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Abstract  

 Alzheimer’s disease (AD) is the leading cause of dementia, with the number of 

patients with AD expected to double in the next quarter-century. Brain deposition of 

amyloid-β (Aβ) and tau proteins is a necessary but insufficient condition for AD 

pathogenesis. There is also growing evidence to suggest that chronic neuroinflammation 

due to excessive microglial activation and astrocyte dysfunction exacerbates the 

pathophysiology of AD, but the factors that disrupt these homeostatic processes remain 

unclear. Research into AD pathophysiology has shown interest in the changes in adaptive 

T-cells, which play a pivotal role in immunity. 

The immune alterations in the peripheral circulation and increased blood-brain-

barrier permeability observed in patients with AD, even in the initial stages of the disease, 

require investigation of the immune mechanisms resulting from T-cell infiltration into the 

central nervous system (CNS) during disease initiation and exacerbation. Since T-cells 

play a two-faceted role in the CNS immune response, including pathogenic and 

neuroprotective roles, the role of T-cells in AD has been debated. Memory T-cells reside 

in the brain and communicate with glial cells and neurons. In this review, the role of 

immune responses in AD is discussed, focusing on the contribution of T-cells.  

 



Introduction 

Alzheimer's disease (AD) is the most common neurodegenerative disorder of the 

central nervous system (CNS), accounting for 60-70% of all dementia cases (1). AD is 

characterized by a slowly progressive cognitive decline. There is a subtle onset of 

episodic memory loss and amnesia. As the disease progresses, cognitive impairment 

becomes more severe and widespread, affecting activities of daily living (2, 3).  

It is estimated that 55 million people worldwide currently suffer from dementia. 

As the older adult population increases in many countries, this number is expected to 

reach 139 million by 2050 (1). In Japan, an advanced super-aged society, one in five 

people aged 65 or older is expected to suffer from dementia (4). 

Pathologically, AD is characterized by neuronal cell loss with two proteinaceous 

aggregates: intracellular neurofibrillary tangles (NFT) caused by phosphorylated tau, and 

senile plaques caused by extracellular amyloid group deposition caused by amyloid beta 

(Aβ) (5). Aβ is a degraded protein, composed of about 40 amino acids, produced in the 

brain. It is divided into Aβ (1-40), which is harmless and easily excreted, and Aβ (1-42), 

which is highly toxic and tends to accumulate in the brain as proteins attach to each other.  

The amyloid cascade hypothesis has been adopted as a major factor in the 

pathogenesis of AD, in which amyloid β-peptides in senile plaques affect other 



pathologies, such as NFT formation, as a result of an imbalance between Aβ production 

and clearance (6, 7). Both Aβ and tau may act synergistically to exacerbate neuronal 

degeneration (8); however, Aβ and tau alone cannot fully establish AD pathology. This is 

inferred from the fact that clinical trials targeting various Aβ and tau proteins have failed 

to restore brain function (9).  

The brain is composed of neurons and glial cells that support neuronal functions. 

Inflammatory changes, such as microglial activation, astrocytosis, complement activation, 

cytokine elevation, and acute phase protein changes, have long been noted as a response, 

at least in part, to the initial accumulation of Aβ (1-42) in the brain (10). Furthermore, 

increasing evidence has revealed high levels of inflammatory markers and risk genes for 

AD associated with the innate immune system in patients with AD; neuroinflammation 

mediated by microglia and astrocytes is considered an important regulator of the 

development of Aβ plaques and abnormal neurofibrillary changes (11, 12). In addition to 

glial cells, other factors that cause neuroinflammation have been highlighted; T-cells may 

contribute indirectly to neuroinflammation through crosstalk with glial cells and may 

balance excessive neuroinflammation and neuroprotection. In particular, T-cells in the 

brain, called tissue resident memory T-cells (TRMs), have a different phenotype than that 

of peripheral circulating T-cells (13, 14) (Figure 1). Herein, we discuss 



neuroinflammation and AD, with a focus on the role of T-cells. 

 

Alzheimer’s disease and neuroinflammation 

1. Neurodegeneration and neuroinflammation 

Central to the clinical manifestations of AD is the loss of synaptic plasticity and 

the loss of synapses themselves, which are closely associated with cognitive decline (3). 

An autopsy study comparing dendritic spines in patients with AD to control individuals 

who did not show a decline in cognitive function throughout life revealed that the density 

of dendritic spines was reduced in patients with AD, whereas it was comparable in non-

dementia individuals with or without Aβ pathology (15). In other words, attention should 

be paid not only to avoiding AD pathology (cognitive resistance) but also to coping with 

it (cognitive resilience) (16).  

In studies of AD pathology, several factors have been reported to promote 

neurotoxicity associated with cognitive decline, including oligomeric Aβ aggregates, 

hyperphosphorylated-tau species localized at synapses, and glial activation (17). 

Oligomeric Aβ or hyperphosphorylated tau has been shown to promote innate immune 

defense responses in the activation of pattern-recognition receptors that cause excessive 

inflammation (18, 19). Some studies have shown that both oligomeric Aβ and 



hyperphosphorylated tau induce neuronal necroptosis, also known as immunogenic cell 

death (20, 21). 

 

2. Increased blood-brain barrier (BBB) hyperpermeability and neuroinflammation 

Factors that influence neuroinflammation in AD do not only come from within 

the CNS but also from external factors controlled by the integrity of the BBB. The BBB 

maintains a homeostatic environment that is necessary for normal CNS function (22). The 

endothelial, epithelial, and glial brain barriers constitute BBB compartments that exhibit 

different levels of accessibility to immune cell subsets (23). Within these compartments, 

brain endothelial cells (BECs) of the CNS microvasculature have been well studied, 

precisely regulating the movement of ions and molecules between the blood and the CNS 

to control the transportation of immune cells to the CNS in health and disease (24). BECs 

are tightly sealed by tight junctions such as claudin/occludin and adherens junctions, such 

as vascular endothelial cadherin (23).  

The pathology of AD may directly promote vascular changes. For example, 

amyloid deposition near vessels is associated with MRI abnormalities in small-vessel 

disease, called cerebral amyloid angiopathy (CAA). (25). In rodent models of AD, Aβ has 

been reported to promote BBB permeability by altering tight junction binding or 



promoting perivascular pericyte mitophagy (26, 27). Tau may also cause vascular 

abnormalities, leading to BBB breakdown and decreased clearance of abnormal proteins 

(28). In imaging studies using dynamic contrast-enhanced MRI, which is used to assess 

BBB permeability, increased vascular permeability was found in patients with early AD, 

so-called mild cognitive impairment (MCI) (29). Notably, vascular permeability was 

more pronounced in patients with one or more copies of the apolipoprotein E (APOE) e4 

gene, a known genetic factor in the development of AD (29). It has been reported that 

APOE4 proteins facilitate vascular permeability with or without Aβ pathology (30). 

In terms of clearance, the paravascular interstitial fluid pathway facilitates the 

flow of cerebrospinal fluid (CSF) through the brain parenchyma, and the clearance of 

interstitial solutes, including Aβ (31). CSF drains from arachnoid granules in the dura 

mater. It is then excreted through the dural veins and a unique lymphatic drainage system 

from the CNS to the peripheral circulation and lymph nodes (23). Because dysfunction 

of these clearance systems increases the load of abnormal proteins in the CNS, astroglial 

dysfunction has been highlighted as a glymphatic dysfunction (32). Indeed, a longitudinal 

cohort study of individuals with enlarged perivascular spaces in the centrum semiovale 

correlated with the incidence of dementia, including AD (33). 

In addition to BECs, capillaries, basement membrane (BM), astrocytes, pericytes 



embedded in the BM, microglia, and neurons constitute the microenvironment that 

controls BBB integrity as the so-called neurovascular unit (NVU) (34). In early AD, 

soluble platelet-derived growth-factor receptor beta in the CSF, reflecting brain capillary 

damage, increased as a result of injurious stimuli for pericytes (35). These results suggest 

that early synaptic changes correlated with cognitive decline in AD are associated with 

BBB dysfunction and that this dysfunction may disrupt cognitive resilience to the 

remaining disease processes. 

 

Alzheimer’s disease and T-cells 

 T-cells play a central role in the adaptive immune system, patrolling tissues, and 

serving a role in immune surveillance (36). The major class of T-cells has αβ T-cell 

receptors and responds to pathogen-derived peptides presented by the major 

histocompatibility complex (MHC) on antigen-presenting cells; CD8+ cytotoxic T-cells 

respond to MHC class I molecules, whereas CD4+ helper T-cells respond to MHC class 

II molecules. After appropriate activation by antigens, T-cells differentiate into effector 

cells, which in the case of cytotoxic T-cells, exhibit direct cytotoxic activity and in the 

case of helper T-cells, elicit immune responses by producing cytokines (37).  

 



1. Phenotypic changes of T-cells in the peripheral blood of patients with AD 

In AD, there are several reports of changes in immunocompetent cells in the 

peripheral circulation, including enhanced adaptive immunity in patients with AD, such 

as increased activation of peripheral T-cells in response to Aβ and increased production 

of proinflammatory cytokines (38, 39). There are also reports of an imbalance between 

increased potential encephalitogenic T-helper 17 (Th17) cells and decreased regulatory 

T-cells (40). Dysfunctional regulatory T-cells in the peripheral blood of patients with AD 

have also been reported (41). Recently, it was reported that an increase in terminally 

differentiated, effector, memory re-expressing CD45RA (TEMRA) CD8+ T-cells in the 

peripheral blood of patients with MCI and AD is correlated with cognitive decline (42). 

Regarding antigen specificity, it has been reported that Aβ-responsive T-cells promote 

microglial activity in an IFN-γ-dependent manner, leading to Aβ clearance in a mouse 

model of AD overexpressing mutant amyloid-precursor protein (APP) and presenilin 1 

(PS1) (APP/PS1) (43). In humans, Aβ (1-42)-reactive T-cells have been observed in 

patients with AD and healthy older adults, suggesting that intrinsic T-cell reactivity to the 

autoantigen Aβ may be associated with AD onset or may be a marker of the aging process 

(44). However, systemic immunization against Aβ- (1-42)-induced subacute 

meningoencephalitis and the clearance of Aβ did not prevent progressive dementia (45, 



46). Tau peptide-specific T-cells have also been found in the general population, 

independent of neurodegenerative disease (47). To date, it has been reported that 

functional changes that enhance the function of immune cells, especially T-cells, in the 

peripheral circulation have been observed in patients with AD. These changes correlate 

with cognitive decline and antigen-specific responses to Aβ, but definitive evidence 

suggesting the cause and significance of these changes in peripheral T-cell function and 

their direct involvement in the brain, the primary site of AD pathogenesis, is 

undetermined.  

 

2. Mechanisms of increased BBB permeability and T-cell infiltration in AD 

Along with increased BBB permeability in AD, Aβ overload increases T-cells in 

the brain and simultaneously increases the expression of endothelial adhesion molecules 

that promote T-cell infiltration through the BBB (48). Furthermore, the CSF of patients 

with MCI and AD is enriched with clonality-expanded CD8+ TREMA cells (42). This 

suggests that antigen-experienced T-cells patrolling the intrathecal space are activated 

against antigens in the CNS and remain, at least partially, in the brain. Notably, the 

antigen-specific T-cells in the CSF may not necessarily respond to Aβ, but to virus 

antigens (42). The interactions between several cell surface molecules have been studied 



as potential mechanisms of chronic inflammation and BBB permeability (49). For 

example, CD200 is expressed primarily in brain neurons, and CD200 receptors on 

microglia in the CNS; these interactions maintain brain homeostasis while promoting 

anti-inflammatory pathways. The reduced expression of CD200 and CD200 receptors has 

been reported in AD-affected brains (50). CD200-deficient mice show increased IFN-γ 

expression from infiltrated T-cells in the brain and activated microglia with increased 

BBB permeability (51). Such dysfunctional maintenance of the brain environment may 

affect AD pathology and induce T-cell infiltration into the CNS.  

 

3. T-cells in the brain with AD 

The brains of patients with AD have been shown to have a higher incidence of 

T-cells than that of patients with non-AD degenerative dementia and age-matched healthy 

brains. The percentage of CD8+ T-cells in the brain is significantly higher than that of 

CD4+ T-cells, with subtypes CD45RA-CD45RO+, indicating that T-cells infiltrating the 

brain are in an activated state (52). Moreover, the number of extravascular CD8+ T-cells 

in the hippocampus of patients with AD was reported to correlate with the amount of tau 

accumulation, not with the amount of Aβ (53). T-cell infiltration in the inferior parietal 

lobule, middle parietal gyrus, and medial frontal gyrus of patients with AD is positively 



correlated with p-tau load (54). Thus, although Aβ is an initiator of immune changes in 

the peripheral circulation and may trigger T-cell infiltration through BBB and entrapment 

in the brain, T-cells in the brain may behave independently of Aβ and are correlated with 

the degree of neurodegeneration represented by tau accumulation.  

 

Roles of T-cells in AD pathogenesis 

While the CNS has long been considered an immune-privileged site, a growing 

body of evidence suggests that immune cells, including T-cells, contribute to the 

microenvironmental homeostasis of the brain in healthy and diseased states (55). 

However, no clear conclusions have been reached regarding the role of T-cells in AD 

pathogenesis. Multiple external signals received from cell surface molecules and 

cytokines play important roles in altering the host immune response. Co-stimulatory 

molecules are important for T-cell activation and the maintenance of an effective immune 

response, whereas co-inhibitory molecules prevent excess activation-induced cell death. 

The balance between co-stimulatory and co-inhibitory molecules on T-cells defines the 

T-cell state (56). In tissue microenvironments, such as in cancer tissues, T-cells become 

dysfunctional or exhausted due to high levels of clustered co-inhibitory molecules and 

specific gene profiles (57, 58). T-cells located in the perivascular space of the CNS have 



been reported to express several co-inhibitory molecules, including programmed cell 

death-1 (PD-1) and cytotoxic T-lymphocyte associated antigen-4 (CTLA-4), not only in 

healthy individuals but also in patients with neurological diseases, such as multiple 

sclerosis (MS) and AD (59).  

 

1. Pathogenic effects by T-cells in the brain 

In chronic inflammatory diseases of the CNS, such as MS, T-cells play a vital 

role in long-term pathophysiology. Dysregulation of T-cells in peripheral lymphoid 

organs orchestrates leukocyte entry into the CNS, leading to immunopathology and 

neurological deficits (60). The mechanism of autoreactive T-cell entry into the CNS and 

immunopathology is initiated in a CNS antigen-dependent manner, with conventional 

dendritic cells of peripheral lymphoid organs serving as antigen-presenting cells, rather 

than NVU macrophages and microglia (61).  

In general, pathogenic CD4+ T-cells in the brain communicate with microglia 

via MHC class II molecules and promote local inflammation (62). In contrast, neurons 

lack MHC class II and express MHC class I, so CD8+ T-cells can exhibit cytotoxic 

activity and destroy neurons (63). In addition to MHC class I-mediated mechanisms, 

CD8+ and CD4+ T-cells can induce neuronal death through cell-cell contact-dependent 



mechanisms involving Fas and Fas ligands (64).  

Furthermore, early studies have shown that the pro-inflammatory cytokine 

interferon-gamma (IFN-γ) from both CD4+ and CD8+ T-cells promotes astrocyte 

proliferation and activation, resulting in exacerbated neuroinflammation (65). IFN-γ 

induces microglial changes, including microglial proliferation and nitric oxide release; 

microglia stimulated by IFN-γ have been reported to impair neural network rhythms and 

cognitive function (66). CD4+ T-helper 1 (Th1) cells are important secretors of IFN-γ that 

activates microglia and astrocytes and may contribute to Aβ deposition, impaired synaptic 

plasticity, and cognitive deficits in APP/PS1 mice (67). On the other hand, increased 

Th17-cells have been reported in patients with MCI due to AD, defined by a low Aβ1-

42/1-40 ratio in CSF, suggesting that an alternative adaptive immune system is associated 

with neuropathological changes in AD (40). Th17-cells secrete the proinflammatory 

cytokine interleukin-17 (IL-17), which causes the activation of microglia (68) and 

decreases BBB tight junction molecules (69). IL-17 activates neutrophils in a manner 

dependent on lymphocyte function-associated antigen 1 integrin and plays a role in 

inducing neuronal apoptosis and neurodegeneration in rodent models of AD models: mice 

with three APP and two PS1 gene mutations associated with familial AD (5xFAD) and 

mice with APP, PS1, and tau gene mutations associated with familial AD or tauopathy 



(3xTg) (70).  

In rodent models of tauopathy observed in AD, T-cell infiltration promotes 

neuroinflammation and worsens cognitive function. T-cell depletion with anti-CD3 

antibodies restores spatial memory deficits in the absence of tau pathology modulation 

(71). Moreover, the adaptive transfer of regulatory T-cells also improves cognitive 

function and reduces Aβ plaque deposition in 3xTg mice (72). 

 

2. Neuroprotective effects of T-cells 

Physiologically, T-cells play a vital role in the homeostasis of tissue 

microenvironments. Immunocompromised states impair the maintenance of hippocampal 

neurogenesis and special-learning abilities, but CNS-specific antigen-reactive T-cells 

restore adult neurogenesis (73). In rodent models of neurodegenerative diseases such as 

amyotrophic lateral sclerosis, T-cells exhibit neuroprotective effects by regulating glial-

cell activation (74). In a rodent model of AD (5xFAD), the transient depletion of 

regulatory T-cells exhibited neuroprotective effects and improved cognitive function (75). 

Adaptive transfer of Aβ-specific Th1-cells into 5xFAD mice expanded MHC class II-

positive microglia in the brain, which exhibited strong phagocytic activity upon 

interaction with brain-infiltrated T-cells and promoted Aβ phagocytosis (76). Thus, the 



opposing actions of Th1 and regulatory T-cells in the AD model highlight the importance 

of an appropriate immune response to maintain CNS homeostasis in disease states. 

Another study using genetically engineered mice deficient in T- and B-cells revealed a 

worsening Aβ load and neuroinflammation, particularly microglial activation. 

Interestingly, this phenomenon is dependent on IgG-producing B-cells (77). Furthermore, 

the adaptive transfer of T-helper 2 (Th2) cells into APP/PS1 mice improved cognitive 

function and brain neuroinflammation without significant infiltration of T-cells into the 

CNS (78). These results suggest that both brain and peripheral immune phenotypes may 

be important for suppressing AD pathogenesis. 

 

3. Brain resident memory T-cells 

Immunological memory is a sophisticated mechanism of host defense, defined 

as a faster and stronger response when exposed to the same antigen (79). Circulating 

memory T-cells are classified as central-memory cells and effector-memory cells 

according to their homing and effector functions (80). Recently, another distinct subset, 

the so-called TRMs, which do not circulate in the body and remain in non-lymphoid 

tissues for lengthy periods, has been highlighted. TRMs are at the forefront of infection 

defense, promote fibrosis upon repeated antigen exposure, and are involved in 



autoimmune responses to allergic diseases (81). In a rodent fatty liver model, a decrease 

in CD8+ TRM-like cells in the liver caused hepatitis and fibrosis, and the adaptive transfer 

of TRM-like cells restored this phenotype (82). This suggests that CD8+ TRMs are 

important for maintaining the steady state of an organ. Notably, CD8+ T-cells rather than 

CD4+ T-cells are a predominant subset of TRMs (81, 83). In addition to the memory 

function, as defined by CD45RO, TRMs express proteins associated with tissue retention: 

CD69 is a protein that functions in tissue retention by inhibiting sphingosine 1-phosphate 

signaling, thereby reducing tissue fluidity. CD103 is a protein that functions in tissue 

retention by contacting E-cadherin expressed on epithelial cells. These features have been 

observed in T-cells obtained from human brains with and without neurological diseases 

(59). 

The role of CD8+ T-cells in the brain is widely known in neuroimmune diseases, 

such as MS, where CD8+ T-cells are the predominant type in MS brain lesions rather than 

CD4+ T-cells (84). CD8+ T-cells with TRM characteristics located in active MS lesions 

may correlate with the compartmentalization of the inflammatory response in established 

lesions (85). Thus, in chronic progressive MS, demyelinated lesion load is associated with 

an increased number of TRM-like activated T-cells that accumulate in the perivascular 

space (86). In support of the pathogenic role of cytotoxic T-cells, myelin-specific CD8+ 



T-cells induce severe CNS inflammation in rodents with a pathology resembling MS (87).  

These TRM-like cells are also characterized by increased expression of co-

inhibitory receptors, such as PD-1 and CTLA-4, but still have the potential ability to 

secrete proinflammatory cytokines (59). T-cells present in the brain lesions of patients 

with MS express multiple co-inhibitory molecules including PD-1 (88). PD-1+ CD8+ T-

cell presence in the CSF of patients with MS has been reported to correlate with treatment 

responsiveness (89). This highlights the potential immune regulatory role of CD8+ T-cells 

in the CNS. A patient with metastatic melanoma who received four doses of nivolumab, 

a PD-1 immune checkpoint inhibitor, showed TRM-like T-cell infiltration with 

demyelination and macrophage activation (90). In a rodent model of AD (5xFAD), while 

the role of TRMs was not described, PD-1 immune checkpoint inhibitors enhanced 

systemic IFN-γ dependent immune responses and recruitment of monocyte-derived 

macrophages recruitment to the brain, resulting in increased phagocytosis of Aβ protein, 

reduced Aβ plaque levels and improved cognitive function (91). Transcriptome analysis 

of brain TRMs revealed a gene profile distinct from circulating CD8+ T-cells, but 

comparable between APP/PS1 mice and wild-type controls (92). As mentioned above, 

brain resident memory T-cells exhibit repertoires that react to virus epitopes (42). This 

means that CNS TRMs localize as bystander cells that increase with age and may play a 



role in several injurious stimuli. Pathological TRM induction has been reported to 

promote inflammation and leukocyte mobilization after ischemic injury (93). In AD, a 

more complex brain microenvironment may induce distinct roles for TRMs, which 

remain to be investigated.   

 

Conclusion 

The evidence suggesting immune alterations and BBB impairment in patients 

with AD prompted us to further investigate the role of immune cells in AD. T-cells 

infiltrating the CNS may be involved in the regulation of AD pathogenesis, and T-cell-

derived proinflammatory cytokines are involved in inflammatory responses in astrocytes 

and microglia. On the other hand, a preferable immune phenotype in the peripheral 

circulation and memory T-cells in the brain contributes to physiological homeostasis 

through appropriate immune surveillance in the brain microenvironment. In addition to 

the synergistic effects of Aβ and tau on neuronal degeneration, various processes, 

including T-cell immune responses, are thought to trigger the onset of AD. Once lost, 

cognitive function cannot be restored; therefore, it is necessary to clarify the point of no 

return that triggers the onset of dementia and to find appropriate preventive treatments.  
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Figure 1. T-cells in healthy tissue and tissue of patients with Alzheimer’s disease 

T-cells play a vital role in the immune system and patrol tissues for immune surveillance. 

Dysregulated pro-inflammatory T-cells cause blood-brain barrier impairment and glial-

cell activation or dysfunction. T-cells in Alzheimer’s disease do not necessarily react to 



abnormal Aβ and tau peptides to exhibit their pathogenic effects. TRMs increase with 

aging and contribute to maintaining homeostasis of the brain microenvironment; however, 

they may become proinflammatory cells in diseases. Th: helper CD4+ T cells, CTL; 

cytotoxic T lymphocytes (CD4+ and CD8+ T cells); Treg, regulatory T cells; TRM, tissue 

resident memory T cells; TEMRA, terminally differentiated, effector, memory re-

expressing CD45RA; A β , amyloid beta; NFT, neurofibrillary tangles; PD-1, 

programmed cell death-1; CTLA-4, cytotoxic T-lymphocyte associated antigen-4. 


