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The interaction between the peripheral immune system and the brain is increasingly being recognized as an important layer of neuroimmune regulation and plays vital roles in brain homeostasis as well as neurological disorders. As an important population of T-cell lymphocytes, the roles of CD8+ T cells in infectious diseases and tumor immunity have been well established. Recently, increasing number of complex functions of CD8+ T cells in brain disorders have been revealed. However, an advanced summary and discussion of the functions and mechanisms of CD8+ T cells in brain injury and neurodegeneration are still lacking. Here, we described the differentiation and function of CD8+ T cells, reviewed the involvement of CD8+ T cells in the regulation of brain injury including stroke and traumatic brain injury and neurodegenerative diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD), and discussed therapeutic prospects and future study goals. Understanding these processes will promote the investigation of T-cell immunity in brain disorders and provide new intervention strategies for the treatment of brain injury and neurodegeneration.
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1 Introduction

The incidence of brain injury and neurodegenerative diseases, which lead to the loss of specific neurons and dysfunction of neuronal networks resulting in impaired cognitive function, behavior, and motor functions, has increased worldwide in recent years (Carroll, 2019; Wareham et al., 2022). For many years, researchers have mainly focused on neurons to elucidate the mechanism of neuronal death, and it has only a few years since researchers have taken an interest in the roles of peripheral immune cells in brain injury. Upon brain injury, inflammation-mediated blood-brain barrier (BBB) damage leads to the recruitment of peripheral immune cells into the brain, which may directly interact with resident brain cells or indirectly release immune mediators to modulate the immune niche and ultimately affect the outcome of brain injury (Iadecola et al., 2020; Salvador and Kipnis, 2022). Similar to brain injury, immune cell-mediated inflammation is considered a hallmark of neurodegeneration. The neuroinflammatory responses mediated by innate and adaptive immunity indeed contribute to the progression of neurodegenerative diseases (NDDs) and regulate neuronal death (Ribeiro, 2023; Wilson et al., 2023). Thus, we summarized the role of CD8+ T cells in both brain injury and neurodegeneration to reveal the similarities and differences underlying the regulation of neuronal death and function which will provide insights into new ways to treat neurological diseases.

At present, it is well established that T cells are involved in brain homeostasis as well as neurological diseases (Ellwardt et al., 2016; Evans et al., 2019). The roles of CD4+ T cells in brain injury and neurodegenerative diseases have been summarized and discussed in many reviews (Iadecola and Anrather, 2011; Berriat et al., 2023). CD8+ T cells are a subpopulation of T lymphocytes that can differentiate into cytotoxic effector T cells when exposed to antigens. In addition to secreting tumor necrosis factor alpha (TNFα) and interferon (IFN)-γ to exert immune regulatory functions, CD8+ T cells can also directly release granzymes and perforins and upregulate the expression of FASL to trigger target cell death (Kaech and Cui, 2012; Reina-Campos et al., 2021). Considering their critical role and translational application in tumor therapies (Jiang et al., 2019; St Paul and Ohashi, 2020), understanding their functional properties and molecular mechanisms of the CD8+ T-cell populations in brain injury and neurodegeneration may facilitate the design of therapies to alleviate diseases.

In this review, we described the properties of CD8+ T-cell differentiation and function, summarized the roles of CD8+ T cells in brain injury, including ischemic stroke and traumatic brain injury (TBI), and neurodegenerative diseases, including Alzheimer’s disease (AD) and Parkinson’s disease (PD), and discussed future study goals.



2 Differentiation and function of CD8+ T cells

CD8+ T cells are generated in the thymus and act as important components of adaptive immunity, which play important roles in intracellular pathogen clearance and cancer (Kumar et al., 2018; Tabilas et al., 2023). Naïve CD8+ T lymphocytes can be activated by recognizing peptides presented by major histocompatibility complex (MHC) class I molecules. Under the coordinated activation of signals mediated by antigens, costimulatory molecules, and various cytokines, naïve CD8+ T cells undergo massive expansion and differentiation into various kinds of effector and memory subpopulations, which help to fight against pathogens and exert long-term protection (Mittrücker et al., 2014; Sun et al., 2023).

When CD8+ T cells encounter antigens in an acute inflammatory context, such as bacterial or viral infection, they differentiate into cytolytic effector T cells, also known as CD8+ cytotoxic T lymphocytes (CTLs). CD8+ CTLs can directly secrete granzymes and perforins and enhance the expression of Fas ligand (FASL) to trigger target cell death (Golstein and Griffiths, 2018). In addition, effector CD8+ T cells also secrete tumor necrosis factor α (TNFα) and interferon (IFN)-γ to exert immune functions (Kaech and Wherry, 2007). In tumor immunity, some CD8+ T cells exhibit an exhausted state and become dysfunctional, during which CD8+ T cells upregulate the expression of many inhibitory receptors, such as CTLA4, PD1, TIM3, and LAG3, and lose the ability to produce effector cytokines or cytotoxic molecules (Speiser et al., 2016; Philip and Schietinger, 2022). After pathogen or antigen clearance, most effector T cells die by apoptosis (Badovinac et al., 2004).

After exerting effector function, a small number of antigen-experienced CD8+ T cells survive and remain as memory CD8+ T cells, which can be rapidly reactivated and regain effector functions when re-exposed to antigens (Kaech and Cui, 2012). Currently, heterogeneous populations of CD8+ memory T-cell types have been defined according to their expression of surface markers or functional properties, including central memory (TCM) and effector memory CD8+ T cells (TEM), and tissue-resident memory (TRM) cells (Jameson and Masopust, 2009; Gerlach et al., 2010). CD8+ memory T cell types are identified mainly based on the expression of CD62L and CCR7; TCM cells are mainly CD62LhiCCR7hi and TEM cells exhibit CD62LlowCCR7low phenotype. Unlike TCM and TEM cells, which continuously circulate in the peripheral blood (PB), TRM cells mainly reside in the brain and mucosal tissues and have a characteristic of CD103hiCD69hi CD27low phenotype (Kaech and Wherry, 2007; Sheridan and Lefrançois, 2011).

The differentiation and function of CD8+ T cell subsets are orchestrated by transcription factors, epigenetic regulators, and metabolic programs at different tissues upon immune challenge (Kaech and Cui, 2012; Cao et al., 2023). After stimulation, the maintenance of memory CD8+ T cell relies on cytokines including IL-7 and IL-15, which contribute to cell survival and self-renewal of memory CD8+ T cell populations (Surh and Sprent, 2008). The roles of CD8+ T cells in tumor immunity and infectious diseases are well established (St Paul and Ohashi, 2020; Reina-Campos et al., 2021). Recently, more specific CD8+ T cell subpopulations in disease progression or tissue-specific regulation are under investigation with the development of single-cell RNA-sequencing (ScRNA-seq) technologies. Notably, the functions of CD8+ T cells in brain injury and neurodegeneration are largely unknown, which is the focus of this review.



3 CD8+ T cells in brain injury

Acute brain injuries such as ischemic stroke, hemorrhagic stroke and traumatic brain injury (TBI) and chronic autoimmune-induced brain injuries remain a major threat to human health (McKee and Daneshvar, 2015; Stampanoni Bassi et al., 2022). As many excellent reviews have summarized the well-established roles of CD8+ T cells in autoimmune-related multiple sclerosis (Sinha et al., 2015; Brummer et al., 2022), we only review the role of CD8+ T cells in acute brain injuries here. The common pathological aspect of these brain injuries is the occurrence of neuroinflammation (Jayaraj et al., 2019; Morganti-Kossmann et al., 2019). The released damage-associated molecular patterns (DAMPs) of dying cells trigger robust inflammatory responses within the brain that damage the BBB and lead to the infiltration of peripheral immune cells, such as neutrophils, monocytes/macrophages and T cells (Zhang Z. et al., 2022; Bersano et al., 2023). The role of CD8+ T cells in brain injury is being discovered.


3.1 Ischemic stroke

Ischemic stroke caused by intracranial vascular occlusion is a devastating brain injury with considerable mortality and morbidity worldwide. Intravenous alteplase and thrombectomy are not always effective owing to reperfusion-induced injury. Uncovering the underlying mechanism and alleviating brain damage remain the focus of research (Pan et al., 2007). Many reports have demonstrated the roles and mechanisms of different CD4+ T-cell subsets in both the acute injury phase and long-term functional recovery phase (Zhang Z. et al., 2022; Wang et al., 2023). Similar to CD4+ T cells, CD8+ T cells are also profoundly activated after ischemic stroke, and the accumulation of CD8+ T cells peaks approximately 3–4 days after stroke onset, with cell numbers decreasing overtime (Gelderblom et al., 2009), and of note many studies also showed its existence in the chronic phase (Xie et al., 2019; Ahnstedt et al., 2020). Therefore, CD8+ T cells may participate in different stages of ischemic stroke.

CD8+ T cells can both be detrimental and beneficial for acute ischemic brain injury (Figure 1). As cytotoxic lymphocytes, CD8+ T cells can exert a direct cytotoxic effect on neurons. One study showed that depleting CD8+ T cells by using a CD8α blocking antibody alleviates infarct volume and behavioral deficits in both transient middle cerebral artery occlusion (tMCAO) and permanent MCAO ischemia model mice. Correspondingly, adoptive transfer of CD8+ T cells into RAG1-knockout mice increases infarct size. In addition, the transfer of perforin-deficient CD8+ T cells reversed the detrimental effects, while IFNγ-knockout mice failed to alleviate the increased infarction, indicating perforin-mediated neurotoxicity of CD8+ T cells (Mracsko et al., 2014b). Strategies that increase CD8+ T-cell infiltration or cytotoxic function exacerbate ischemic brain injury (Li et al., 2017; Lee et al., 2018; Zhou et al., 2019; Fan et al., 2020). FASL enhances the cytotoxicity of CD8+ T cells to neurons after ischemic stroke. Inactivation of FASL on CD8+ T cells protects mice against neuronal death, which is mediated by compromised the expression of 3-phosphoinositide-dependent protein kinase-1 (PDPK1), a kinase responsible for the cytolytic effect of CD8+ T cells by regulating the phosphorylation of mTOR (Finlay et al., 2012; Fan et al., 2020). IL-15 potently induces the proliferation of memory CD8+ T cells in an antigen-independent manner and augments their effective function (Kim et al., 2008). Lee et al. (2018) showed that IL-15 blockade by using IL-15 knockout mice and an IL-15 blocking antibody reduces brain infarction. This neuroprotective effect is achieved by reducing the activation of CD8+ T cells and NK cells (Lee et al., 2018). Consistently, GFAP-driven IL-15 transgenic mice exhibit increased brain infarction compared with non-transgenic mice owing to the augmented accumulation of CD8+ T cells and NK cells (Li et al., 2017). Moreover, administration of an IL-2 neutralizing antibody alleviates brain infarction and promotes remyelination by limiting CD8+ T-cell infiltration and activation (Zhou et al., 2019). Therefore, blocking the function of cytokines or molecules that are required for the maintenance and the cytotoxicity of CD8+ T cells may be beneficial for the ischemic brain.
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FIGURE 1
Functions and mechanisms of CD8+T cells in ischemic brain injury. (A) Astrocyte-derived IL-15 or endogenous IL-2 can promote the expansion and activation of CD8 + T cells to secrete granzyme B and perforin or upregulate FASL to exacerbate ischemic neuronal death. (B) During the aging process, CD8+ T cells are triggered to secrete TNFα, IFN-γ, CCL2, and MCP-1 to contribute to neuronal death. (C) A population of CD8+ T cells, namely T regulatory-like cells (TRL, CD8+CD122+ CD49dlo) infiltrate into the brain at early stages of ischemic stroke and are reprogrammed to upregulate leukemia inhibitory factor (LIF) receptor and induce epidermal growth factor-like transforming growth factor (ETGF), and interleukin 10 (IL-10) expression to exert neuroprotection through direct neuron protection or indirect anti-inflammatory effect. IL-2, interleukin 2; FASL, Fas ligand; TNFα, tumor necrosis factor alpha; IFN-γ, interferon-gamma; TRL, T regulatory-like cells; LIF, leukemia inhibitory factor; ETGF, epidermal growth factor-like transforming growth factor.


Risk factors for ischemic stroke may aggravate brain injury by regulating CD8+ T-cell functions. Perioperative ischemic stroke is one of the most severe complications of surgery and has severe public health implications (Vlisides and Mashour, 2016). Compared to sham mice, mice subjected to ileocecal resection showed an obvious increase in the number of CD44hiCD62LloCD8+ T effector lymphocytes in peripheral and ischemic brain tissues at Day 7 after ischemic stroke, whereas the number of brain-infiltrating CD4+ T lymphocytes and neutrophils was not significantly different. Further mechanistic study demonstrated that immunometabolite S-2HG accumulates in CD8+ T cells in perioperative stroke mice, promotes proliferation and activation of CD8+ T lymphocytes, and exerts direct neurotoxicity (Zhang F. et al., 2022). Aging is another important risk factor contributing to ischemic stroke (Chen et al., 2010). In the aging brain, a population of CD8+ T cells are present in perivascular and parenchymal regions and exhibit a memory/effector phenotype with high T cell receptor (TCR) expression and show a positive correlation with anti-inflammatory phenotype of microglia which facilitates immune surveillance. However, when the aging mice are subjected to MCAO, these CD8+ T cells contribute to age-related exacerbation of acute ischemic brain injury instead of alleviating it by promoting the production of proinflammatory cytokines as well as recruitment of peripheral leukocytes (Ritzel et al., 2016). Therefore, CD8+ T cells may have opposing roles in homeostasis and ischemic stroke progression of the aging brain.

In addition to their detrimental effect, recent studies also discovered a subset of regulatory CD8+ T cells that can exert an early protective effect. Bodhankar et al. (2015) discovered that transfer of IL-10-positive B cells into MCAO mice at an early time point leads to the generation of a dominant regulatory Treg population (IL-10+ CD8+ CD122+) both in the ischemic brain and spleen. Coincidentally, Cai et al. (2022) showed that during the early stage of brain ischemia, the upregulated expression of CXCL10 interacts with CXCR3 on CD8+CD122+CD49dlo T regulatory-like cells (CD8+ TRLs) to increase their infiltration in the brain. Interestingly, these recruited CD8+ TRLs are reprogrammed to upregulate leukemia inhibitory factor (LIF) receptor and exert neuroprotection through direct neuronal protection via promoting the expression of epidermal growth factor-like transforming growth factor (ETGF), and indirect anti-inflammatory effect through increasing the production of interleukin 10 (IL-10) (Cai et al., 2022). Thus, transfer of this regulatory CD8 T-cell subset may offer new perspectives to protect the brain from acute injuries. In addition, with the rapid development of Sc-RNA-seq and cytometry by time-of-flight (CytOF) technologies (Zhang et al., 2020; Jovic et al., 2022), the characteristics and functions of various CD8+ T-cell subsets in the acute phase and chronic phase will be clarified in the future.

In addition to the important function of CD8+ T cells in the acute phase of ischemic stroke, the role of CD8+ T cells in the chronic phase is also beginning to be exposed. One study found that CD8+ T cells remain at a higher number in the chronic phase and worsen functional recovery by increasing the infiltration of other immune cells, such as B cells, neutrophils and monocytes, to promote neuroinflammation (Selvaraj et al., 2021). For many decades, multiple studies have shed light on the molecular mechanisms that regulate neurological recovery during the weeks after ischemic stroke (Carmichael, 2006; Cramer and Riley, 2008; Zhang Z. et al., 2022). Considering the existence of CD8+ T cells during the chronic recovery phase of ischemic stroke, it will be interesting to reveal how these sustained CD8+ T cells communicate with brain-resident cells to regulate functional aspects of recovery such as neurogenesis, oligodendrogenesis and neuronal regeneration in the long term. In addition, what signal determines whether CD8+ T cells exert a protective effect or detrimental effect in homeostasis or during disease progression remains unknown.



3.2 Hemorrhagic stroke

Hemorrhagic stroke which includes the subtypes of intracerebral hemorrhage (ICH) and subarachnoid hemorrhage (SAH) has considerable morbidity and mortality rates. Similar to ischemic stroke, inflammation and the host immune response contribute to the pathophysiology of hemorrhagic stroke (Montaño et al., 2021; Nasa, 2022; Ohashi et al., 2023). After hemorrhagic stroke, the BBB is damaged and peripheral immune cells infiltrate into the brain. The function of peripheral infiltrated immune cells in hemorrhagic stroke has been studied, although less than ischemic stroke (Mracsko et al., 2014a; Li and Chen, 2023). Previous studies have observed the increase of CD8+ T lymphocytes in the early phase of ischemic stroke and last for 21 or 28 days (Xue and Del Bigio, 2003; Mracsko et al., 2014a). Considering the regulatory role of CD8+ T cells in ischemic stroke, the function of CD8+ T cells in hemorrhagic stroke needs investigation in the future.



3.3 Traumatic brain injury

Traumatic brain injury (TBI) remains a substantial cause of morbidity and mortality in both adults and children. TBI involves complex neurological processes, including acute molecular changes and long-term neurocognitive sequelae (Bramlett and Dietrich, 2015; Taylor et al., 2017). Several studies have revealed the involvement of T cells in both the acute phase and chronic phase of TBI (Bao et al., 2021; Xu et al., 2021). Compared with the study of CD4+ T cells in ischemic stroke, the study of CD8+ T cells in TBI is still limited.

CD8+ T cells can infiltrate the brain and accumulate in the TBI site (Ling et al., 2006). CD8+ T cells exert a detrimental effect via their cytotoxic effect in the acute damage stage. By using a model of TBI, Ling et al. (2006) observed that astrocytes are activated and produce IL-15, which triggers CD8+ T-cell activation and the release of granzyme B. The released granzyme B can in turn act on neurons and induce neuronal apoptosis by caspase-3-induced PARP cleavage (Wu et al., 2021). Pituitary adenylate cyclase activating polypeptide can protect mice from TBI-induced injury by balancing CD4+ and CD8+ T-cell ratios and functions (Hua et al., 2012). In addition to aggravating acute brain injury, traumatic brain injury (TBI) also results in myelin-related pathology and long-term disabilities in many survivors. At 8 weeks after TBI, the number of effector/memory CD8+ T cells is increased in the injured brain and these CD8+ T cells release granzyme B, which precedes Th17 cell infiltration, and is associated with an elevated autoantibody response and progressive impairment of neurological functions. Genetic deletion of CD8+ T cells by using β2-microglobulin-deficient mice or pharmacological depletion of CD8+ T cells by using a CD8+ blocking antibody improves neurological outcomes and produces a neuroprotective Th2/Th17 immunological shift. However, the deletion of CD4+ T cells does not have this effect, and the depletion of B cells results in even more severe neurological dysfunction, demonstrating the specific effects of CD8+ T cells in regulating long-term functional impairment after TBI (Daglas et al., 2019). Despite the above reports of CD8+ T cells in the acute injury phase and chronic recovery phase of TBI (Figure 2), more questions still exist. For example, do CD8+ T cell populations function differently during TBI progression? Can CD8+ T cells directly interact with brain-resident cells to affect TBI progression? What is the difference in the cytokine profile of CD8+ T cells during different stages of TBI? Which factors recruit CD8+ T cells into the brain after TBI? Resolving these questions may provide important insights to increase the efficiency of TBI treatment using immunotherapy.
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FIGURE 2
Functions of CD8+ T cells in TBI. (A) During the acute phase, astrocytes are activated to produce IL-15, which evokes CD8+ T-cell activation to release granzyme B, which in turn acts on neurons and leads to caspase 3-induced apoptosis. (B) During the chronic phase, brain-infiltrating CD8+ T cells can secrete granzyme B and regulate Th2/Th17 shift to accelerate demyelination. TBI, traumatic brain injury.


Like ischemic stroke, TBI also induces peripheral immunosuppression which is detrimental, as it increases the incidence of hospital-acquired infections (HAIs) (Ritzel et al., 2018; Sribnick et al., 2022). Mechanistically, this peripheral immunosuppression has been attributed to a disturbance in the well-balanced bidirectional communication between the brain and the immune system owing to injury (Hazeldine et al., 2015; Sribnick et al., 2022). One study showed that TBI induces the activation of the sympathetic nervous system, which triggers the expression of PD-1, a marker of T-cell exhaustion, on CD4+ and CD8+ T cells leading to immunosuppression. Inhibition of sympathetic nervous system by propranolol reverses this effect in vivo (Yang et al., 2019). More studies are needed to gain a better understanding of the mechanisms underlying TBI-induced changes in the immune system and how to manipulate these changes to treat hospital-acquired infections after TBI.

Notably, it is important to be aware of the specific staining of CD8+ T cells when investigating CD8+ T cells as one study found that a population of macrophage/microglia also expresses CD8 after TBI and localizes in the border of the pannecrosis, which may have a role in lesion development after TBI (Zhang et al., 2006). How to distinguish these cells to avoid false conclusions should be given immediate attention although why other immune cells also express CD8 remains unknown.



3.4 Other kinds of brain injuries

In addition to acute stroke-induced brain injury and TBI, other kinds of less frequent brain injuries also exist. Radiation-induced brain injury (RIBI) remains one of the most common medical complications of brain radiation therapy. In addition to the acute adverse effects of radiation exposure, cranial radiotherapy also results in severe and delayed onset of brain injury as well as cognitive impairment. Uncontrolled progressive development of brain lesions can eventually result in cerebral herniation and even death (Ali et al., 2019). However, the underlying mechanism of delayed RIBI is poorly understood. Notably, peripheral lymphocytes infiltration has been reported as a common feature in the necrotic brain area of patients with RIBI (Kureshi et al., 1994; Yoritsune et al., 2014), suggesting the involvement of adaptive immunity in the development of RIBI. Recently, one study found that CD8+ T cells infiltrate and expand in the lesioned brain tissue of RIBI patients by using Sc-RNA-seq and T-cell receptor sequencing techniques. In addition, these infiltrated T cells are in an activation state as granzyme B and perforin are secreted from cytotoxic CD8+ T cells in the CSF of RIBI patients. Further mechanistic studies showed that microglia-derived chemokines CCL2/CCL8 mediate the infiltration of CCR2+/CCR5+ CD8+ T cells in the brain parenchyma. Inhibition of CCL2 and CCL8 function by conditional knockout mice and neutralization antibodies alleviate RIBI as well as ischemic brain injury (Kumari and Gensel, 2023; Shi et al., 2023). This study reveals the participation of microglial-mediated activation of CD8+ T cells in brain damage and provides direct evidence of brain-immune communications in the regulation of RIBI.

Perinatal brain injury influences infants born at gestational ages and may lead to substantial long-term neurodevelopmental impairment, including cognitive, neurological, sensory and motor disabilities (Novak et al., 2018; Reiss et al., 2022). Perinatal brain injury can be triggered by hypoxia-induced ischemia, maternal infection or inflammation that elicits a cascade of events potentiating perinatal brain injury (Novak et al., 2018; Leavy and Jimenez Mateos, 2020). Several studies found an increase in CD8+ T cell numbers in the placenta following maternal intrauterine inflammation (IUI). Maternal CD8 T-cell-depletion or maternal administration of bone marrow-derived mesenchymal stem cells (BMMSCs) results in a decreased number of placental CD8+ T cells which reduces perinatal brain injury and improves neurological outcomes in the offspring (Lei et al., 2018; Zhao et al., 2020). Future studies are needed to reveal neuroinflammatory processes and design therapeutic strategies to alleviate perinatal brain injury.




4 CD8+ T cells in neurodegeneration

Neurodegenerative diseases (NDDs), such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS) are characterized by the processive accumulation of protein aggregates and the loss of neurons in specific brain regions. For example, in AD, the aggregates are intracellular Tau and extracellular Aβ and hippocampal as well as cortical neurons are impacted. In PD, the alpha-synuclein and TDP-43 are intracellular aggregates and the neurons in the midbrain substantia nigra are impacted (Dugger and Dickson, 2017; Berriat et al., 2023). For many years, researchers have focused on neurons to reveal the underlying mechanism of neuronal loss. Only in the past few years, has multiple pieces of evidence revealed the critical role of peripheral immune cells in the regulation of the pathogenesis of NDDs. Immune cell-mediated inflammation is now considered a hallmark of NDDs (Wilson et al., 2023). However, whether immune cell-mediated inflammation is a consequence or cause of PD remains unknown (Appel, 2012). It is widely accepted that the neuroinflammatory responses mediated by innate and adaptive immunity indeed contribute to the progression of NDDs and mediate neuronal death. As an important subpopulation of T cells, the role of CD8+ T cells in NDDs is being recognized.


4.1 Alzheimer’s disease (AD)

In patients with AD, the immune cell diversity and activation states are altered, indicating their involvement in the progression of AD. Early studies suggested a decreased proportion of CD8+ T cells in AD patients (Pirttilä et al., 1992; Shalit et al., 1995), and some observed low expression of the costimulatory molecules CD28 (Speciale et al., 2007). However, other studies have found no significant changes in CD8+ T-cell frequency in the peripheral blood between mild AD patients and healthy controls (Larbi et al., 2009). These contrasting results may result from samples collected from patients in different stages of AD and testing methods used, as some macrophages and NK cells are also observed to express CD8 in some conditions (Popovich et al., 2003; McKinney et al., 2021). Thus, researchers should be cautious when testing the existence of CD8+ T cells, and add other co-expression markers of T cells to draw a solid conclusion. With the development of mass cytometry and ScRNA-seq technologies, some studies have observed an increase in CD8+ T cells numbers in the peripheral blood (PB) and CSF of AD patients and characterized the phenotype of CD8+ T cells (Schindowski et al., 2007; Lueg et al., 2015; Gate et al., 2020). Gate et al. (2020) found an increased number of CD3+CD8+CD27– T effector memory CD45RA+ (TEMRA) cells in the mononuclear cells of peripheral blood by using mass cytometry. These cells are negatively associated with cognitive function. In addition, the CD8+ T cells in the cerebrospinal fluid of AD patients are clonally expanded and antigen-specific cells (Gate et al., 2020; Heneka, 2020; McManus and Heneka, 2020). This study raises the question of what antigen brain-infiltrating CD8+ T cells recognize and mediate its clonal expansion. Interestingly, Gate et al. (2020) found some Epstein-Barr virus (EBV)-specific clones of CD8+ T cells, although they are not highly expanded clones. EBV DNA is present in approximately six percent of AD brains (Carbone et al., 2014). In addition to EBV, cytomegalovirus (CMV) is a member of the herpesvirus family that is prevalent throughout the world. Approximately seventeen percent of patients with AD are positive for human herpes virus (Carbone et al., 2014). A reduced frequency of CMV-specific CD8+ T cells is present in AD patients compared with other CMV-positive patients (Westman et al., 2013). Based on this evidence, we cannot define the direct relationship between viral infections and the progression of AD, as virus-induced immune response is commonly present in elderly people. Future studies are needed to investigate whether other antigen-specific T cell clones exist and participate in the pathogenesis of AD. Interestingly, in PD patients, peptides derived from α-synuclein can be presented to CD8+ T cells and leads to its activation (Sulzer et al., 2017; Hobson and Sulzer, 2022). Whether Aβ can generate peptides to specifically activate CD8+ T cells needs further investigation. In addition, if antigen specific CD8+ T cells are identified, it will be interesting to further test whether they are derived in the brain or in the peripheral immune system. Comparing the antigen specificity of T cells may help identify some T cell specific subpopulations which may benefit both diagnosis and treatment.

In addition to the alteration of CD8+ T cells in the PB and CSF, the presence of CD8+ T cells is also observed in the brains of both AD patients (Itagaki et al., 1988; Merlini et al., 2018; Unger et al., 2020) and AD model mice (Laurent et al., 2017; Unger et al., 2020; Michael et al., 2021; Fernando et al., 2023). The substantial infiltration of CD8+ T cells in the brain raises a question of what signal mediates CD8+ T cell infiltration into the brain. One study indicated that pro-inflammatory cytokine IL-17 may mediate the enrichment of CD8+ T cells. IL-17 was expressed in the cortex and hippocampus of APP/PS1 model mice. IL-17 enhances the production of chemokines CXCL1 and CXCL9/10 from glial cells to trigger the infiltration of myeloid cells and CD8+ T lymphocytes (Ye et al., 2023). Then, comes another question. Which cells release IL-17? As Aβ immunization promotes IL-17 production by T helper 17 (Th17) cells (McQuillan et al., 2010; Zhang et al., 2013), one possibility is that the upregulated expression of IL-17 may result from elevated Th17 cell numbers. In addition, γδ T cells are regarded as one of the bridges connecting innate and adaptive immunity, and they can quickly secrete cytokines, especially IL-17 and IFNγ, after activation (Bonneville et al., 2010). More importantly, a subset of IL-17-producing γδ T cells populates the meninges in normal brains (Ribeiro et al., 2019). These evidence indicate that γδ T cells may also contribute to IL-17 production in the brain to incite neurodegeneration as an early response. In addition, brain-resident microglia also release chemokines and cytokines to recruit CD8+ T cells. In human and mouse brains with tauopathy, parenchymal microglia exhibit a disease-associated phenotype with increased expression levels of MHC-I and inflammatory chemokines and cytokines, which promote the recruitment of peripheral T cells into the parenchyma and drive neurodegeneration (Chen et al., 2023). The important role of meningeal immunity is now being recognized. One study provides evidence that the activation of meningeal CD8+ T cells facilitates their infiltration into the parenchyma. CD8+ T cells are highly activated in the meninges and brains of patients with NDDs, and undergo clonal expansion which may further potentiate the infiltration of CD8+ T cells into the parenchyma and exacerbate brain degeneration (Hobson et al., 2023; Figure 3).
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FIGURE 3
Mechanisms of CD8+ T-cell infiltration into the brain parenchyma of AD. (A) IL-17 cytokine possibly produced by Th17 cells or γδ T cells was observed to express in the cortex and hippocampus of APP/PS1 mice which enhances the production of chemokines CXCL1 and CXCL9/10 from the glial cells to trigger the infiltration of CD8+ T lymphocyte. (B) Disease associated microglia can be induced by cytokines such as IFN-γ to release chemokines and cytokines to recruit CD8+ T cells. (C) Activation of meningeal CD8+ T cells by meningeal macrophage facilitates their infiltration into the parenchyma. DAM, disease associated macroglia; AD, Alzheimer’s disease.


CD8+ T cells regulate the progression of AD (Table 1). One study used a CD8 blocking antibody to deplete CD8+ T cells in APP-PS1 mouse models, and neither cognitive outcome nor plaque pathology was altered after depletion of CD8+ T cells. However, the expression of several neuronal and synapse-related genes, including activity-regulated cytoskeleton-associated protein (Arc) and neuronal PAS domain protein 4 (Npas4) was altered in the hippocampus in the presence of a CD8 blocking antibody (Unger et al., 2020). In addition, CD8+ T cells are present in the hippocampus of tau transgenic mice and the cortex of patient brains with P301L tau mutation. CD3 blocking antibody inhibits T-cell infiltration in the tau transgenic mice and improves spatial memory impairment (Laurent et al., 2017). Administration of the leukotriene receptor antagonist montelukast (MTK) in 5XFAD mice improves cognitive function. Mechanistically, MTK treatment increases the number of Tmem119+ microglia and decreases the expression level of AD-associated and lipid droplet accumulation-related genes, which reduces infiltration of CD8+ T cells into the brain parenchyma (Michael et al., 2021). Therefore, factors or molecules that can specifically modulate CD8+ T-cell expansion and function can be evaluated in AD models. Interestingly, a disease-associated CD8+ T-cell population is present in the aged AD mouse brains on a 5XFAD background. These cells express high levels of immune-responsive genes (ISGs) at the transcriptional and epigenetic levels, which are normally induced by interferons (IFNs) (Fu et al., 2023). Depletion of CD8+ T cells by using a β2m-deficient mouse leads to a reduction in amyloid-β plaque burden and improves spatial memory in AD model mice (Fernando et al., 2023).


TABLE 1    Evidence of CD8+T cells in neurodegeneration.

[image: Table 1]

Previous studies on the effects of T cells suggest that T cells may also have beneficial effects on the clearance of Aβ aggregates and improve cognitive behavior. Recently, one study showed that depletion of CD8+ T cells using a β2m-deficient mouse or impairing the accumulation or clonal expansion of CD8+ T cells by CCR6-deficiency increased Aβ deposition and cognitive impairment in 5XFAD mice by restraining the proinflammatory response of microglia (Su et al., 2023), which is in contrast with Fernando et al. (2023) study that also used β2m-deficient 5XFAD mice. In addition, the adoptive transfer of regulatory T cells into 3xTg transgenic AD mice reduces Aβ aggregate deposition and improves cognitive deficits by decreasing inflammatory cytokine production and microglial activation (Baek et al., 2016). Mice on a 5XFAD background with lymphocytes deficiency (RAG2-KO) exhibited greater Aβ deposition than that in control mice as a result of a reduction in microglia-mediated phagocytosis (Marsh et al., 2016). The studies indicate the complex and context-dependent roles of CD8+ T cells in the pathogenesis of AD. Strategies aimed at modulating CD8+ T-cell function to treat AD should distinguish the beneficial and detrimental roles of different CD8+ T cell subpopulations.



4.2 Parkinson’s disease (PD)

Similar to AD, many studies have reported an alteration in T lymphocytes in the peripheral blood (PBs) and CSF of PD patients (Baba et al., 2005; Wang P. et al., 2021; He et al., 2022; Heming et al., 2022). Early studies showed an increased or decreased ratio of CD4 to CD8+ T cells in the PBs and CSF of PD patients (Hisanaga et al., 2001; Baba et al., 2005). Further mapping indicates that the number of naïve CD8+ T cells is reduced (He et al., 2022) and that a large population of CD8+ T cells continuously progress from central memory to terminal effector T cells in the blood and CFS of PD patients based on single-cell transcriptome expression combined with TCR-sequencing (Wang P. et al., 2021). Moreover, these CD8+ T cells are activated and show high expression of TNFα (Chen et al., 2021; Jiang et al., 2023). During the early stages of PD, the population of terminally differentiated effector CD8+ TEMRA T cells, the hallmarks of immunosenescence, in peripheral blood is reduced and PD patients exhibits downregulated expression of senescence-related markers such as p16INK4a compared with age and sex-matched healthy controls (Williams-Gray et al., 2018; Kouli et al., 2021). Whether immunosenescence contributes to the development and progression of PD deserves further investigation.

Evidence of the presence of CD8+ T cells in the brain is also increasing. CD8+ T cells infiltrate the substantia nigra pars compacta (SNpc) in patients during the early stage of PD before α-synuclein aggregation, which leads to neuronal death and synucleinopathy (Brochard et al., 2009; Galiano-Landeira et al., 2020; Halliday, 2020). Moreover, CD4 and CD8+ T cells are also present in the brains of PD model mice (Thakur et al., 2017). In an age-dependent PD model mice with genetic A30P/A53T double-mutated α-synuclein, infiltrated CD8+ and CD4+ T cells are correlated with the loss of dopaminergic neurons in the late stage of PD progression. A high proportion of infiltrated CD8+ T cells are tissue-resident memory T cells that express cytolytic granzymes and proinflammatory cytokines (Rauschenberger et al., 2022). This poses the question of how CD8+ T cells are activated in the brain, and what antigens they recognize.

Increasing evidence indicates that neurons can express MHC-I to promote antigen presentation to CD8+ T lymphocytes and leads to its activation. The neurotoxin MPTP induces oxidative stress in dopaminergic neurons which further upregulates the expression of MHC-I. The presentation of MHC-I is positively correlated with the number of CD8+ T cells (Wang B. Y. et al., 2021). Another in vitro study showed that MHC-I molecules can be induced in neurons by IFNγ released from microglia, activated by neuromelanin or alpha-synuclein, which present antigens to CD8+ T cells and mediate neurotoxicity (Cebrián et al., 2014). The antigens recognized by CD8+ T cells have been extensively studied. Currently, it is accepted that peptides can be derived from α-synuclein in PD patients, which is then displayed by MHC-I and activates CD8 cytotoxic T cell responses (Sulzer et al., 2017; Hobson and Sulzer, 2022). In addition, one study found that the response of CD4+ T cells and CD8+ T cells in the PBMCs from PD patients or healthy controls to common antigens from human pathogens showed no obvious difference (Williams et al., 2023). Therefore, the altered T cell response observed in PD patients may be induced via the recognition of autoantigens like α-synuclein rather than common antigens from foreign pathogens.

Interfering with CD8+ T-cell function affects the progression of PD (Table 1). Depletion of T cells by using RAG-KO mice exerts a protective effect on the 6-hydroxydopamine (6- OHDA)-induced PD model mice (Ip et al., 2015). Moreover, knockdown of MHC-I in neurons of the substantia nigra reduces the infiltration of CD8+ T cells and suppresses the loss of dopaminergic neurons (Cebrián et al., 2014). With the understanding of gut-brain interactions in the pathogenesis of brain diseases, one study explored whether colitis promotes the neuropathology of PD. Colon biopsies from PD patients exhibit high expression of inflammatory indicators Cd8b and NF-κB p65 and low expression of regulator of G-protein signaling 10 (RGS10), an inhibitor of NF-κB. Moreover, an obvious reduction in tyrosine hydroxylase levels and increased CD8+ T-cell infiltration and activation were observed in mice with experimental colitis. Experimental colitis-induced suppression of dopaminergic markers is recovered by depletion of CD8+ T cells indicating the important regulation of CD8+ T cells in mediating colitis-induced neuropathology (Houser et al., 2021). Investigation of the role of the gut-brain axis in other NDDs may provide common strategies for the treatment of NDDs.



4.3 Amyotrophic lateral sclerosis (ALS)

Similar to AD and PD patients, researchers discovered a clonally expanded effector memory CD8+ T- cell population in the peripheral blood and CSF of ALS patients (Campisi et al., 2022; Yazdani et al., 2022) and ALS animal models with mutations in the senataxin gene (SETX) (Carroll, 2019; Campisi et al., 2022). In the peripheral blood of ALS patients, an increased number of CD8+ T cell effector/memory cells was observed and these CD8+ T cells secreted increased granzyme B, IL-17 or IL-13 (Shi et al., 2007; Fiala et al., 2010; Kaur et al., 2022). Moreover, depletion of CD8+ T cells in MHC-I-deficient mice promotes the survival of motor neurons (Nardo et al., 2018; Coque et al., 2019; Table 1). The role of CD8+ T cells in other neurodegenerative diseases needs further investigation.




5 Conclusion and perspectives

T lymphocytes contribute to the maintenance of brain homeostasis and are involved in neurological diseases. As a special population of cytotoxic T lymphocytes, the function of CD8+ T cells in neurological disorders is being revealed. In this review, we mainly summarize evidence of the functions and molecular mechanisms of CD8+ T cells in brain injury as well as neurodegenerative diseases which all involve neuroinflammation and neuronal death, and discuss their therapeutic potentials and future questions. It is well established that CD8+ T cells infiltrate into the brain parenchyma after brain injury and neurodegeneration by responding to chemokines released by glial cells. It is interesting that some studies showed the significant infiltration prior to protein aggregates formation which indicates the involvement of CD8+ T cells in early phase of NDDs. The role of CD8+ T cells in brain injury and neurodegeneration seems to be more detrimental than beneficial, although a subset of regulatory CD8+ T cells was found to be protective in ischemic stroke and several reports indicate the protective role of T cells in promoting the clearance of protein aggregates in NDDs. These studies indicate the complex and context-dependent roles of CD8+ T cells in brain injury and neurodegeneration. Therefore, to avoid side effects, researchers should identify distinct CD8+ T cell subsets in the brain during disease progression, elucidate their respective roles and then design specific therapeutic strategies. In addition, compared with neurons and glial cells, CD8+ T cells are easy to detect and manipulate and are relatively accessible. However, their cytotoxic functions-mediated by granzymes and perforins and regulatory immune functions-mediated by IFNγ are not always exert the same effects on brain injury or neurodegeneration. To promote the application of CD8+ T cells-mediated immunotherapy in brain injury and NDDs, more thorough investigations are needed.

Future outstanding questions:


(1)What type of CD8+ T-cell subset is present and what are its functions during different stages of brain injury?

(2)Is there any specific feature of CD8+ T-cell subset exist during brain injury and neurodegeneration?

(3)How do CD8+ T-cell number and function change during the different stages of NDDs and affect the outcome of the disease, especially before severe protein aggregation?

(4)What antigens trigger CD8+ T cell activation during brain injury and neurodegeneration?

(5)What is the impact of the alternations in peripheral CD8+ T cells that do not infiltrate the brain on the progression of brain injury and NDDs?

(6)How do meningeal CD8+ T cells contribute to brain injury and NDDs?
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AD

urodegenerative diseases

Infiltration

Main evidence of CD8* T cell infiltration and effects on neurodegeneration

PB or CSF of AD patients: decreased proportion (Shalit et al., 1995; Speciale et al., 2007; Larbi et al., 2009); no difference (McKinney
etal, 2021); increased number (Schindowski et al., 2007; Gate et al., 2020; Heneka, 2020); increased number of effector/memory
CD8™ T cells (Heneka, 2020).

Brain tissue of AD patients: present in the brain (Itagaki et al., 1988; Merlini et al., 2018; Hobson and Sulzer, 2022).

Mice model: accumulated in the mouse brain (Laurent et al., 2017; Merlini et al., 2018; Unger et al., 2020; Michael et al., 2021)

AD

Effects

Blocking CD8 no alternation of cognitive outcome or plaque pathology (Merlini et al., 2018); Blocking CD3 improves spatial
memory (Unger et al., 2020); B2m-deficiency alleviates AD (Fernando et al., 2023); f2m-deficiency exacerbates AD (Su et al., 2023).

PD

Infiltration

PB or CSF of PD patients: CD4 to CD8 ratio changes (He et al.,, 2022; Fu et al., 2023); decreased number (Back et al., 2016); CD8'T T
cell terminal effector phenotype (Marsh et al., 2016), with high expression of TNFa (Wang P. et al,, 2021; Heming et al,, 2022) and
show immunosenescence (Hisanaga et al., 2001; Chen et al., 2021).

Brain tissue of PD patients: significant infiltration in the SN (Williams-Gray et al,, 2018; Kouli et al,, 20215 Jiang et al,, 2023).

Mice model of PD: present in the PD brains (Brochard et al., 2009; Galiano-Landeira et al., 2020).

PD

Effects

MHC-I knockdown suppresses dopaminergic neuronal loss (Thakur et al., 2017); RAG-KO alleviates 6-OHDA-induced PD
(Williams et al.,, 2023); CD8™ T cells depletion prevents colitis-induced suppression of dopaminergic markers (Ip et al., 2015).

ALS

Infiltration

PB or CSF of ALS patients: show a clonally expanded effector memory CD8™ T cells (Shi et al., 2007; Fiala et al., 2010; Houser et al.,
2021; Campisi et al., 2022; Yazdani et al., 2022), secrete increased granzyme B, IL-17, and IL-13 (Shi et al., 2007; Fiala et al., 2010;
Yazdani et al., 2022).

Mice model of ALS: present in the ALS brains (Campisi et al., 2022).

ALS

Effects

Depletion of CD8 T cell promotes the survival of motor neurons (Nardo et al,, 2018; Coque et al., 2019).






OPS/images/cover.jpg
, frontiers | Frontiers in Cellular Neuroscience













OPS/images/fncel-17-1281763-g001.jpg
live neuron

FasL grazyme B
Perforin

v

g%{ % ~ elwayosi % %

TNFa, IFN-y
CCL2, MCP-1

cxcl10

reprogram

CXCR3

TRL(CD8"'CD122*CD49d e )
dead neuron






OPS/images/logo.jpg
’ frontiers | Frontiers in Cellular Neuroscience






OPS/images/fncel-17-1281763-g002.jpg
A acute phase

©
T c 00 ) ase 3
oe) > 009, 6 —>» Apoptosis

astrocytes Granzyme B

B chronic phase
Granzyme B

P © 3
(@)
oo ©
: =il chronic
- /v motor deficits

demylination






OPS/images/fncel-17-1281763-g003.jpg
resting micoglia

chemokines

CD8 T cell expansion
and activation

CD8 T cells

brain parenchyma

[IN%s

sabuluaw







