
Patients with extracranial carotid artery disease, a cause of 
stroke, must be treated soon after their ischemic stroke with 
either a carotid endarterectomy or carotid artery stenting 
[108]. 

Immunotherapy for stroke

Although tPA has been a recommended treatment since 
1996, the short window of administration in addition to the 
short half-life makes 25-70% of stroke patients ineligible for 
the treatment demonstrating a need for other therapies 
[111,112]. Stroke increases the permeability of the BBB, 
making the brain more susceptible to autoimmunity leading 
to the destruction of the ischemic tissue [113]. Thus, recent 
studies have aimed to target the immune response to improve 
stroke recovery (Table 1). Certain antibodies have been 
targeted for stroke management including myelin-associated 
proteins Nogo-A, myelin-associated glycoprotein (MAG), 
and Oligodendrocyte myelin glycoprotein (OMgp). Nogo-A 
(myelin-associated protein and antigen for monoclonal 
antibody IN-1) is produced by oligodendrocytes and inhibits 
axonal remodeling after injury [114]. Monoclonal antibody (IN-
1), developed against Nogo-A, when administered improved 
neuroplasticity [113,115]. In a mouse model, genetic deletion 
or neutralization of Nogo-A led to functional improvement 3 
weeks after stroke which may result from revascularization of 
the ischemic border zone [116]. Levels of MAG, an inhibitor of 
axon growth, are augmented after stroke. In a rodent model, 
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Table 1. Immunotherapeutic strategies for the clinical management of stroke.

Immunotherapeutic Intervention Subject Outcome Source

Myelin-Associated Proteins

Nogo-A – anti-Nogo-A antibody IN-1 

Rodent

Rodent 
 

Improved neuroplasticity 

Functional improvement 3 weeks after 
stroke resulting from recanalization of the 
ischemic border zone 

Seymour et al. [115]

Rust et al. [116] 
 

MAG – anti-MAG monoclonal antibody 
GSK249320 Rodent Improved functional outcomes Cash et al. [117]

OMgp peptides Rodent
Nasal administration reduced ischemic 
infarct size, and elevated anti-inflammatory 
cytokines TGF-beta and IL-10 

Frenkel et al. [118]

Treg therapy

Rodent 
 

Rodent 

Decreased infarct size, enhanced post-stroke 
recovery in a rodent model 

Promotes oligodendrogenesis and tissue 
repair microglia after ischemic stroke .

Becker et al. [123 
Frenkel et al. [118] 
Gee et al. [124]

Shi et al. [125] 

Cell Adhesion Molecules

Enlimomab (ICAM-1 antibody)
Rodent 

Human

Reduced infarct size and leukocyte adhesion 

ICH, cardiac arrest, meningitis

Yu et al. [113] 
 
Enlimomab Acute Stroke 
Trial Investigators [129]

β2 integrins inhibition Rodent Attenuated infarct volume, edema, and 
mortality Arumugam et al. [127]

Anti-P-selectin 
Rodent

Rodent

Reduced leukocyte infiltration

Decreased infarct size and brain edema

Suzuki et al. [131]

Suzuki et al. [132]

Anti-E-selectin 

Rodent 

Human Phase II 
trials

Increased blood flow, decreased leukocyte 
levels in the brain

Study was terminated. 

Yu et al. [113] 
Chen et al. [134] 
Takeda et al. [135]

National Institute of 
Neurological Disorders and 
Stroke [133]

Anti-L-selectin combined with tPA Rodent Moderately reduced brain damage after 
stroke Bednar et al. [136]

Monoclonal Antibodies

Natalizumab

Rodent 

Rodent 

Human

Decreased leukocyte infiltration, reduced 
infarct volume, improved outcomes

No effect on stroke size or neurological 
impacts of stroke

No positive effect in stroke treatment

Becker et al. [137] 

Langhauser et al. [138]

ACTION and ACTION II 
clinical trials [139]

Fingolimod

Rodent 
 
 

Human 

Attenuated stroke size and improved 
neurological and functional outcomes 
 
 

Decreased inflammation duration and 
attenuated secondary stroke injury 

Czech et al. [142]  
Kraft et al. [143] 
Dang et al. [144] 
Wei et al. [145] 
Brait et al. [52]  

Fu et al. [140]
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an anti-MAG monoclonal antibody GSK249320, has been 
indicated as having restorative capacity after stroke [117]. 
Nasal administration of OMgp peptides reduced the ischemic 
infarct size and elevated anti-inflammatory cytokines TGF-β 
and IL-10 in a rodent model, suggesting that T cells and 
IL-10 have a role to play in decreasing stroke size via IL-10-
dependent CD4+ T cells [118].

Tregs: In response to ischemic stroke, T lymphocyte levels 
increase and persist in the brain up to 60 days after stroke is 
associated with an augmented risk of stroke recurrence and 
mortality [119,120]. While CD4+, CD8+, and γδ T cells increase 
tissue damage, Tregs have a protective effect and can be used 
as therapy for stroke [92,121,122]. Nasal administration of 
myelin basic protein (MBP) in a rodent model increased the 
frequency of Tregs, decreased infarct size, and enhanced post-
stroke recovery while on the other hand, depletion of Treg 
cells in a mouse model after a stroke-induced sensorimotor 
issue many weeks after stroke indicating the role of these cells 
in recovery after stroke [118,123,124]. Administration of Treg 
cells also promoted oligodendrogenesis and tissue-repair 
microglia post-ischemic stroke [125]. This indicates that Treg 
may offer therapeutic advantages in stroke recovery.

Cell adhesion molecules and cytokines: After the 
occurrence of an ischemic stroke, there is growing evidence 
of post-reperfusion inflammation during which leukocytes 
are recruited with the help of adhesion molecules from 
the selectin family, integrins (β1 and β2), and intercellular 
adhesion molecule-1 (ICAM-1) [113,119]. Adhesion molecules 
are proteins found on the surface of the cell and play a role 
in cell-cell interaction or cell and extracellular matrix (ECM) 
interactions [126]. The infiltration of these leukocytes can 
cause additional damage as they cross the BBB and release 
reactive oxygen species, cytokines, and proteases, with 
groups indicating that increased circulating leukocytes and 
neutrophils are associated with increased stroke severity [119]. 
Thus, the adhesion molecules have been studied as targets of 
immunotherapies for stroke. β2 integrins may serve as a target 
to reduce inflammation with certain heterodimers reducing 
stroke severity and mortality in mice models [127,128]. 

ICAM-1 was considered a possible target to treat reperfusion-
induced inflammation following stroke and Enlimomab an 
ICAM-1 antibody was developed and showed that it reduced 
infarct size and leukocyte adhesion in early studies [113]. 
However, when it was tested in humans, it worsened stroke 
outcome and was associated with ICH, cardiac arrest, and 
meningitis [113,129]. However, it has been shown to increase 
the therapeutic window when used in conjunction with tPA 
[130]. E- and P- selectin are upregulated after stroke, and 
in a rat model, anti-P-selectin antibody reduced leukocyte 
infiltration and decreased infarct size and brain edema 
[131,132]. Anti-E-selectin antibody had a neuroprotective 
effect as it increased blood flow and decreased leukocyte 
levels in the brain, however, Phase 2 studies administering 

it nasally to investigate whether it would be effective in the 
treatment for stroke, TIA, and secondary prevention of stroke 
were terminated before results could be gathered [113,133-
135]. The anti-L-selectin antibody when used in conjunction 
with tPA moderately reduced brain damage after stroke [136].

Monoclonal antibodies: Currently, Natalizumab is used to 
treat multiple sclerosis and Crohn’s disease. It is a monoclonal 
antibody that targets the alpha chain of adhesion molecule 
integrin within very late antigen-4 and is associated with 
decreased leukocyte infiltration, reduced infarct volume, and 
improved outcomes in certain preclinical models [137,138]. 
However, the ACTION and ACTION II clinical studies indicated 
no positive effect in the treatment of stroke [139]. 

Fingolimod is a sphingosine I-phosphate receptor modulator 
that limits lymphocyte infiltration that has been approved for 
the treatment of multiple sclerosis [140]. So far, it has shown 
differing results in rodent models with most demonstrating 
its neuroprotective effects [141-146]. A recent early-stage 
clinical trial has so far demonstrated that the administration 
of fingolimod improves functional outcomes, reduces infarct 
growth, and increases cerebral blood flow (NCT02002390). 
Several stroke treatments have been researched over the 
past few decades, but the beneficial effects seen in animal 
models rarely translate over to clinical trials [147]. However, 
immunotherapy is an avenue that can be explored further to 
provide therapeutics for stroke recovery. 

Conclusion and Future Research Directions 

As our understanding of stroke pathophysiology continues 
to evolve, the role of the immune system has become 
of great importance. Dysregulation of critical signaling 
pathways and immune populations after stroke significantly 
contributes to pathologic neuroinflammation, excitotoxicity, 
and consequently, disease progression. Increasing evidence 
in the literature suggests chronic immune activation 
following a stroke can lead to the development of systemic 
pathologies that may worsen patient outcomes overall. 
Immunocompromised patients in particular are at an increased 
risk for significant morbidity and mortality following stroke as 
they are often more susceptible to life-threatening infections. 
As such, clinical management of stroke must be conducted in 
a highly patient-specific manner by a multidisciplinary team 
of providers to improve patient outcomes. 

The significant role of the immune system in stroke 
pathogenesis has led to the investigation and development 
of novel treatment strategies that target the immune system. 
Immunotherapy for stroke has furthered our understanding of 
stroke pathogenesis at a biological level while simultaneously 
providing insight into novel treatment modalities that have 
the potential to revolutionize the clinical management of 
stroke. Despite the great promise of immunotherapy for 
stroke, significant research efforts must continue before 
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clinical implementation. For example, significant disease 
heterogeneity exists amongst stroke patients as hemorrhagic 
and ischemic stroke have different disease etiologies and 
secondary injury can vary significantly between patients. 
Furthermore, individual differences persist amongst 
individual patients with the same stroke type. In addition, 
the BBB poses a significant challenge to the successful 
implementation of immunotherapy for stroke due to its highly 
selective nature. Many current immunotherapeutic strategies 
that have demonstrated safety and efficacy in other medical 
specialties are not suitable for stroke as they would not be 
able to permeate the BBB. The therapeutic administration 
route is another challenge experienced in immunotherapy. 
Intraoperative injection of immunotherapeutic agents can be 
expensive and pose a significant risk to patients, especially 
for those who are at a predisposed risk of infection, have 
significant neurologic or functional deficits, or who have 
already had multiple trips to the operating room. In-clinic 
injections or infusions can be safer and more convenient for 
patients due to the less invasive nature of the procedure. 
However, in-clinic injections or infusions may require multiple 
office visits which may complicate patient compliance for 
those who are unable to travel to the clinic as a result of work, 
school, personal obligations, lack of transportation, or other 
medical comorbidities. As such, future research directions 
should work to investigate these issues to determine 
optimal immunotherapeutic platforms including dosages, 
formulations, and administration routes. Individual patient 
differences including age, sex, and preexisting comorbidities 
should be accounted for. 

The introduction of immunotherapeutic agents into the 
body can result in the release of pathological concentrations 
of proinflammatory cytokines into the bloodstream. This 
phenomenon, known as “cytokine storm”, can result in 
significant morbidity and mortality rates if not properly 
controlled and accounted for. Although the impact and 
role of cytokine storm is not well characterized following 
immunotherapy for stroke, it is reasonable to hypothesize 
cytokine storm could occur following the introduction of 
immunotherapeutic agents for the treatment of stroke. Thus, 
drug formulations need to be refined in a way that ensures 
patient safety while also promoting the efficacy of the platform. 
In addition, immunotherapeutics can take a significant amount 
of time to process and develop due to their patient-specific 
mechanism of action. This can ultimately impact treatment 
cost and access to care while also providing provide time for 
the lesion and surrounding ECM to further develop in a way 
that combats the efficacy of the immunotherapeutic platform, 
potentially rendering it ineffective. As aforementioned, future 
research efforts should be conducted to determine the 
optimal therapeutic formulation and processing method. 

In sum, immunotherapy has the potential to revolutionize 
the clinical management of stroke. Future research endeavors 

must address key issues concerning immunotherapy 
formulation, administration, and access to care before clinical 
use. 
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