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The interaction between peripheral immune cells and the brain is an important

component of the neuroimmune axis. Unconventional T cells, which include

natural killer T (NKT) cells, mucosal-associated invariant T (MAIT) cells, gd T cells,

and other poorly defined subsets, are a special group of T lymphocytes that

recognize a wide range of nonpolymorphic ligands and are the connection

between adaptive and innate immunity. Recently, an increasing number of

complex functions of these unconventional T cells in brain homeostasis and

various brain disorders have been revealed. In this review, we describe the

classification and effector function of unconventional T cells, review the

evidence for the involvement of unconventional T cells in the regulation of

brain homeostasis, summarize the roles and mechanisms of unconventional T

cells in the regulation of brain injury and neurodegeneration, and discuss

immunotherapeutic potential as well as future research goals. Insight of these

processes can shed light on the regulation of T cell immunity on brain

homeostasis and diseases and provide new clues for therapeutic approaches

targeting brain injury and neurodegeneration.

KEYWORDS

NKT cell, gd T cell, MAIT cell, meninges, brain injury, ischemic stroke, multiple
sclerosis, neurodegeneration
Introduction

Recently, the communication between peripheral immune cells and the brain has

attracted the attention of an increasing number of researchers with the discovery of

meningeal lymphatic vessels, a way for peripheral immune cells to infiltrate into the brain

parenchyma and communicate with brain resident cells (1, 2). It is well known that the

blood-brain barrier (BBB) is damaged upon brain injury, and peripheral immune cells

enter the brain and release various cytokines or immune mediators to regulate the outcome

of brain injury (3). Notably, under physiological conditions, some interfaces, including the

meninges, choroid plexus and cerebrospinal fluid have been found to harbor various types

of immune cells (4), which are involved in cognitive function (5), synaptic plasticity (6, 7)

and neurogenesis (6). Thus, the immune system can communicate with the brain in both
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physiological and pathological conditions to modulate brain

homeostasis and the progression of neurological diseases.

Unlike conventional T cells, which express an ab TCR to

recognize peptide antigens presented by major histocompatibility

complex (MHC) molecules, unconventional T cells are a special

group of T lymphocytes that mainly recognize a variety of self and

non-self-antigens presented by nonclassical MHC molecules (8, 9).

These unconventional T cells include natural killer T (NKT) cells,

gd T cells, mucosal-associated invariant T (MAIT) cells, and other

rare subsets (10). Despite the limited number of unconventional T

cells in organs of the body, defects or deficiencies of these T cells

play important roles in various diseases, such as cancer,

autoimmune diseases, and infectious diseases (11, 12). Notably,

unconventional T cells were reported to be involved in both brain

homeostasis (13, 14) and a variety of neurological diseases (15).

Therefore, understanding the functions and molecular mechanisms

of unconventional T cells in brain homeostasis and neurological

diseases may provide clues for developing new therapies to

maintain brain health.

In this review, we describe the classification and effector

functions of unconventional T cells, including NKT cells, MAIT

cells and gd T cells; summarize the current reports on the functions

of unconventional T cells in brain homeostasis, brain injuries

caused by cerebral ischemic stroke, traumatic brain injury (TBI)

and autoimmune-related multiple sclerosis, and neurodegenerative
Frontiers in Immunology 02
diseases; and discuss the immunotherapeutic potential of these cells

as well as future goals of studies.
Classification and function of
unconventional T cells

Unlike conventional T cells which recognize peptide antigens

presented by classical MHC molecules, unconventional T cells

recognize diverse nonpeptide antigens through nonclassical MHC

molecules. These unconventional T cells mainly include MAIT cells,

NKT cells, and gd T cells, which are generated from the thymus.

Although far less numerous than conventional ab T cells,

unconventional T cells have unique effector and regulatory roles

and are often described as a bridge between innate and adaptive

immunity (Figure 1).

Compared with conventional T cells, unconventional T cells

recognize a broader spectrum of antigens, including self-antigens

and non-self antigens, such as peptides recognized by conventional

T cells, conserved lipids and metabolites derived from bacteria. The

recognition of these diverse antigens enables them to regulate

multiple levels of cellular immune responses (16). In addition,

unconventional T cells often localize in tissues, especially mucosal

interfaces, which help maintain tissue homeostasis and repair (11,

17). Moreover, unconventional T cells, such as NKT cells andMAIT
FIGURE 1

Classification and effector functions of unconventional T cells. Antigens, TCR properties and released-cytokines of NKT cells, gd T cells and MAIT
cells. NKT cells recognize antigens presented by Cd1d through an invariant ab TCR. Type I NKT cells recognize the lipid antigen a-GalCer, while
Type II NKT cells are reactive to more diverse lipid antigens. TRDV2+ cells and TRDV2- gd T cells have been defined based on their TCR d-chain V
region usage. TRDV2+ gd T cells recognize phosphoantigens and TRDV2- gd T cells recognize more diverse antigens. MAIT cells are reactive to a
limited array of microbe-derived vitamin B metabolites with a semi-invariant TCR. All these unconventional T cells release multiple cytokines after
activation. a-GalCer, a-galactosylceramide.
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cells, acquire their effector functions in the thymus and can be

quickly activated in a similar way to innate immune cells after

encountering antigens (9). These properties endow unconventional

T cells with diverse functions that expand and complement the

function of traditional innate and adaptive immune cells in

protective immunity, barrier function, and tissue healing (Table 1).
Classification

NKT cells are generated from the CD4+CD8+ double-positive

(DP) cells of the thymus, which represent a specialized subset of T

cells that simultaneously express TCR and NK cell lineage markers.

Two broad subsets, namely, type I NKT cells and type II NKT cells,

have been defined (9). Typical type I NKT cells, also known as

invariant NKT cells (iNKT cells), harbor an invariant TCRa chain

(Va14-Ja18 in mice and Va24-Ja18 in human) coupled to a

limited array of TCRb chains that reactive to lipid antigens (a-
GalCer) presented by CD1d (18). Currently, the endogenous

ligands of iNKT cells remain unknown and need to be identified.

In contrast, type II NKT cells have a more diverse repertoire than

iNKT cells and can recognize a broader range of antigens, such as

glycolipids, phospholipids, and hydrophobic antigens (19–21). The

brain has abundant lipid content (22) indicating their involvement

in NKT cell activation.

Similar to NKT cells, MAIT cells are also selected by DP cortical

thymocytes and show limited TCR diversity that consists of an

invariant a-chain (Va 7.2-Ja 33 in humans; Va 19-Ja 33 in mice)

pairing with limited b chains (b2 or Vb13 chain in humans; Vb8 or
Vb6 chain in mice) (9). Accordingly, antigens recognized by MAIT

cells are limited and are mainly vitamin B metabolites including 6-
Frontiers in Immunology 03
formylpterin, folic acid and several ribityllumazines and

pyrimidine-based intermediates presented by MR1, a b2-
microglobulin-associated antigen-presenting molecule (23).

Different from MAIT cells and NKT cells, gd T cell subsets are

generated from CD4–CD8– double negative (DN) thymocytes and

express a TCR g-chain paring with a TCR d-chain that exhibits

limited TRGV and TRDV gene-segment usage (9). A unique feature

of murine gd T cells is that different tissues express distinct Vg
segments regarding the Vg chains (24). In humans, two categories of

gd T cells including TRDV2+ cells and TRDV2- cells have been

broadly defined according to their TCR d-chain V region usage,

with the former coexpressing TRGV9 and the latter pairing with an

array of TRGV genes (25). For many years, many researchers have

tried to identify new gd TCR ligands, and the involvement of

butyrophilins or the recognition of MHC-like molecules has been

revealed (26, 27). However, considering their important roles in

both health and diseases (28, 29), large-scale screening methods

based on current technologies such as the CRISPR/Cas9 system for

further ligand identification are still needed.
Effector functions

After TCR-mediated activation, unconventional T cells are

activated to secrete cytokines, exert cytotoxic effector functions,

and undergo proliferative expansion. Unlike conventional T cells,

unconventional T cells can rapidly become effector cells and

produce cytokines within minutes to hours upon antigen

activation, which is an innate-like property (9). More

importantly, unconventional T cells including NKT cells and

MAIT cells acquire effector functions in the thymus during early

development which requires the expression of transcription factor

PLZF and costimulatory signals mediated by signaling lymphocyte

activation molecules (SLAM) (9, 30). This feature confers

unconventional T cells the ability to migrate to peripheral tissue

early in life and rapidly respond to stimuli (11).

In response to antigen-mediated activation, NKT cells quickly

secrete large amounts of proinflammatory cytokines, such as

interleukin 17 (IL-17) and interferon-g (IFN-g), and anti-

inflammatory cytokines, such as IL-4 and IL-10 (31). By

comparing with the classification methods of conventional CD4+

T cells, researchers divide NKT cells into different subsets namely

Th1-like NKT cell (NKT1), Th2-like NKT cell (NKT2), Th17-like

NKT cell (NKT17) and Tfh-like NKT cell (NKTfh) based on the

transcription factors and cytokines co-expressed by NKT cells (32,

33). Their differentiation potential is determined by the activation

mechanism, which, in turn, determines the effects on the

progression of diseases such as cancer, tissue injuries,

autoimmune disease, and infection (34).

MAIT cells can be activated in two different ways: TCR-

dependent and TCR-independent ways (35). TCR-dependent

activation requires the presentation of microbe-derived

intermediates by MR1 to TCR in cooperation with costimulators

such as CD28 or some cytokines (36). After activation, MAIT cells

secrete proinflammatory cytokines, mainly IL-17. TCR-

independent activation is induced by IL-18 in combination with
TABLE 1 Comparison between innate immune cells, conventional T cells
and unconventional T cells.

Innate immune
cells

Conventional T
cells

Unconventional
T cells

Cells types

monocytes,
macrophages,
dendritic cells,
neutrophils,
basophils,
eosinophils, NK cells,
mast cells, and ILCs

ab T cells
Mainly NKT cells,
MAIT cells and gd
T cells

Recognition

Non-self structures
(PAMPs), or danger
or damage-associated
molecules (DAMPs)
are recognized by
PRRs

Peptide antigens
presented by
MHC-I or
MHC-II on
APCs are
recognized by
TCRs

Self-antigens and
microbial
extended self and
non-self-antigens
are recognized by
TCRs

Activation
PRRs activation
dependent, very
quick

TCR activation
dependent,
relatively slow

Innate-like
activation modes,
very quick

Function
primary line of
defense against
pathogens

adaptive
protective
immunity
against
pathogens

Tissue
homeostasis,
primary line of
defense
ILCs, Innate lymphoid cells; PAMPs, pathogen associated molecular patterns; DAMPs,
damage or danger associated molecular patterns; PRRs, pattern recognition receptors.
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type I interferons, IL-12, or IL-15 and potentiated by TL1A, a

membra of the TNF-superfamily. This form of activation stimulates

a modest cytokine production dominated by IFN-g instead of IL-17

(35, 37). They are involved in responses to infections, cancer, and

tissue repair (35).

Upon activation by extracellular viruses, bacteria, fungi, or

intracellular pathogens, gd T cells can quickly produce various

cytokines, such as tumor necrosis factor (TNF), IL-17, IFNg, IL-4,
IL-13 and IL-5 to protect the host against pathogens (38). In

addition, they also exert cytotoxicity against transformed or

infected cells by enhancing the expression of death-inducing

receptors such as CD95 and TNF-related apoptosis-inducing

ligand receptors (TRAILR) or releasing cytotoxic effector

molecules, such as granzymes and perforin (39). Moreover, some

immunosuppressive cytokines such as IL-10 and transforming

growth factor-b (TGFb), can be produced by gd T cells to

manipulate innate and adaptive immunity (38).

After brain injury and neurodegeneration, many damage-

associated molecular patterns (DAMPs) are released and these

unconventional T cells can be recruited into the brain and

activated to secrete cytokines and growth factors that may

regulate innate and adaptive immune cells or directly interact

with neurons to regulate the outcome of the disease. However,

some interesting questions still exist. For example, what types of

brain-specific antigens do these unconventional T cells recognize?

Are specific subsets of these unconventional T cells generated

during brain homeostasis or after disease progression? How do

these unconventional T cells interact with brain-resident cells?
Unconventional T cells in
brain homeostasis

Compared with other organs, the brain has a unique response to

environmental stimuli owing to the existence of the BBB and the

inability of neurons to self-renew (40, 41). Both intrinsic neuronal

properties and external environmental factors determine the

neuronal excitability and homeostasis of the brain (42). As an

external factor, peripheral immune cells contribute to the

homeostasis of many tissues (43), whereas their contribution to

brain homeostasis and function has been largely ignored for years

owing to the sporadic presence of peripheral immune cells in the

brain parenchyma under homeostatic conditions.

Unlike the relatively immune-privileged brain parenchyma, the

surrounding meninges are populated by many resident immune

cells and serve as an important interface with the peripheral

immune system. Recent studies have updated our knowledge of

meningeal immunity regarding how the complicated immune niche

of the meninges affects brain functions and plasticity in a disease-

free context (44) as well as in brain disorders. It is well known that

conventional T cells play key roles in maintaining brain functions,

including spatial learning (5, 45), social behaviors (46) and sensory

responses (47). Given the importance of unconventional T cells,

their regulation is recognized as a factor in the maintenance of brain

homeostasis (Figure 2).
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Early studies used polymerase chain reaction (PCR) analysis to

show that diverse types of gd TCRs are expressed in normal brain

tissue (48). Currently, it is widely agreed that a large number of gd T
cells exist in the meninges instead of the normal brain parenchyma.

Studies showed that gd T cells derived from the fetus infiltrate the

meninges after birth through the CXCR6–CXCL16 axis and are

maintained by slow self-renewal (7, 49). Interestingly, these gd T

cells display sufficient IL-17-producing capability that is

independent of inflammatory signals and are more activated than

peripheral cells in the spleen. Ribeiro et al. proposed that T-cell

receptor engagement in combination with signals derived from

commensal microbes contributes to IL-17A production. Functional

studies using IL-17-knockout mice and gd TCR-knockout mice

demonstrated that meningeal IL-17-producing gd T cells are

required for short-term memory maintenance and plasticity of

glutamatergic synapses. IL-17 promotes the secretion of brain-

derived neurotrophic factor (BDNF) from glial cells in the mouse

hippocampus, which facilitates the synaptic plasticity of neurons to

maintain short-term memory (7). Meanwhile, another study

demonstrated that the release of IL-17 promotes anxiety-like

behaviors by contr ibut ing to the proper re lease of

neurotransmitters from the excitatory synapses of medial

prefrontal cortex (mPFC) neurons in an IL-17R-dependent

manner (49). These two studies found that IL-17-producing gd T

cells promote brain homeostasis, although some questions remain

to be resolved. For example, how do cytokines of meningeal origin

function in the parenchyma? How do meningeal gd T cells sustain

the production of IL-17? Does IL-17 act in an IL-17R-

dependent manner?

Recently, a study showed that MAIT cells can be found in the

meninges but are absent in brain parenchymal regions, and they

exhibit high expression of antioxidant proteins that promote the

maintenance of meningeal MAIT cells. MAIT cell deficiency results

in reactive oxygen species (ROS) accumulation and barrier leakage,

which results in inflammation of the brain parenchyma and

cognitive decline in the brains of 7-month-old mice (50). Thus,

MAIT cells contribute to the maintenance of physiological neural

function by preserving the integrity of the meningeal barrier as well

as meningeal homeostasis (14, 50, 51). These reports indicate that

both gd T cells and MAIT cells are involved in maintaining brain

homeostasis. Whether NKT cells also exist in the meninges and

contribute to brain homeostasis is a matter that needs to be

investigated in the future.
Unconventional T cells in brain injury

Both acute brain injuries, including cerebral ischemic stroke,

hemorrhagic stroke, and brain traumatic injury, and chronic brain

injuries resulting from autoimmune-related attacks, such as

multiple sclerosis, entail a high risk of mortality and disability.

The recognition of DAMPs released from damaged brains initiates

strong inflammatory responses in the brain parenchyma, which

promotes the recruitment of peripheral immune cells, such as

dendritic cells, neutrophils, and T cells to the region of injury (3,

52). Many reports have demonstrated that immune responses-
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induced by peripheral immune cells regulate the pathogenesis of

brain injury as well as long-term functional recovery (3, 53).

Therefore, the functional properties of unconventional T cells in

acute and chronic cerebral injury cannot be ignored.
Ischemic stroke

Ischemic stroke is a devastating brain injury with high mortality

and morbidity worldwide. Early reperfusion by intravenous

alteplase and thrombectomy remains an effective treatment but

leads to secondary brain damage owing to ischemia/reperfusion

injury. Therefore, there is an urgent need to understand the

mechanism and alleviate brain damage (54). Multiple studies have

elucidated the roles of peripheral T cells in various stages of

ischemic stroke (55–57), which may provide novel perspectives

on immunotherapies for ischemic stroke. Previous studies have

revealed the infiltration of unconventional T cells in the brain

parenchyma (15, 58) and alternations in the number of

unconventional T cells in the peripheral blood (59), indicating the

involvement of unconventional T cells in ischemic cerebral

injury (Table 2).

As a bridging system between innate and adaptive immunity,

iNKT cells accumulate in the ischemic hemisphere or peripheral

blood in mice or rats subjected to middle cerebral artery occlusion

(MCAO) or patients suffering stroke. In addition, these infiltrating

iNKT cells primarily produce Th2-like cytokines, including IL-10

and IL-5, and few Th1-like cytokines, such as IL-12 and IFN-g (15,
Frontiers in Immunology 05
69–71). The influence of iNKT cells on the severity of cerebral

ischemic stroke depends on the study methods and mouse model

used. Administration of the specific iNKT cell-activating ligand a-
GalCer, compared with a vehicle control, increases infarct volume

and improves neurological deficiency and brain edema after

pMCAO (62). Nevertheless, depletion of iNKT cells by using

Cd1d-/- mice fails to alter infarct volume after tMCAO (60, 61)

but the mice showed greater pulmonary damage, decreased survival

rate, and more infiltration of neutrophils, a characteristic of

poststroke pulmonary infections. Within the currently feasible

c ond i t i o n s o f c l i n i c a l t r e a tmen t , s t r o k e - i n du c e d

immunosuppression is detrimental to the human body, as it

increases the risk of poststroke infections, especially infections of

the lung and urinary tract (55, 56, 72). Several studies provide a

mechanistic explanation of this phenomenon, and T lymphocytes

a r e i n v o l v e d i n mod u l a t i n g p o s t s t r o k e - i n d u c e d

immunosuppression as well as the subsequent infections (73).

Interestingly, upon ischemia, iNKT cells exhibit restricted

crawling and produce more Th2-like cytokines and fewer Th1-

like cytokines, a set of conditions that are present in patients with

acute ischemic stroke (60, 71). Selective immunomodulation of

iNKT cells with a-GalCer or propranolol, a nonspecific b-
adrenergic receptor blocker, promotes the production of

proinflammatory cytokines and restricts pulmonary infection

after ischemic stroke (60). Therefore, iNKT cells are involved in

poststroke infections, and modulating iNKT cell function with the

corresponding ligand may provide a potential way to alleviate

stroke-associated infections. Thus far, it remains unknown how
FIGURE 2

Functions of gd T cells and MAIT cells in brain homeostasis. Meningeal gd T cells mainly produce IL-17. The released IL-17 cytokine can on one hand
act on glial cells to trigger BDNF expression to improve synaptic plasticity which potentiates short-term memory, and on the other hand directly act
on neurons through IL-17R to enhance the release of neurotransmitters from excitatory presynaptic terminals to avoid anxiety-like behavior. MAIT
cells express antioxidant molecules to preserve meningeal barrier homeostasis and integrity and protect the brain from cognitive decline. IL-17,
interleukin 17; BDNF, brain-derived neurotrophic factor.
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iNKT cells are activated after ischemia, considering their restricted

recognition of lipid antigens.

gd T cells also accumulate in the peripheral blood or brain

parenchyma of stroke patients as well as MCAO-subjected mice as

early sensors of ischemic brain injury (65–67, 74). Notably, brain-

infiltrating gd T cells are the main sources of IL-17, one of the main

neuroinflammatory cytokines released after ischemia (65). The

migration of IL-17-producing gd T cells into the ischemic

hemisphere relies on C-C chemokine receptor type 6 (CCR6)

(67). Genetic depletion or antibody blockade of gd T cells or

genetic blockade of IL-17+ gd T-cells infiltration leads to

improved neurological outcomes by regulating neutrophil

recruitment and BBB integrity (65–68). Interestingly, alterations

in the intestinal flora-induced by antibiotic treatment substantially

alleviated ischemic brain damage in mice. The priming of intestinal

dendritic cells (DC) by altered commensal bacteria results in local

Treg cell expansion and IL-17+ gd T cells suppression, which further

leads to decreased migration of intestinal IL-17-producing gd T cells

into the brain meninges and protects the brain against ischemic

injury (75). This study confirms the vital regulation of the

microbiota–gut–brain axis in response to cerebral ischemic

stroke. Clinical and experimental studies indicate that gut

microbial composition is altered after ischemia (76–79); stroke

risks and stroke outcomes are influenced by the composition of

the gut microbiota (75, 77, 80). For instance, antibiotic treatment or

fecal matter transplantation from young mice into aged mice all

improve stroke outcomes by changing gut microbiota (81).

Although long-term regulation is mainly mediated by the vagus
Frontiers in Immunology 06
nerve and by metabolites, immune cells such as gd T cells also

contribute to the modulatory effect of microbiota on brain injury

(75, 82).

Likewise, the infiltration of MAIT cells is increased early after

ischemic stroke. MR1 deficiency or suppression of MAIT cell

activation using a suppressive MR1 ligand decreases infarct

volume, improves neurological deficits, and reduces microglial

activation as well as the production of proinflammatory cytokines

(63), which indicates that the use of MAIT cells may serve as a new

method for the treatment of acute ischemic stroke by

regulating neuroinflammation.

Apart from iNKT cells, MAIT cells and gd T cells, DNT

(CD3+CD4-CD8-) cells are another unconventional T-cell subset

that shows positive expression of T lymphocyte antigen receptors

but negative expression of CD4 and CD8 markers (83). One report

showed tha t DNT ce l l s a re invo lved in pos t s t roke

neuroinflammation in patients and animal models (64). After

stroke, DNT cells accumulate in peripheral blood as well as in the

ischemic penumbra. The infiltrating DNTs in the brain parenchyma

exacerbate brain injury and promote neuroinflammatory responses

via the FasL/PTPN2/TNF-a signaling axis. Blockade of the above

pathway restricts DNT-mediated neuroinflammation and improves

the outcomes of stroke (64). Many studies have observed and

reported functional subsets of NKT cells, gd T cells or MAIT cells

based on CD4 and CD8 expression, including DP or DN

phenotypes; thus, CD4/CD8 DP or DN cells are likely to be a

mixture of many cell subpopulations with this phenotype, in which

some functional subsets of NKT, gd T cells or MAIT cells might be
TABLE 2 Direct evidence of unconventional T cells in ischemic stroke.

Ischemic
stroke
models

Study
methods

Cell type Effects on disease progression
Refer-
ence

tMCAO CD1d-/- mice
type I and II
NKT cell

Fail to influence infarct volume, facilitate post-stroke immune suppression in CD1d-/- mice
60, 61

tMCAO
a-Galcer
injection

type I NKT cell a-Galcer injection inhibits post-stroke infection
60

pMCAO
a-Galcer or its
analog injection

type I NKT cell a-Galcer injection increases infarct volume and aggregate brain edema
62

tMCAO MR1-/- mice MAIT cell
MAIT cell deficiency leads to a reduction of infarction and an improvement of neurological
dysfunction.

63

tMCAO
DNT cell
transfer to
Rag1-/- mice

DNT cell
DNTs enhance neuroinflammatory responses and exacerbate ischemic brain injury by
modulating the FasL/PTPN2/TNF-a signaling axis.

64

tMCAO
TCRgd KO
mice

gd T cell gd T cell ameliorated the I/R injury
65

tMCAO
IL-17A
blocking
antibody

IL-17-
producing gd T
cell

IL-17 neutralization reduces neutrophil invasion and protects mice from ischemic injury
66

tMCAO CCR6-/- mice
IL-17-
producing gd T
cell

CCR6 triggers the infiltration of IL-17-producing gd T cells to exacerbate brain injury
67

tMCAO
TCRgd KO
mice

gd T cell
gd T cells-deficiency alleviates motor function injury and reduces the volume of brain
infarction

68
tMCAO, transient middle cerebral artery occlusion; pMACO, permanent middle cerebral artery occlusion.
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included (84–89). Therefore, whether these DNT cells include NKT

cells, gd T cells or MAIT cells is a matter that still needs

further investigation.
Hemorrhagic stroke

Hemorrhagic stroke, which accounts for 10-20% of all strokes

has considerable morbidity and mortality, and the most common

type of hemorrhagic stroke is intracerebral hemorrhage (ICH) (90).

Recent reports have shown that neuroinflammation and host

immune responses contribute to the pathophysiology of

hemorrhagic stroke (91, 92). As the BBB is also damaged during

hemorrhagic stroke, the role of brain parenchyma-infiltrating

peripheral immune cells has been studied (93), although their role

is slightly more limited in hemorrhagic stroke than ischemic stroke.

Previous studies demonstrated that both CD4+ T and CD8+ T

lymphocyte numbers are increased in murine models of

intracerebral hemorrhage, which are associated with

inflammatory damage during hemorrhagic stroke (94, 95).

Regulatory T (Treg) cell, an immunosuppressive T-cell subset,

exerts neuroprotective effects in ICH and subarachnoid

hemorrhage (SAH) (96, 97). At present, the known role of

unconventional T cells in hemorrhagic stroke is very limited.

However, considering the regulatory roles of unconventional T

cells in ischemic stroke, the function of unconventional T cells in

hemorrhagic stroke is also worth investigating in the future.
Traumatic brain injury

Traumatic brain injury (TBI) is another class of brain injury

that involves complex neurological processes including acute

molecular alternations and chronic neurocognitive decline (98,

99). In peripheral blood from trauma patients, circulating NKT

cell and MAIT cell numbers are reduced (100), and NKT cells show

reduced proliferative capacity and IFNg production in response to

a-GalCer stimulation, which may affect disease outcomes (100).

Mice with gd T cell-deficiency exhibit alleviated inflammation in the

acute phase of experimental TBI and show improved cognitive

function in the chronic phase of TBI. In addition, different subsets

of gd T cells play distinct roles in TBI-induced brain injury. Vg1 gd
T cells infiltrate the brain parenchyma and produce IFN-g and IL-

17 to trigger microglia-mediated neuroinflammation, whereas Vg4
gd T-cell subsets secrete TGF-b to maintain microglial homeostasis

and reduce TBI-induced brain injury (101). The roles of different

unconventional T-cell subsets in TBI or other forms of brain injury

and their mechanism of action remain unknown.
Autoimmune-induced chronic brain injury

Multiple sclerosis (MS) is a chronic autoimmune disease of the

central nervous system (CNS) that causes irreversible neurological

injuries by attacking the protective myelin sheaths of neurons (102,

103). Autoreactive T-cells mediated demyelination has been
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attack on the CNS in MS, but the initial cause of the disease

needs investigation (104, 105). Understanding the mechanism of

neuron-specific T-cell generation can provide an important target

fo r e ff e c t i v e t r e a tmen t . Expe r imen ta l au to immune

encephalomyelitis (EAE), a widely accepted animal model of MS

used by researchers, shares some pathological features with clinical

MS, including strong neuroinflammatory responses, massive

demyelination and axonal loss (106). Therefore, studies based on

EAE models can provide important clues for the clinical treatment

of MS.

Several studies examined circulating NKT cell numbers and

functions in MS patients. NKT cell numbers change differently in

the blood of MS patients from different studies (107–110). In

addition, distinct cytokine production profiles have been observed

in NKT cells from MS patients. CD4+ NKT cells produce more IL-4

in RRMS (relapsing-remitting) patients than in patients with

progressive MS or in healthy controls (111). However, NKT cells

in secondary progressive MS patients display a proinflammatory

response (112). Different types of MS or distinct stages of its

progression may account for these conflicting findings.

The implication of NKT cells in EAE is elusive, although it has

been investigated by many studies (Figure 3). Elimination of NKT

cells by using mice from distinct backgrounds or EAE models

exhibits conflicting effects. Some studies have observed no obvious

effects (113, 114), whereas some studies have observed disease

exacerbation in CD1d-knockout mice (115) as well as in Ja18-
deficient mice (114, 116, 117). Similarly, administration of a-
GalCer or its analog to activate NKT cells also exhibits

contrasting effects on the outcome of EAE. Most studies have

shown that iNKT cells activation alleviate the Th1 response,

improve the Th2 response (113, 114, 118) or potentiate MDSC

(119) and M2 macrophage differentiation (116) to improve EAE

outcomes (113, 114, 116, 118, 119). Surprisingly, high doses of a-
GalCer selectively elevate Th1 and Th17 responses by interacting

with CD1d expressed on T cells but not type I NKT cells to

exacerbate EAE progression (120). Furthermore, immunization of

a-GalCer in combination with myelin antigens potentiates EAE in

B10.PL mice by promoting the Th1 response and preventing EAE in

C57BL/6 mice by increasing IL-4 production (121). Therefore, the

outcome of EAE relies on the downstream targets that NKT cells

activate. In addition to a-GalCer, sulfatide, a major component of

the myelin sheath, can activate type II NKT cells, which suppress

IFN-g and IL-4 production by pathogenetic antigen-reactive T cells

and protect mice against EAE in a CD1d-dependent manner (122).

Notably, the first-in-human study using the iNKT cell stimulatory

drug (2S,3S,4R)-1-O-(a-D-Galactopyranosyl)-N-tetracosanoyl-2-
amino-1,3,4-nonanetriol (OCH) based on previous mouse studies

(118, 123) demonstrated the immunomodulatory effects of iNKT

cells on MS patients, providing valuable information for the clinical

application of OCH as a potential therapy for MS (124). Moreover,

some currently available drugs targeting MS alter the properties of

NKT cells (15).

gd T cells accumulate to a significant extent in the brains of MS

patients (125), and their frequency is also increased in the

peripheral blood and cerebrospinal fluid of MS patients (126–
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128). Further phenotypical and functional analysis showed that

circulating gd T cells in relapsing-remitting multiple sclerosis

(RRMS) patients have a reduction in the circulating CCR5+ gd T-

cell subset with decreased EOMES and granzyme B mRNA

abundance and increased production of IFN-g (129). To better

characterize the infiltrated gd T cells, TCR repertoire analysis was

performed, and oligoclonal expansion of gd T cells was observed,

suggesting their responses to common antigens (127, 130, 131).

Accordingly, common antigens recognized by gd T cells were

reported. A subpopulation of gd T cells in MS lesions respond to

heat-shock proteins, including HSP70 (132) and HSP65 (133). In

addition, sulfatide, a myelin-derived antigen, can also be recognized

by gd T cells in the MS brain indicating that lipid antigens can be

presented to gd T cells after MS (134). Thus, the number, specificity,

and function of gd T cells altered in MS patients, although the

variation may be distinct in different types and progression stages

of MS.

The specific subsets and effector function of gd T cells in EAE

have been investigated extensively (Figure 3). Several studies have

suggested that diverse gd T subsets are present in the brain in EAE.

During the early stage of EAE, brain parenchyma-infiltrating gd T

cells harbor a restricted TCR repertoire, including Vd1, Vd5, Vd4,
Vg1–3, and Vg6, while during later phases, Vg and Vd are widely

distributed in the brain (135, 136). During disease progression,

peripheral gd T cells can be induced to produce cytokines, especially

IL-17, in response to stimulation with IL-23 and IL-1b, which are

released by dendritic cells and microglia in EAE (137, 138). IL-23 or

IL-15-activated gd T cells exacerbate EAE progression by increasing

inflammation by not only promoting Th17 cell function but also

restraining the generation of Tregs (139–141). However, IFN-g-
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chemokines to recruit Treg cells to reduce inflammatory signals

(139). Moreover, gd T cells can induce the apoptosis of

encephalitogenic T cells through the Fas/FasL signaling pathway

and potentiate functional recovery after EAE (142). Notably,

encouraging data have been obtained in several clinical trials

targeting IL-17 in relapsing-remitting MS patients (143, 144). As

an important cytokine released from T cells, IL-17 can, on one

hand, directly inhibit oligodendrocyte progenitor cell (OPC)

different iat ion and exert toxic effects on OPCs and

oligodendrocytes (145–147), altering myelin stability and

regeneration after MS, and, on the other hand, regulate immune

cell activation which indirectly affects myelination. Therefore, in the

early stage of EAE, gd T cells are more pathogenic than protective

given that gd T cells abundantly and predominantly release IL-17 in

the brain.

As with NKT cells and gd T cells, many studies have confirmed

the infiltration of MAIT cells especially CD8+ MAIT cells, into the

brain upon activation by IL-18 or IL-23 triggered by enriched fungal

content in the gut as observed through immunofluorescence

staining or TCR repertoire analysis (148–152). Their number and

function in the peripheral blood remain controversial, as one study

observed no obvious difference between relapsing-remitting MS

patients and healthy volunteers (153), while others showed a

reduced frequency in relapsing-remitting MS patients (149, 154,

155). Deficiency of MAIT cells in mice exacerbates EAE progression

by increasing inflammatory mediators and reducing the production

of anti-inflammatory cytokine IL-10 (156) (Figure 3). Future studies

are needed to investigate the roles of MAIT cells during different

stages of multiple sclerosis.
FIGURE 3

Effects of NKT cells, gd T cells and MAIT cells on EAE. (A) Stimulating iNKT cells with a-GalCer or its analog can either reduce Th1 response or
improve Th2 response, potentiate MDSC or M2 macrophage differentiation to improve EAE outcomes. High doses of a-GalCer selectively increase
Th1 and Th17 responses to exacerbate EAE progression. Sulfatide activates type II NKT cells, which suppress IFN-g and IL-4 production by
pathogenetic antigen-reactive T cells and protect mice from EAE. (B) IL-17-producing gd T cells exacerbate EAE progression by increasing
inflammation by not only promoting Th17 cell function but also restraining the generation of Tregs. IFNg-producing gd T cells suppress the activity of
Th17 cells and release chemokines to recruit Treg cells to reduce inflammatory signals. Moreover, gd T cells can induce the apoptosis of
encephalitogenic T cells through Fas/Fas ligand signaling and facilitate recovery from EAE. (C) MAIT cells alleviate the progression of EAE by
decreasing inflammatory mediators and increasing IL-10 production. MDSC, myeloid-derived suppressor cell; EAE, experimental autoimmune
encephalomyelitis; Treg, regulatory T cells.
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In addition to MS, another autoimmune condition of interest is

autoimmune encephalitis, a group of diseases with subacute or

progressive inflammation of the brain that results in various

neurological or psychiatric symptoms owing to immune cell-

produced antibodies against neuronal cell surface or synaptic

antigens (157, 158). Previous studies have implicated that

autoimmune encephalitis usually occurs when viruses or tumors

cause neuronal proteins to be exposed to the immune system.

Conventional T-cells and B-cells-mediated immune responses are

responsible for leading to this disease, although the released

antigens or the first encountered immune cells determine which

immune cells dominate in a certain type of autoimmune

encephalitis (159–162). Currently, the role of unconventional T

cells in autoimmune encephalitis remains unknown. Considering

their recognition of diverse antigens and their rapid response after

activation, their roles in autoimmune encephalitis are

worth investigating.
Unconventional T cells
in neurodegeneration

Neurodegenerative diseases (NDDs) which include Alzheimer’s

disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD)

and amyotrophic lateral sclerosis (ALS) represent a major threat to

human health. Identifying the initial causes and molecular

mechanisms underlying each disease is required for the effective
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treatment of neurodegeneration (163, 164). Emerging evidence has

shown that peripheral immune cells infiltrate the brain and impact

neurodegeneration (165). T cells are present in brain tissues of

patients with neurodegeneration, although they are less abundant

than the lymphocytes that infiltrate the brain in multiple sclerosis

(166–168). Currently, it is believed that peripheral immune cells can

impact the progression of NDDs, either after infiltrating into the

brain or while staying in the periphery (165), and the roles of

unconventional T cells in NDDs are under investigation (Table 3).

The number of gd T cells in the peripheral blood varies, with

one study showing an increased number (176) and one study

showing a reduced number (174). The variation may result from

the different controls the authors chose as the former study used the

blood from patients with neurological diseases other than PD, while

the latter used healthy subjects. CD4+ helper type 17 (Th17) and gd
(gd17) T cells are two major classes of IL-17-producing cells, and

have emerged as key players in the progression of diseases (75, 140).

Elevated production of IL-17 in patients with PD and AD was

observed (173, 177). Accordingly, Th17 cells have been revealed to

exacerbate neuroinflammation and neurodegeneration in both PD

and ADmodels (175, 178). Concomitant with the onset of cognitive

decline, Brigas et al. observed that the meninges and brains of

female mice but not male mice exhibit an accumulation of IL-17-

producing gd T cells by using the 3xTg-AD mouse model. More

importantly, in the early stages of the disease, neutralization of IL-

17 markedly prevents synaptic dysfunction independent of tau or

Ab pathology or BBB disruption to maintain short-term cognitive
TABLE 3 Evidence of unconventional T cells in neurodegeneration.

Neurological
Diseases
(Model or
Sample)

Study
tools

Cell
subsets

Effects on NDDs Reference

AD

5XFAD
mice

MR1-
deficient
mice (IF)

MAIT cell MR1-deficient 5XFAD mice exhibit a reduced plaque burden than WT mice.
169

3xTg-AD
mice

IL-17
blockage
(flow

cytometry)

gd T cell
IL-17-producing gd T cells were observed to increase in the brain and the meninges of female,
but not male mice, by using the 3xTg-AD mice model; Blocking IL-17 prevents short-term
cognitive deficits at early stages of the disease by improving synaptic dysfunction.

170

ALS

ALS
patients’
blood

flow
cytometry

NKT cell NKT cell (CD3+CD16+CD56+) number was significantly increased.
171

mSOD1
mice
model

a-Galcer
injection
(flow

cytometry)

type I
NKT cell

NKT cell number (NK1.1 Cd1d-tetramer) increases dramatically in ALS mice;
Immunomodulation of NKT cells using a-GalCer prolongs the life span of SOD1 mice.

172

PD PD
patient’s
blood

flow
cytometry

gd T cell
gd T cell number was increased in the blood and CSF of the blood of PD patients compared with
patients with other neurological diseases.

173

PD
patient’s
blood

flow
cytometry

gd T cell
gd T cell number was reduced in patients with Parkinson’s disease compared with age-matched
health controls.

174, 175

PD
patient’s
blood

flow
cytometry

iNKT cell
The frequency and absolute number of iNKT cells are reduced in the blood of PD patients
compared with healthy controls.

170
AD, Alzheimer’s Disease; PD, Parkins’s Disease; NDDs, Neurodegenerative diseases.
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function (170). Several reports have shown that gd T cells can be

stimulated by heat shock proteins (HSPs) and when cells are

subjected to environmental stress, they express increased amounts

of intracellular HSPs (179, 180) indicating antigenic involvement in

NDDs. ELISAs of the CSF of PD patients revealed increased levels

of HSP65 and HSP70 compared with corresponding controls, while

no difference was observed in the serum (181). Whether HSPs can

act as antigens for gd T cells in other NDDs needs further

investigation. As the ligands of gd T cells are more diverse than

other unconventional T cells, it will be interesting to test whether

the aggregated proteins in NDD can directly activate or repress gd
T- cell activation.

Considering the implication of neuroinflammation in

neu rodeg ene r a t i on , t h e e v i d enc e o f NKT ce l l s i n

neurodegenerative disease is limited (182). Zhou et al. showed

that the frequency and number of iNKT cells are decreased in the

peripheral blood of PD patients compared with healthy control

subjects (174). In addition, one study showed obvious accumulation

of NKT cells in the peripheral blood of ALS patients (171).

Moreover, the number of iNKT cells was observed to increase in

the liver, spleen, and spinal cord of transgenic mouse models with

ALS (172). Furthermore, a-GalCer-induced NKT cell activation

was found to suppress astrogliosis and alleviate motor neuronal

death in the spinal cord. Modulation of NKT cells initiates a

cytokine shift in the liver and facilitates T cell recruitment into

the spinal cord which extends the lifespan of mSOD1 mice (172).

For NKT cells, it is technically difficult to directly test their existence

in situ owing to the limited methods available to specifically label

this subset. In addition, it remains unknown whether NKT cell

deficiency affects NDD progression. Considering the high content

of glycolipids in the brain tissue (183), more research is needed to

gain better insight into NKT cells in other NDDs.

Similar to NKT cells and gd T cells, MAIT cells play a limited

role in NDDs is also limited. One study revealed an increase in

MAIT cell numbers and elevation of activation in the brains of

5XFAD mice. More importantly, a significantly reduced plaque

burden was observed in MR1-deficient 5XFADmice compared with

WT mice indicating the contributing role of MAIT cells in the

development of AD pathology (169), although the detailed

molecular mechanism is unknown.
Potential clinical applications of
unconventional T cells

The above-summarized roles of unconventional T cells indicate

that modulating unconventional T cells in the following ways may

have some clinical applications. First, the alternations of

unconventional T cell subsets may be used as a diagnostic

strategy. The frequency and number of NKT cells, MAIT cells

and gd T cells in the peripheral blood of patients suffering from

brain injury (71, 107, 108, 153) and neurodegeneration (174, 176)

significantly change. Monitoring the alternations in these cells

during different stages of disease progression may provide an

auxiliary way to diagnose disease progression. In addition, some

drugs can be developed to block the function of these
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unconventional T cells. For example, abrogation of MAIT cell

response can be achieved by administering MR1 blocking

antibodies (184), while antibodies blocking BTN2 or BTN3 can

be used to inhibit Vg9Vd2 T cell responses (185). Moreover,

targeted immunotherapies are appreciated to manipulate

unconventional T cells to modulate disease progression. On one

hand, agonists of NKT cells, MAIT cells and gd T cells, such as a-
GalCer, 5-(2-oxopropylideneamino)-6-d-ribitylaminouracil (5-OP-

RU) and aminobisphosphonates can activate the immune response

under immune-suppressive conditions (25, 186, 187), and on the

other hand, adoptive transfer of neuroprotective subsets of

unconventional cells is another promising therapeutic strategy.

With the progress that has been made in our understanding of

the roles and mechanisms of unconventional T cells in brain injury

and neurodegeneration, future clinical applications are

within reach.
Conclusion and perspectives

T lymphocytes play critical roles in both brain homeostasis and

neurological diseases. Unconventional T cells, a special group of T

lymphocytes, are beginning to have their roles in the brain

characterized. In this review, we present evidence of the crosstalk

between unconventional T cells and the brain in the maintenance of

brain homeostasis, brain injury and neurodegeneration. It is

conceivable that unconventional T cells in the meninges facilitate

homeostatic regulation of the brain. Nevertheless, owing to different

investigation methods and tools, conflicting evidence about the

roles of these unconventional T-cell subsets in brain injury has been

reported. Therefore, by better understanding the regulation and

detailed mechanisms of detrimental effects versus beneficial effects

in regulating brain injury and neurodegeneration, we believe

effective and novel therapeutic targets will be discovered in

the future.

Questions to be resolved in the future:
(1) How do meningeal unconventional T cells communicate

with glial cells and neurons in the brain parenchyma under

physiological and pathological conditions?

(2) Aside from MAIT and gd T cells, do other unconventional

T cells exist in meninges and regulate brain homeostasis?

(3) After injury, does the brain harbor some antigens that

activate specific unconventional T-cell subsets?

(4) Do unconventional T cells directly interact with glial cells

and neurons after infiltration during brain injury and

neurodegeneration?

(5) How can single-cell sequencing techniques be used to

define unconventional T-cell subset specificity in the

brain under either physiological or pathological conditions?

(6) How can in-situ detection methods for unconventional T

cells in the brain be improved?

(7) How can the ratio and function of these unconventional T

cells be calibrated to maintain brain homeostasis and

modulate disease progression?
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1273459
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lv et al. 10.3389/fimmu.2023.1273459
Author contributions
ML: Data curation, Investigation, Methodology, Software,

Writing – original draft. ZZ: Data curation, Funding acquisition,

Investigation, Methodology, Writing – original draft. YC:

Conceptualization, Funding acquisition, Project administration,

Resources, Supervision, Writing – review & editing.

Funding
The authors declare financial support was received for the

research, authorship, and/or publication of this article. This work

is supported by National Natural Science Foundation of China

(82101380) and Natural Science Foundation of Shandong Province

(ZR202102280316) to Zhaolong Zhang; Science and Technology

Support Plan for Youth Innovation of Colleges and Universities of

Shandong Province of China (2022KJ146) to YC.
Frontiers in Immunology 11
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Ahn JH, Cho H, Kim JH, Kim SH, Ham JS, Park I, et al. Meningeal lymphatic
vessels at the skull base drain cerebrospinal fluid. Nature (2019) 572(7767):62–6.
doi: 10.1038/s41586-019-1419-5
2. Da Mesquita S, Fu Z, Kipnis J. The meningeal lymphatic system: A new player in

neurophysiology. Neuron (2018) 100(2):375–88. doi: 10.1016/j.neuron.2018.09.022
3. Zhang Z, Lv M, Zhou X, Cui Y. Roles of peripheral immune cells in the recovery of

neurological function after ischemic stroke. Front Cell Neurosci (2022) 16:1013905.
doi: 10.3389/fncel.2022.1013905

4. Croese T, Castellani G, Schwartz M. Immune cell compartmentalization for brain
surveillance and protection. Nat Immunol (2021) 22(9):1083–92. doi: 10.1038/s41590-
021-00994-2

5. Kipnis J, Cohen H, Cardon M, Ziv Y, Schwartz M. T cell deficiency leads to
cognitive dysfunction: implications for therapeutic vaccination for schizophrenia and
other psychiatric conditions. Proc Natl Acad Sci USA (2004) 101(21):8180–5.
doi: 10.1073/pnas.0402268101

6. Ziv Y, Ron N, Butovsky O, Landa G, Sudai E, Greenberg N, et al. Immune cells
contribute to the maintenance of neurogenesis and spatial learning abilities in
adulthood. Nat Neurosci (2006) 9(2):268–75. doi: 10.1038/nn1629

7. Ribeiro M, Brigas HC, Temido-Ferreira M, Pousinha PA, Regen T, Santa C, et al.
Meningeal gammadelta T cell-derived IL-17 controls synaptic plasticity and short-term
memory. Sci Immunol (2019) 4(40). doi: 10.1126/sciimmunol.aay5199

8. Kaminski H, Couzi L, Eberl M. Unconventional T cells and kidney disease. Nat
Rev Nephrol (2021) 17(12):795–813. doi: 10.1038/s41581-021-00466-8

9. Pellicci DG, Koay HF, Berzins SP. Thymic development of unconventional T cells:
how NKT cells, MAIT cells and gammadelta T cells emerge. Nat Rev Immunol (2020)
20(12):756–70. doi: 10.1038/s41577-020-0345-y

10. Constantinides MG, Belkaid Y. Early-life imprinting of unconventional T cells
and tissue homeostasis. Science (2021) 374(6573):eabf0095. doi: 10.1126/
science.abf0095

11. Mayassi T, Barreiro LB, Rossjohn J, Jabri B. A multilayered immune system
through the lens of unconventional T cells. Nature (2021) 595(7868):501–10.
doi: 10.1038/s41586-021-03578-0

12. Iwabuchi K, Van Kaer L. Editorial: role of CD1- and MR1-restricted T cells in
immunity and disease. Front Immunol (2019) 10:1837. doi: 10.3389/fimmu.2019.01837

13. Park JH, Kang I, Lee HK. gammadelta T cells in brain homeostasis and diseases.
Front Immunol (2022) 13:886397. doi: 10.3389/fimmu.2022.886397

14. Bird L. Meningeal MAIT cells preserve brain homeostasis. Nat Rev Immunol
(2023) 23(1):4. doi: 10.1038/s41577-022-00824-y

15. Cui Y, Wan Q. NKT cells in neurological diseases. Front Cell Neurosci (2019)
13:245. doi: 10.3389/fncel.2019.00245

16. Godfrey DI, Uldrich AP, McCluskey J, Rossjohn J, Moody DB. The burgeoning
family of unconventional T cells. Nat Immunol (2015) 16(11):1114–23. doi: 10.1038/
ni.3298

17. Legoux F, Lantz O. Introduction to the special issue on “unconventional T cells”.
Semin Immunol (2022) 61-64:101666. doi: 10.1016/j.smim.2022.101666

18. Baranek T, de Amat Herbozo C, Mallevaey T, Paget C. Deconstructing iNKT cell
development at single-cell resolution. Trends Immunol (2022) 43(7):503–12.
doi: 10.1016/j.it.2022.04.012
19. Bendelac A, Savage PB, Teyton L. The biology of NKT cells. Annu Rev Immunol
(2007) 25:297–336. doi: 10.1146/annurev.immunol.25.022106.141711
20. Godfrey DI, Stankovic S, Baxter AG. Raising the NKT cell family. Nat Immunol

(2010) 11(3):197–206. doi: 10.1038/ni.1841
21. Nishioka Y, Masuda S, Tomaru U, Ishizu A. CD1d-restricted type II NKT cells

reactive with endogenous hydrophobic peptides. Front Immunol (2018) 9:548.
doi: 10.3389/fimmu.2018.00548

22. Yoon JH, Seo Y, Jo YS, Lee S, Cho E, Cazenave-Gassiot A, et al. Brain lipidomics:
From functional landscape to clinical significance. Sci Adv (2022) 8(37):eadc9317.
doi: 10.1126/sciadv.adc9317

23. Godfrey DI, Koay HF, McCluskey J, Gherardin NA. The biology and functional
importance of MAIT cells. Nat Immunol (2019) 20(9):1110–28. doi: 10.1038/s41590-
019-0444-8

24. Ribot JC, Lopes N, Silva-Santos B. gammadelta T cells in tissue physiology and
surveillance. Nat Rev Immunol (2021) 21(4):221–32. doi: 10.1038/s41577-020-00452-4

25. Godfrey DI, Le Nours J, Andrews DM, Uldrich AP, Rossjohn J. Unconventional
T cell targets for cancer immunotherapy. Immunity (2018) 48(3):453–73. doi: 10.1016/
j.immuni.2018.03.009

26. Deseke M, Prinz I. Ligand recognition by the gammadelta TCR and
discrimination between homeostasis and stress conditions. Cell Mol Immunol (2020)
17(9):914–24. doi: 10.1038/s41423-020-0503-y

27. Willcox BE, Willcox CR. gammadelta TCR ligands: the quest to solve a 500-
million-year-old mystery. Nat Immunol (2019) 20(2):121–8. doi: 10.1038/s41590-018-
0304-y

28. Fichtner AS, Ravens S, Prinz I. Human gammadelta TCR repertoires in health
and disease. Cells (2020) 9(4). doi: 10.3390/cells9040800

29. Papotto PH, Yilmaz B, Silva-Santos B. Crosstalk between gammadelta T cells and
the microbiota. Nat Microbiol (2021) 6(9):1110–7. doi: 10.1038/s41564-021-00948-2

30. Mao AP, Constantinides MG, Mathew R, Zuo Z, Chen X, Weirauch MT, et al.
Multiple layers of transcriptional regulation by PLZF in NKT-cell development. Proc
Natl Acad Sci USA (2016) 113(27):7602–7. doi: 10.1073/pnas.1601504113

31. Brennan PJ, Brigl M, Brenner MB. Invariant natural killer T cells: an innate
activation scheme linked to diverse effector functions. Nat Rev Immunol (2013) 13
(2):101–17. doi: 10.1038/nri3369

32. Chang PP, Barral P, Fitch J, Pratama A, Ma CS, Kallies A, et al. Identification of
Bcl-6-dependent follicular helper NKT cells that provide cognate help for B cell
responses. Nat Immunol (2011) 13(1):35–43. doi: 10.1038/ni.2166

33. Engel I, Seumois G, Chavez L, Samaniego-Castruita D, White B, Chawla A, et al.
Innate-like functions of natural killer T cell subsets result from highly divergent gene
programs. Nat Immunol (2016) 17(6):728–39. doi: 10.1038/ni.3437

34. Dhodapkar MV, Kumar V. Type II NKT cells and their emerging role in health
and disease. J Immunol (2017) 198(3):1015–21. doi: 10.4049/jimmunol.1601399

35. Hinks TSC, Zhang XW. MAIT cell activation and functions. Front Immunol
(2020) 11:1014. doi: 10.3389/fimmu.2020.01014

36. Chen Z, Wang H, D’Souza C, Sun S, Kostenko L, Eckle SB, et al. Mucosal-
associated invariant T-cell activation and accumulation after in vivo infection depends
on microbial riboflavin synthesis and co-stimulatory signals. Mucosal Immunol (2017)
10(1):58–68. doi: 10.1038/mi.2016.39
frontiersin.org

https://doi.org/10.1038/s41586-019-1419-5
https://doi.org/10.1016/j.neuron.2018.09.022
https://doi.org/10.3389/fncel.2022.1013905
https://doi.org/10.1038/s41590-021-00994-2
https://doi.org/10.1038/s41590-021-00994-2
https://doi.org/10.1073/pnas.0402268101
https://doi.org/10.1038/nn1629
https://doi.org/10.1126/sciimmunol.aay5199
https://doi.org/10.1038/s41581-021-00466-8
https://doi.org/10.1038/s41577-020-0345-y
https://doi.org/10.1126/science.abf0095
https://doi.org/10.1126/science.abf0095
https://doi.org/10.1038/s41586-021-03578-0
https://doi.org/10.3389/fimmu.2019.01837
https://doi.org/10.3389/fimmu.2022.886397
https://doi.org/10.1038/s41577-022-00824-y
https://doi.org/10.3389/fncel.2019.00245
https://doi.org/10.1038/ni.3298
https://doi.org/10.1038/ni.3298
https://doi.org/10.1016/j.smim.2022.101666
https://doi.org/10.1016/j.it.2022.04.012
https://doi.org/10.1146/annurev.immunol.25.022106.141711
https://doi.org/10.1038/ni.1841
https://doi.org/10.3389/fimmu.2018.00548
https://doi.org/10.1126/sciadv.adc9317
https://doi.org/10.1038/s41590-019-0444-8
https://doi.org/10.1038/s41590-019-0444-8
https://doi.org/10.1038/s41577-020-00452-4
https://doi.org/10.1016/j.immuni.2018.03.009
https://doi.org/10.1016/j.immuni.2018.03.009
https://doi.org/10.1038/s41423-020-0503-y
https://doi.org/10.1038/s41590-018-0304-y
https://doi.org/10.1038/s41590-018-0304-y
https://doi.org/10.3390/cells9040800
https://doi.org/10.1038/s41564-021-00948-2
https://doi.org/10.1073/pnas.1601504113
https://doi.org/10.1038/nri3369
https://doi.org/10.1038/ni.2166
https://doi.org/10.1038/ni.3437
https://doi.org/10.4049/jimmunol.1601399
https://doi.org/10.3389/fimmu.2020.01014
https://doi.org/10.1038/mi.2016.39
https://doi.org/10.3389/fimmu.2023.1273459
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lv et al. 10.3389/fimmu.2023.1273459
37. van Wilgenburg B, Loh L, Chen Z, Pediongco TJ, Wang H, Shi M, et al. MAIT
cells contribute to protection against lethal influenza infection in vivo. Nat Commun
(2018) 9(1):4706. doi: 10.1038/s41467-018-07207-9

38. Bonneville M, O’Brien RL, Born WK. Gammadelta T cell effector functions: a
blend of innate programming and acquired plasticity. Nat Rev Immunol (2010) 10
(7):467–78. doi: 10.1038/nri2781

39. Dieli F, Troye-Blomberg M, Ivanyi J, Fournie JJ, Krensky AM, Bonneville M,
et al. Granulysin-dependent killing of intracellular and extracellular Mycobacterium
tuberculosis by Vgamma9/Vdelta2 T lymphocytes. J Infect Dis (2001) 184(8):1082–5.
doi: 10.1086/323600

40. Turrigiano G. Homeostatic synaptic plasticity: local and global mechanisms for
stabilizing neuronal function. Cold Spring Harb Perspect Biol (2012) 4(1):a005736.
doi: 10.1101/cshperspect.a005736

41. Segarra M, Aburto MR, Acker-Palmer A. Blood-brain barrier dynamics to
maintain brain homeostasis. Trends Neurosci (2021) 44(5):393–405. doi: 10.1016/
j.tins.2020.12.002

42. Pluvinage JV, Wyss-Coray T. Systemic factors as mediators of brain homeostasis,
ageing and neurodegeneration. Nat Rev Neurosci (2020) 21(2):93–102. doi: 10.1038/
s41583-019-0255-9

43. Meizlish ML, Franklin RA, Zhou X, Medzhitov R. Tissue homeostasis and
inflammation. Annu Rev Immunol (2021) 39:557–81. doi: 10.1146/annurev-immunol-
061020-053734

44. Alves de Lima K, Rustenhoven J, Kipnis J. Meningeal immunity and its function
in maintenance of the central nervous system in health and disease. Annu Rev Immunol
(2020) 38:597–620. doi: 10.1146/annurev-immunol-102319-103410

45. Brombacher TM, Nono JK, De Gouveia KS, Makena N, Darby M, Womersley J,
et al. IL-13-mediated regulation of learning and memory. J Immunol (2017) 198
(7):2681–8. doi: 10.4049/jimmunol.1601546

46. Filiano AJ, Xu Y, Tustison NJ, Marsh RL, Baker W, Smirnov I, et al. Unexpected
role of interferon-gamma in regulating neuronal connectivity and social behaviour.
Nature (2016) 535(7612):425–9. doi: 10.1038/nature18626

47. Oetjen LK, MackMR, Feng J, Whelan TM, Niu H, Guo CJ, et al. Sensory neurons
co-opt classical immune signaling pathways to mediate chronic itch. Cell (2017) 171
(1):217–228 e13. doi: 10.1016/j.cell.2017.08.006

48. Szymanska B, Rajan AJ, Gao YL, Tronczynska E, Brosnan CF, Selmaj K.
Evidence for gammadelta T cells with a restricted Vgamma6 junctional region in the
normal mouse central nervous system. J Neuroimmunol (1999) 100(1-2):260–5.
doi: 10.1016/s0165-5728(99)00204-0

49. Alves de Lima K, Rustenhoven J, Da Mesquita S, Wall M, Salvador AF, Smirnov
I, et al. Meningeal gammadelta T cells regulate anxiety-like behavior via IL-17a
signaling in neurons. Nat Immunol (2020) 21(11):1421–9. doi: 10.1038/s41590-020-
0776-4

50. Zhang Y, Bailey JT, Xu E, Singh K, Lavaert M, Link VM, et al. Mucosal-
associated invariant T cells restrict reactive oxidative damage and preserve meningeal
barrier integrity and cognitive function. Nat Immunol (2022) 23(12):1714–25.
doi: 10.1038/s41590-022-01349-1

51. Klein RS. Meningeal MAIT cells maintain meningeal and brain function. Nat
Immunol (2022) 23(12):1659–61. doi: 10.1038/s41590-022-01368-y

52. Zhang W, Zhao J, Wang R, Jiang M, Ye Q, Smith AD, et al. Macrophages
reprogram after ischemic stroke and promote efferocytosis and inflammation
resolution in the mouse brain. CNS Neurosci Ther (2019) 25(12):1329–42.
doi: 10.1111/cns.13256

53. Bao W, Lin Y, Chen Z. The Peripheral Immune System and Traumatic Brain
Injury: Insight into the role of T-helper cells. Int J Med Sci (2021) 18(16):3644–51.
doi: 10.7150/ijms.46834

54. Pan J, Konstas AA, Bateman B, Ortolano GA, Pile-Spellman J. Reperfusion
injury following cerebral ischemia: pathophysiology, MR imaging, and potential
therapies. Neuroradiology (2007) 49(2):93–102. doi: 10.1007/s00234-006-0183-z

55. Chamorro A, Meisel A, Planas AM, Urra X, van de Beek D, Veltkamp R. The
immunology of acute stroke. Nat Rev Neurol (2012) 8(7):401–10. doi: 10.1038/
nrneurol.2012.98

56. Iadecola C, Anrather J. The immunology of stroke: from mechanisms to
translation. Nat Med (2011) 17(7):796–808. doi: 10.1038/nm.2399

57. Shi L, Sun Z, Su W, Xu F, Xie D, Zhang Q, et al. Treg cell-derived osteopontin
promotes microglia-mediated white matter repair after ischemic stroke. Immunity
(2021) 54(7):1527–1542 e8. doi: 10.1016/j.immuni.2021.04.022

58. Wang L, Yao C, Chen J, Ge Y, Wang C, Wang Y, et al. gammadelta T cell in
cerebral ischemic stroke: characteristic, immunity-inflammatory role, and therapy.
Front Neurol (2022) 13:842212. doi: 10.3389/fneur.2022.842212

59. Zhou C, Rao W, Zhou X, He D, Li Z, Dashtsoodol N, et al. Alteration of
circulating unconventional T cells in cerebral ischemia: an observational study. Sci Rep
(2022) 12(1):10078. doi: 10.1038/s41598-022-14343-2

60. Wong CH, Jenne CN, Lee WY, Leger C, Kubes P. Functional innervation of
hepatic iNKT cells is immunosuppressive following stroke. Science (2011) 334
(6052):101–5. doi: 10.1126/science.1210301

61. Kleinschnitz C, Schwab N, Kraft P, Hagedorn I, Dreykluft A, Schwarz T, et al.
Early detrimental T-cell effects in experimental cerebral ischemia are neither related to
Frontiers in Immunology 12
adaptive immunity nor thrombus formation. Blood (2010) 115(18):3835–42.
doi: 10.1182/blood-2009-10-249078

62. Wang ZK, Xue L, Wang T, Wang XJ, Su ZQ. Infiltration of invariant natural
killer T cells occur and accelerate brain infarction in permanent ischemic stroke in
mice. Neurosci Lett (2016) 633:62–8. doi: 10.1016/j.neulet.2016.09.010

63. Nakajima S, Tanaka R, Yamashiro K, Chiba A, Noto D, Inaba T, et al. Mucosal-
associated invariant T cells are involved in acute ischemic stroke by regulating
neuroinflammation. J Am Heart Assoc (2021) 10(7):e018803. doi: 10.1161/
JAHA.120.018803

64. Meng H, Zhao H, Cao X, Hao J, Zhang H, Liu Y, et al. Double-negative T cells
remarkably promote neuroinflammation after ischemic stroke. Proc Natl Acad Sci USA
(2019) 116(12):5558–63. doi: 10.1073/pnas.1814394116

65. Shichita T, Sugiyama Y, Ooboshi H, Sugimori H, Nakagawa R, Takada I, et al.
Pivotal role of cerebral interleukin-17-producing gammadeltaT cells in the delayed
phase of ischemic brain injury. Nat Med (2009) 15(8):946–50. doi: 10.1038/nm.1999

66. Gelderblom M, Weymar A, Bernreuther C, Velden J, Arunachalam P, Steinbach
K, et al. Neutralization of the IL-17 axis diminishes neutrophil invasion and protects
from ischemic stroke. Blood (2012) 120(18):3793–802. doi: 10.1182/blood-2012-02-
412726

67. Arunachalam P, Ludewig P, Melich P, Arumugam TV, Gerloff C, Prinz I, et al.
CCR6 (CC chemokine receptor 6) is essential for the migration of detrimental natural
interleukin-17-producing gammadelta T cells in stroke. Stroke (2017) 48(7):1957–65.
doi: 10.1161/STROKEAHA.117.016753

68. Dong X, Zhang X, Li C, Chen J, Xia S, Bao X, et al. gammadelta T cells aggravate
blood-brain-barrier injury via IL-17A in experimental ischemic stroke. Neurosci Lett
(2022) 776:136563. doi: 10.1016/j.neulet.2022.136563

69. Gelderblom M, Leypoldt F, Steinbach K, Behrens D, Choe CU, Siler DA, et al.
Temporal and spatial dynamics of cerebral immune cell accumulation in stroke. Stroke
(2009) 40(5):1849–57. doi: 10.1161/STROKEAHA.108.534503

70. Lehmann J, Hartig W, Seidel A, Fuldner C, Hobohm C, Grosche J, et al.
Inflammatory cell recruitment after experimental thromboembolic stroke in rats.
Neuroscience (2014) 279:139–54. doi: 10.1016/j.neuroscience.2014.08.023

71. Wong CH, Jenne CN, Tam PP, Leger C, Venegas A, Ryckborst K, et al.
Prolonged activation of invariant natural killer T cells and TH2-skewed immunity in
stroke patients. Front Neurol (2017) 8:6. doi: 10.3389/fneur.2017.00006

72. Meisel C, Schwab JM, Prass K, Meisel A, Dirnagl U. Central nervous system
injury-induced immune deficiency syndrome. Nat Rev Neurosci (2005) 6(10):775–86.
doi: 10.1038/nrn1765

73. Prass K, Meisel C, Hoflich C, Braun J, Halle E, Wolf T, et al. Stroke-induced
immunodeficiency promotes spontaneous bacterial infections and is mediated by
sympathetic activation reversal by poststroke T helper cell type 1-like
immunostimulation. J Exp Med (2003) 198(5):725–36. doi: 10.1084/jem.20021098

74. He Y, Ma N, Xing C, Wang X, Xiao H, Zheng M, et al. Novel IL-6-secreting
gammadeltaT cells increased in patients with atherosclerotic cerebral infarction. Mol
Med Rep (2015) 11(2):1497–503. doi: 10.3892/mmr.2014.2796

75. Benakis C, Brea D, Caballero S, Faraco G, Moore J, Murphy M, et al. Commensal
microbiota affects ischemic stroke outcome by regulating intestinal gammadelta T cells.
Nat Med (2016) 22(5):516–23. doi: 10.1038/nm.4068

76. Liu Y, Luo S, Kou L, Tang C, Huang R, Pei Z, et al. Ischemic stroke damages the
intestinal mucosa and induces alteration of the intestinal lymphocytes and CCL19
mRNA in rats. Neurosci Lett (2017) 658:165–70. doi: 10.1016/j.neulet.2017.08.061

77. Singh V, Roth S, Llovera G, Sadler R, Garzetti D, Stecher B, et al. Microbiota
dysbiosis controls the neuroinflammatory response after stroke. J Neurosci (2016) 36
(28):7428–40. doi: 10.1523/JNEUROSCI.1114-16.2016

78. Houlden A, Goldrick M, Brough D, Vizi ES, Lenart N, Martinecz B, et al. Brain
injury induces specific changes in the caecal microbiota of mice via altered autonomic
activity and mucoprotein production. Brain Behav Immun (2016) 57:10–20.
doi: 10.1016/j.bbi.2016.04.003

79. Stanley D, Moore RJ, Wong CHY. An insight into intestinal mucosal microbiota
disruption after stroke. Sci Rep (2018) 8(1):568. doi: 10.1038/s41598-017-18904-8

80. Yamashiro K, Tanaka R, Urabe T, Ueno Y, Yamashiro Y, Nomoto K, et al. Gut
dysbiosis is associated with metabolism and systemic inflammation in patients with
ischemic stroke. PloS One (2017) 12(2):e0171521. doi: 10.1371/journal.pone.0171521

81. Spychala MS, Venna VR, Jandzinski M, Doran SJ, Durgan DJ, Ganesh BP, et al.
Age-related changes in the gut microbiota influence systemic inflammation and stroke
outcome. Ann Neurol (2018) 84(1):23–36. doi: 10.1002/ana.25250

82. Benakis C, Martin-Gallausiaux C, Trezzi JP, Melton P, Liesz A, Wilmes P. The
microbiome-gut-brain axis in acute and chronic brain diseases. Curr Opin Neurobiol
(2019) 61:1–9. doi: 10.1016/j.conb.2019.11.009

83. Li Y, Dong K, Fan X, Xie J, WangM, Fu S, et al. DNT cell-based immunotherapy:
progress and applications. J Cancer (2020) 11(13):3717–24. doi: 10.7150/jca.39717

84. Dashtsoodol N, Shigeura T, Aihara M, Ozawa R, Kojo S, Harada M, et al.
Alternative pathway for the development of V(alpha)14(+) NKT cells directly from
CD4(-)CD8(-) thymocytes that bypasses the CD4(+)CD8(+) stage. Nat Immunol
(2017) 18(3):274–82. doi: 10.1038/ni.3668

85. Rout N, Else JG, Yue S, Connole M, Exley MA, Kaur A. Heterogeneity in
phenotype and function of CD8+ and CD4/CD8 double-negative Natural Killer T cell
frontiersin.org

https://doi.org/10.1038/s41467-018-07207-9
https://doi.org/10.1038/nri2781
https://doi.org/10.1086/323600
https://doi.org/10.1101/cshperspect.a005736
https://doi.org/10.1016/j.tins.2020.12.002
https://doi.org/10.1016/j.tins.2020.12.002
https://doi.org/10.1038/s41583-019-0255-9
https://doi.org/10.1038/s41583-019-0255-9
https://doi.org/10.1146/annurev-immunol-061020-053734
https://doi.org/10.1146/annurev-immunol-061020-053734
https://doi.org/10.1146/annurev-immunol-102319-103410
https://doi.org/10.4049/jimmunol.1601546
https://doi.org/10.1038/nature18626
https://doi.org/10.1016/j.cell.2017.08.006
https://doi.org/10.1016/s0165-5728(99)00204-0
https://doi.org/10.1038/s41590-020-0776-4
https://doi.org/10.1038/s41590-020-0776-4
https://doi.org/10.1038/s41590-022-01349-1
https://doi.org/10.1038/s41590-022-01368-y
https://doi.org/10.1111/cns.13256
https://doi.org/10.7150/ijms.46834
https://doi.org/10.1007/s00234-006-0183-z
https://doi.org/10.1038/nrneurol.2012.98
https://doi.org/10.1038/nrneurol.2012.98
https://doi.org/10.1038/nm.2399
https://doi.org/10.1016/j.immuni.2021.04.022
https://doi.org/10.3389/fneur.2022.842212
https://doi.org/10.1038/s41598-022-14343-2
https://doi.org/10.1126/science.1210301
https://doi.org/10.1182/blood-2009-10-249078
https://doi.org/10.1016/j.neulet.2016.09.010
https://doi.org/10.1161/JAHA.120.018803
https://doi.org/10.1161/JAHA.120.018803
https://doi.org/10.1073/pnas.1814394116
https://doi.org/10.1038/nm.1999
https://doi.org/10.1182/blood-2012-02-412726
https://doi.org/10.1182/blood-2012-02-412726
https://doi.org/10.1161/STROKEAHA.117.016753
https://doi.org/10.1016/j.neulet.2022.136563
https://doi.org/10.1161/STROKEAHA.108.534503
https://doi.org/10.1016/j.neuroscience.2014.08.023
https://doi.org/10.3389/fneur.2017.00006
https://doi.org/10.1038/nrn1765
https://doi.org/10.1084/jem.20021098
https://doi.org/10.3892/mmr.2014.2796
https://doi.org/10.1038/nm.4068
https://doi.org/10.1016/j.neulet.2017.08.061
https://doi.org/10.1523/JNEUROSCI.1114-16.2016
https://doi.org/10.1016/j.bbi.2016.04.003
https://doi.org/10.1038/s41598-017-18904-8
https://doi.org/10.1371/journal.pone.0171521
https://doi.org/10.1002/ana.25250
https://doi.org/10.1016/j.conb.2019.11.009
https://doi.org/10.7150/jca.39717
https://doi.org/10.1038/ni.3668
https://doi.org/10.3389/fimmu.2023.1273459
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lv et al. 10.3389/fimmu.2023.1273459
subsets in sooty mangabeys. J Med Primatol (2010) 39(4):224–34. doi: 10.1111/j.1600-
0684.2010.00431.x

86. Van Coppernolle S, Vanhee S, Verstichel G, Snauwaert S, van der Spek A, Velghe
I, et al. Notch induces human T-cell receptor gammadelta+ thymocytes to differentiate
along a parallel, highly proliferative and bipotent CD4 CD8 double-positive pathway.
Leukemia (2012) 26(1):127–38. doi: 10.1038/leu.2011.324

87. Gherardin NA, Waldeck K, Caneborg A, Martelotto LG, Balachander S,
Zethoven M, et al. gammadelta T cells in merkel cell carcinomas have a
proinflammatory profile prognostic of patient survival. Cancer Immunol Res (2021) 9
(6):612–23. doi: 10.1158/2326-6066.CIR-20-0817

88. Passos LSA, Magalhaes LMD, Soares RP, Marques AF, Nunes M, Gollob KJ, et al.
Specific activation of CD4(-) CD8(-) double-negative T cells by Trypanosoma cruzi-
derived glycolipids induces a proinflammatory profile associated with cardiomyopathy
in Chagas patients. Clin Exp Immunol (2017) 190(1):122–32. doi: 10.1111/cei.12992

89. Dias J, Boulouis C, Gorin JB, Lal KG, Gibbs A, Loh L, et al. The CD4(-)CD8(-)
MAIT cell subpopulation is a functionally distinct subset developmentally related to the
main CD8(+) MAIT cell pool. Proc Natl Acad Sci USA (2018) 115(49):E11513–22.
doi: 10.1073/pnas.1812273115

90. Montano A, Hanley DF, Hemphill JC. 3rd, hemorrhagic stroke. Handb Clin
Neurol (2021) 176:229–48. doi: 10.1016/B978-0-444-64034-5.00019-5

91. Nasa P. Outcome of hemorrhagic stroke: host immune response can be a
prediction tool! Indian J Crit Care Med (2022) 26(1):2–4. doi: 10.5005/jp-journals-
10071-24095

92. Ohashi SN, DeLong JH, Kozberg MG, Mazur-Hart DJ, van Veluw SJ, Alkayed
NJ, et al. Role of inflammatory processes in hemorrhagic stroke. Stroke (2023) 54
(2):605–19. doi: 10.1161/STROKEAHA.122.037155

93. Li X, Chen G. CNS-peripheral immune interactions in hemorrhagic stroke. J
Cereb Blood Flow Metab (2023) 43(2):185–97. doi: 10.1177/0271678X221145089

94. Mracsko E, Javidi E, Na SY, Kahn A, Liesz A, Veltkamp R. Leukocyte invasion of
the brain after experimental intracerebral hemorrhage in mice. Stroke (2014) 45
(7):2107–14. doi: 10.1161/STROKEAHA.114.005801

95. Loftspring MC, McDole J, Lu A, Clark JF, Johnson AJ. Intracerebral hemorrhage
leads to infiltration of several leukocyte populations with concomitant
pathophysiological changes. J Cereb Blood Flow Metab (2009) 29(1):137–43.
doi: 10.1038/jcbfm.2008.114

96. Mao LL, Yuan H, Wang WW, Wang YJ, Yang MF, Sun BL, et al. Adoptive
regulatory T-cell therapy attenuates perihematomal inflammation in a mouse model of
experimental intracerebral hemorrhage. Cell Mol Neurobiol (2017) 37(5):919–29.
doi: 10.1007/s10571-016-0429-1

97. Zhou K, Zhong Q, Wang YC, Xiong XY, Meng ZY, Zhao T, et al. Regulatory T
cells ameliorate intracerebral hemorrhage-induced inflammatory injury by modulating
microglia/macrophage polarization through the IL-10/GSK3beta/PTEN axis. J Cereb
Blood Flow Metab (2017) 37(3):967–79. doi: 10.1177/0271678X16648712

98. Prince C, Bruhns ME. Evaluation and treatment of mild traumatic brain injury:
the role of neuropsychology. Brain Sci (2017) 7(8). doi: 10.3390/brainsci7080105

99. Van Dijk D. Long-term cognitive impairment after critical illness. N Engl J Med
(2014) 370(2):185. doi: 10.1056/NEJMc1313886

100. Jo YG, Kim JC, Jin HM, Cho YN, Kee SJ, Park YW. Natural killer T cells are
numerically and functionally deficient in patients with trauma. J Innate Immun (2020)
12(4):344–54. doi: 10.1159/000504324

101. Abou-El-Hassan H, Rezende RM, Izzy S, Gabriely G, Yahya T, Tatematsu BK,
et al. Vgamma1 and Vgamma4 gamma-delta T cells play opposing roles in the
immunopathology of traumatic brain injury in males. Nat Commun (2023) 14
(1):4286. doi: 10.1038/s41467-023-39857-9

102. Frohman EM, Racke MK, Raine CS. Multiple sclerosis–the plaque and its
pathogenesis. N Engl J Med (2006) 354(9):942–55. doi: 10.1056/NEJMra052130

103. Bjelobaba I, Savic D, Lavrnja I. Multiple sclerosis and neuroinflammation: the
overview of current and prospective therapies. Curr Pharm Des (2017) 23(5):693–730.
doi: 10.2174/1381612822666161214153108

104. Herz J, Filiano AJ, Wiltbank AT, Yogev N, Kipnis J. Myeloid cells in the central
nervous system. Immunity (2017) 46(6):943–56. doi: 10.1016/j.immuni.2017.06.007

105. Kurschus FC. T cell mediated pathogenesis in EAE: Molecular mechanisms.
BioMed J (2015) 38(3):183–93. doi: 10.4103/2319-4170.155590

106. Constantinescu CS, Farooqi N, O’Brien K, Gran B. Experimental autoimmune
encephalomyelitis (EAE) as a model for multiple sclerosis (MS). Br J Pharmacol (2011)
164(4):1079–106. doi: 10.1111/j.1476-5381.2011.01302.x

107. Demoulins T, Gachelin G, Bequet D, Dormont D. A biased Valpha24+ T-cell
repertoire leads to circulating NKT-cell defects in a multiple sclerosis patient at the
onset of his disease. Immunol Lett (2003) 90(2-3):223–8. doi: 10.1016/
j.imlet.2003.09.014

108. Gausling R, Trollmo C, Hafler DA. Decreases in interleukin-4 secretion by
invariant CD4(-)CD8(-)V alpha 24J alpha Q T cells in peripheral blood of patientswith
relapsing-remitting multiple sclerosis. Clin Immunol (2001) 98(1):11–7. doi: 10.1006/
clim.2000.4942

109. Illes Z, Kondo T, Newcombe J, Oka N, Tabira T, Yamamura T. Differential
expression of NK T cell V alpha 24J alpha Q invariant TCR chain in the lesions of
multiple sclerosis and chronic inflammatory demyelinating polyneuropathy. J Immunol
(2000) 164(8):4375–81. doi: 10.4049/jimmunol.164.8.4375
Frontiers in Immunology 13
110. O’Keeffe J, Gately CM, Counihan T, Hennessy M, Leahy T, Moran AP, et al. T-
cells expressing natural killer (NK) receptors are altered in multiple sclerosis and
responses to alpha-galactosylceramide are impaired. J Neurol Sci (2008) 275(1-2):22–8.
doi: 10.1016/j.jns.2008.07.007
111. Araki M, Kondo T, Gumperz JE, Brenner MB, Miyake S, Yamamura T. Th2

bias of CD4+ NKT cells derived from multiple sclerosis in remission. Int Immunol
(2003) 15(2):279–88. doi: 10.1093/intimm/dxg029
112. De Biasi S, Simone AM, Nasi M, Bianchini E, Ferraro D, Vitetta F, et al. iNKT

cells in secondary progressive multiple sclerosis patients display pro-inflammatory
profiles. Front Immunol (2016) 7:555. doi: 10.3389/fimmu.2016.00555
113. Singh AK, Wilson MT, Hong S, Olivares-Villagomez D, Du C, Stanic AK, et al.

Natural killer T cell activation protects mice against experimental autoimmune
encephalomyelitis. J Exp Med (2001) 194(12):1801–11. doi: 10.1084/jem.194.12.1801
114. Furlan R, Bergami A, Cantarella D, Brambilla E, Taniguchi M, Dellabona P,

et al. Activation of invariant NKT cells by alphaGalCer administration protects mice
fromMOG35-55-induced EAE: critical roles for administration route and IFN-gamma.
Eur J Immunol (2003) 33(7):1830–8. doi: 10.1002/eji.200323885

115. Teige A, Teige I, Lavasani S, Bockermann R, Mondoc E, Holmdahl R, et al.
CD1-dependent regulation of chronic central nervous system inflammation in
experimental autoimmune encephalomyelitis. J Immunol (2004) 172(1):186–94. doi:
10.4049/jimmunol.172.1.186

116. Denney L, Kok WL, Cole SL, Sanderson S, McMichael AJ, Ho LP. Activation of
invariant NKT cells in early phase of experimental autoimmune encephalomyelitis
results in differentiation of Ly6Chi inflammatory monocyte to M2 macrophages and
improved outcome. J Immunol (2012) 189(2):551–7. doi: 10.4049/jimmunol.1103608

117. Oh SJ, Chung DH. Invariant NKT cells producing IL-4 or IL-10, but not IFN-
gamma, inhibit the Th1 response in experimental autoimmune encephalomyelitis,
whereas none of these cells inhibits the Th17 response. J Immunol (2011) 186
(12):6815–21. doi: 10.4049/jimmunol.1003916

118. Miyamoto K, Miyake S, Yamamura T. A synthetic glycolipid prevents
autoimmune encephalomyelitis by inducing TH2 bias of natural killer T cells.
Nature (2001) 413(6855):531–4. doi: 10.1038/35097097

119. Kojo S, Seino K, Harada M, Watarai H, Wakao H, Uchida T, et al. Induction of
regulatory properties in dendritic cells by Valpha14 NKT cells. J Immunol (2005) 175
(6):3648–55. doi: 10.4049/jimmunol.175.6.3648

120. Qian G, Qin X, Zang YQ, Ge B, Guo TB, Wan B, et al. High doses of alpha-
galactosylceramide potentiate experimental autoimmune encephalomyelitis by directly
enhancing Th17 response. Cell Res (2010) 20(4):480–91. doi: 10.1038/cr.2010.6

121. Jahng AW, Maricic I, Pedersen B, Burdin N, Naidenko O, Kronenberg M, et al.
Activation of natural killer T cells potentiates or prevents experimental autoimmune
encephalomyelitis. J Exp Med (2001) 194(12):1789–99. doi: 10.1084/jem.194.12.1789

122. Jahng A, Maricic I, Aguilera C, Cardell S, Halder RC, Kumar V. Prevention of
autoimmunity by targeting a distinct, noninvariant CD1d-reactive T cell population
reactive to sulfatide. J Exp Med (2004) 199(7):947–57. doi: 10.1084/jem.20031389

123. Oki S, Chiba A, Yamamura T, Miyake S. The clinical implication and molecular
mechanism of preferential IL-4 production by modified glycolipid-stimulated NKT
cells. J Clin Invest (2004) 113(11):1631–40. doi: 10.1172/JCI20862

124. Sato W, Noto D, Araki M, Okamoto T, Lin Y, Yamaguchi H, et al. First-in-
human clinical trial of the NKT cell-stimulatory glycolipid OCH in multiple sclerosis.
Ther Adv Neurol Disord (2023) 16:17562864231162153. doi: 10.1177/
17562864231162153

125. Wucherpfennig KW, Newcombe J, Li H, Keddy C, Cuzner ML, Hafler DA.
Gamma delta T-cell receptor repertoire in acute multiple sclerosis lesions. Proc Natl
Acad Sci USA (1992) 89(10):4588–92. doi: 10.1073/pnas.89.10.4588

126. Schirmer L, Rothhammer V, Hemmer B, Korn T. Enriched CD161high CCR6+
gammadelta T cells in the cerebrospinal fluid of patients with multiple sclerosis. JAMA
Neurol (2013) 70(3):345–51. doi: 10.1001/2013.jamaneurol.409

127. Shimonkevitz R, Colburn C, Burnham JA, Murray RS, Kotzin BL. Clonal
expansions of activated gamma/delta T cells in recent-onset multiple sclerosis. Proc
Natl Acad Sci USA (1993) 90(3):923–7. doi: 10.1073/pnas.90.3.923

128. Stinissen P, Vandevyver C, Medaer R, Vandegaer L, Nies J, Tuyls L, et al.
Increased frequency of gamma delta T cells in cerebrospinal fluid and peripheral blood
of patients with multiple sclerosis. Reactivity, cytotoxicity, and T cell receptor V gene
rearrangements. J Immunol (1995) 154(9):4883–94.

129. Monteiro A, Cruto C, Rosado P, Martinho A, Rosado L, Fonseca M, et al.
Characterization of circulating gamma-delta T cells in relapsing vs remission multiple
sclerosis. J Neuroimmunol (2018) 318:65–71. doi: 10.1016/j.jneuroim.2018.02.009

130. Liedtke W, Meyer G, Faustmann PM, Warnatz H, Raine CS. Clonal expansion
and decreased occurrence of peripheral blood gamma delta T cells of the V delta 2J
delta 3 lineage in multiple sclerosis patients. Int Immunol (1997) 9(7):1031–41.
doi: 10.1093/intimm/9.7.1031

131. Bieganowski P, Bieganowska K, Zaborski J, Czlonkowska A. Oligoclonal
expansion of gamma delta T cells in cerebrospinal fluid of multiple sclerosis patients.
Mult Scler (1996) 2(2):78–82. doi: 10.1177/135245859600200203

132. Battistini L, Salvetti M, Ristori G, Falcone M, Raine CS, Brosnan CF. Gamma
delta T cell receptor analysis supports a role for HSP 70 selection of lymphocytes in
multiple sclerosis lesions. Mol Med (1995) 1(5):554–62. doi: 10.1007/BF03401592

133. Selmaj K, Brosnan CF, Raine CS. Colocalization of lymphocytes bearing gamma
delta T-cell receptor and heat shock protein hsp65+ oligodendrocytes in multiple
sclerosis. Proc Natl Acad Sci USA (1991) 88(15):6452–6. doi: 10.1073/pnas.88.15.6452
frontiersin.org

https://doi.org/10.1111/j.1600-0684.2010.00431.x
https://doi.org/10.1111/j.1600-0684.2010.00431.x
https://doi.org/10.1038/leu.2011.324
https://doi.org/10.1158/2326-6066.CIR-20-0817
https://doi.org/10.1111/cei.12992
https://doi.org/10.1073/pnas.1812273115
https://doi.org/10.1016/B978-0-444-64034-5.00019-5
https://doi.org/10.5005/jp-journals-10071-24095
https://doi.org/10.5005/jp-journals-10071-24095
https://doi.org/10.1161/STROKEAHA.122.037155
https://doi.org/10.1177/0271678X221145089
https://doi.org/10.1161/STROKEAHA.114.005801
https://doi.org/10.1038/jcbfm.2008.114
https://doi.org/10.1007/s10571-016-0429-1
https://doi.org/10.1177/0271678X16648712
https://doi.org/10.3390/brainsci7080105
https://doi.org/10.1056/NEJMc1313886
https://doi.org/10.1159/000504324
https://doi.org/10.1038/s41467-023-39857-9
https://doi.org/10.1056/NEJMra052130
https://doi.org/10.2174/1381612822666161214153108
https://doi.org/10.1016/j.immuni.2017.06.007
https://doi.org/10.4103/2319-4170.155590
https://doi.org/10.1111/j.1476-5381.2011.01302.x
https://doi.org/10.1016/j.imlet.2003.09.014
https://doi.org/10.1016/j.imlet.2003.09.014
https://doi.org/10.1006/clim.2000.4942
https://doi.org/10.1006/clim.2000.4942
https://doi.org/10.4049/jimmunol.164.8.4375
https://doi.org/10.1016/j.jns.2008.07.007
https://doi.org/10.1093/intimm/dxg029
https://doi.org/10.3389/fimmu.2016.00555
https://doi.org/10.1084/jem.194.12.1801
https://doi.org/10.1002/eji.200323885
https://doi.org/10.4049/jimmunol.172.1.186
https://doi.org/10.4049/jimmunol.1103608
https://doi.org/10.4049/jimmunol.1003916
https://doi.org/10.1038/35097097
https://doi.org/10.4049/jimmunol.175.6.3648
https://doi.org/10.1038/cr.2010.6
https://doi.org/10.1084/jem.194.12.1789
https://doi.org/10.1084/jem.20031389
https://doi.org/10.1172/JCI20862
https://doi.org/10.1177/17562864231162153
https://doi.org/10.1177/17562864231162153
https://doi.org/10.1073/pnas.89.10.4588
https://doi.org/10.1001/2013.jamaneurol.409
https://doi.org/10.1073/pnas.90.3.923
https://doi.org/10.1016/j.jneuroim.2018.02.009
https://doi.org/10.1093/intimm/9.7.1031
https://doi.org/10.1177/135245859600200203
https://doi.org/10.1007/BF03401592
https://doi.org/10.1073/pnas.88.15.6452
https://doi.org/10.3389/fimmu.2023.1273459
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lv et al. 10.3389/fimmu.2023.1273459
134. Bai L, Picard D, Anderson B, Chaudhary V, Luoma A, Jabri B, et al. The
majority of CD1d-sulfatide-specific T cells in human blood use a semiinvariant Vdelta1
TCR. Eur J Immunol (2012) 42(9):2505–10. doi: 10.1002/eji.201242531

135. Olive C. Gamma delta T cell receptor variable region usage during the
development of experimental allergic encephalomyelitis. J Neuroimmunol (1995) 62
(1):1–7. doi: 10.1016/0165-5728(95)00081-c

136. Wei YL, Han A, Glanville J, Fang F, Zuniga LA, Lee JS, et al. A highly focused
antigen receptor repertoire characterizes gammadelta T cells that are poised to make
IL-17 rapidly in naive animals. Front Immunol (2015) 6:118. doi: 10.3389/
fimmu.2015.00118

137. Papotto PH, Goncalves-Sousa N, Schmolka N, Iseppon A, Mensurado S,
Stockinger B, et al. IL-23 drives differentiation of peripheral gammadelta17 T cells
from adult bone marrow-derived precursors. EMBO Rep (2017) 18(11):1957–67.
doi: 10.15252/embr.201744200

138. Lukens JR, Barr MJ, Chaplin DD, Chi H, Kanneganti TD. Inflammasome-
derived IL-1beta regulates the production of GM-CSF by CD4(+) T cells and
gammadelta T cells. J Immunol (2012) 188(7):3107–15. doi: 10.4049/
jimmunol.1103308

139. Ponomarev ED, Novikova M, Yassai M, Szczepanik M, Gorski J, Dittel BN.
Gamma delta T cell regulation of IFN-gamma production by central nervous system-
infiltrating encephalitogenic T cells: correlation with recovery from experimental
autoimmune encephalomyelitis. J Immunol (2004) 173(3):1587–95. doi: 10.4049/
jimmunol.173.3.1587

140. Sutton CE, Lalor SJ, Sweeney CM, Brereton CF, Lavelle EC, Mills KH.
Interleukin-1 and IL-23 induce innate IL-17 production from gammadelta T cells,
amplifying Th17 responses and autoimmunity. Immunity (2009) 31(2):331–41.
doi: 10.1016/j.immuni.2009.08.001

141. Petermann F, Rothhammer V, Claussen MC, Haas JD, Blanco LR, Heink S,
et al. gammadelta T cells enhance autoimmunity by restraining regulatory T cell
responses via an interleukin-23-dependent mechanism. Immunity (2010) 33(3):351–
63. doi: 10.1016/j.immuni.2010.08.013

142. Ponomarev ED, Dittel BN. Gamma delta T cells regulate the extent and
duration of inflammation in the central nervous system by a Fas ligand-dependent
mechanism. J Immunol (2005) 174(8):4678–87. doi: 10.4049/jimmunol.174.8.4678

143. Havrdova E, Belova A, Goloborodko A, Tisserant A, Wright A, Wallstroem E,
et al. Activity of secukinumab, an anti-IL-17A antibody, on brain lesions in RRMS:
results from a randomized, proof-of-concept study. J Neurol (2016) 263(7):1287–95.
doi: 10.1007/s00415-016-8128-x

144. Orthmann-Murphy JL, Calabresi PA. Therapeutic application of monoclonal
antibodies in multiple sclerosis. Clin Pharmacol Ther (2017) 101(1):52–64.
doi: 10.1002/cpt.547

145. Paintlia MK, Paintlia AS, Singh AK, Singh I. Synergistic activity of interleukin-
17 and tumor necrosis factor-alpha enhances oxidative stress-mediated
oligodendrocyte apoptosis. J Neurochem (2011) 116(4):508–21. doi: 10.1111/j.1471-
4159.2010.07136.x

146. Kang Z, Wang C, Zepp J, Wu L, Sun K, Zhao J, et al. Act1 mediates IL-17-
induced EAE pathogenesis selectively in NG2+ glial cells. Nat Neurosci (2013) 16
(10):1401–8. doi: 10.1038/nn.3505

147. Liu H, Yang X, Yang J, Yuan Y, Wang Y, Zhang R, et al. IL-17 inhibits
oligodendrocyte progenitor cell proliferation and differentiation by increasing K(+)
channel kv1.3. Front Cell Neurosci (2021) 15:679413. doi: 10.3389/fncel.2021.679413

148. Gargano F, Guerrera G, Piras E, Serafini B, Di Paola M, Rizzetto L, et al.
Proinflammatory mucosal-associated invariant CD8+ T cells react to gut flora yeasts
and infiltrate multiple sclerosis brain. Front Immunol (2022) 13:890298. doi: 10.3389/
fimmu.2022.890298

149. Willing A, Leach OA, Ufer F, Attfield KE, Steinbach K, Kursawe N, et al. CD8
(+) MAIT cells infiltrate into the CNS and alterations in their blood frequencies
correlate with IL-18 serum levels in multiple sclerosis. Eur J Immunol (2014) 44
(10):3119–28. doi: 10.1002/eji.201344160

150. Held K, Bhonsle-Deeng L, Siewert K, Sato W, Beltran E, Schmidt S, et al.
alphabeta T-cell receptors from multiple sclerosis brain lesions show MAIT cell-related
features. Neurol Neuroimmunol Neuroinflamm (2015) 2(4):e107. doi: 10.1212/
NXI.0000000000000107

151. Abrahamsson SV, Angelini DF, Dubinsky AN, Morel E, Oh U, Jones JL, et al.
Non-myeloablative autologous haematopoietic stem cell transplantation expands
regulatory cells and depletes IL-17 producing mucosal-associated invariant T cells in
multiple sclerosis. Brain (2013) 136(Pt 9):2888–903. doi: 10.1093/brain/awt182

152. Annibali V, Ristori G, Angelini DF, Serafini B, Mechelli R, Cannoni S, et al.
CD161(high)CD8+T cells bear pathogenetic potential in multiple sclerosis. Brain
(2011) 134(Pt 2):542–54. doi: 10.1093/brain/awq354

153. Salou M, Nicol B, Garcia A, Baron D, Michel L, Elong-Ngono A, et al.
Neuropathologic, phenotypic and functional analyses of Mucosal Associated
Invariant T cells in Multiple Sclerosis. Clin Immunol (2016) 166-167:1–11.
doi: 10.1016/j.clim.2016.03.014

154. Carnero Contentti E, Farez MF, Correale J. Mucosal-associated invariant T cell
features and TCR repertoire characteristics during the course of multiple sclerosis.
Front Immunol (2019) 10:2690. doi: 10.3389/fimmu.2019.02690
Frontiers in Immunology 14
155. Miyazaki Y, Miyake S, Chiba A, Lantz O, Yamamura T. Mucosal-associated
invariant T cells regulate Th1 response in multiple sclerosis. Int Immunol (2011) 23
(9):529–35. doi: 10.1093/intimm/dxr047
156. Croxford JL, Miyake S, Huang YY, Shimamura M, Yamamura T. Invariant V

(alpha)19i T cells regulate autoimmune inflammation. Nat Immunol (2006) 7(9):987–
94. doi: 10.1038/ni1370
157. Shin YW, Lee ST, Park KI, Jung KH, Jung KY, Lee SK, et al. Treatment

strategies for autoimmune encephalitis. Ther Adv Neurol Disord (2018)
11:1756285617722347. doi: 10.1177/1756285617722347
158. Nissen MS, Ryding M, Meyer M, Blaabjerg M. Autoimmune encephalitis:

current knowledge on subtypes, disease mechanisms and treatment. CNS Neurol Disord
Drug Targets (2020) 19(8):584–98. doi: 10.2174/1871527319666200708133103
159. Bien CG, Vincent A, Barnett MH, Becker AJ, Blumcke I, Graus F, et al.

Immunopathology of autoantibody-associated encephalitides: clues for pathogenesis.
Brain (2012) 135(Pt 5):1622–38. doi: 10.1093/brain/aws082

160. Zeng C, Li L, Chen L, Li P, ChenM,Wu X, et al. Th17 cells regulate the progress
of anti-NMDAR encephalitis. Am J Transl Res (2022) 14(9):6268–76.

161. Golombeck KS, Bonte K, Monig C, van Loo KM, Hartwig M, Schwindt W, et al.
Evidence of a pathogenic role for CD8(+) T cells in anti-GABAB receptor limbic
encephalitis. Neurol Neuroimmunol Neuroinflamm (2016) 3(3):e232. doi: 10.1212/
NXI.0000000000000232

162. Dalmau J, Graus F. Antibody-mediated encephalitis. N Engl J Med (2018) 378
(9):840–51. doi: 10.1056/NEJMra1708712

163. Gitler AD, Dhillon P, Shorter J. Neurodegenerative disease: models,
mechanisms, and a new hope. Dis Model Mech (2017) 10(5):499–502. doi: 10.1242/
dmm.030205

164. Heemels MT. Neurodegenerative diseases. Nature (2016) 539(7628):179.
doi: 10.1038/539179a

165. Berriat F, Lobsiger CS, Boillee S. The contribution of the peripheral immune
system to neurodegeneration. Nat Neurosci (2023) 26(6):942–54. doi: 10.1038/s41593-
023-01323-6

166. Beers DR, Henkel JS, Zhao W, Wang J, Appel SH. CD4+ T cells support glial
neuroprotection, slow disease progression, and modify glial morphology in an animal
model of inherited ALS. Proc Natl Acad Sci USA (2008) 105(40):15558–63.
doi: 10.1073/pnas.0807419105

167. Weiss F, Labrador-Garrido A, Dzamko N, Halliday G. Immune responses in
the Parkinson’s disease brain. Neurobiol Dis (2022) 168:105700. doi: 10.1016/
j.nbd.2022.105700

168. Evans FL, Dittmer M, de la Fuente AG, Fitzgerald DC. Protective and
regenerative roles of T cells in central nervous system disorders. Front Immunol
(2019) 10:2171. doi: 10.3389/fimmu.2019.02171

169. Wyatt-Johnson SK, Kersey HN, Codocedo JF, Newell KL, Landreth GE, Lamb
BT, et al. Control of the temporal development of Alzheimer’s disease pathology by the
MR1/MAIT cell axis. J Neuroinflamm (2023) 20(1):78. doi: 10.1186/s12974-023-02761-
6

170. Brigas HC, Ribeiro M, Coelho JE, Gomes R, Gomez-Murcia V, Carvalho K,
et al. IL-17 triggers the onset of cognitive and synaptic deficits in early stages of
Alzheimer’s disease. Cell Rep (2021) 36(9):109574. doi: 10.1016/j.celrep.2021.109574

171. Rentzos M, Evangelopoulos E, Sereti E, Zouvelou V, Marmara S, Alexakis T,
et al. Alterations of T cell subsets in ALS: a systemic immune activation? Acta Neurol
Scand (2012) 125(4):260–4. doi: 10.1111/j.1600-0404.2011.01528.x

172. Finkelstein A, Kunis G, Seksenyan A, Ronen A, Berkutzki T, Azoulay D, et al.
Abnormal changes in NKT cells, the IGF-1 axis, and liver pathology in an animal model
of ALS. PloS One (2011) 6(8):e22374. doi: 10.1371/journal.pone.0022374

173. Sommer A, Marxreiter F, Krach F, Fadler T, Grosch J, Maroni M, et al. Th17
lymphocytes induce neuronal cell death in a human iPSC-based model of parkinson’s
disease. Cell Stem Cell (2019) 24(6):1006. doi: 10.1016/j.stem.2019.04.019

174. Zhou C, Zhou X, He D, Li Z, Xie X, Ren Y. Reduction of Peripheral Blood iNKT
and gammadeltaT Cells in Patients With Parkinson’s Disease: An Observational Study.
Front Immunol (2020) 11:1329. doi: 10.3389/fimmu.2020.01329

175. Liu Z, Qiu AW, Huang Y, Yang Y, Chen JN, Gu TT, et al. IL-17A exacerbates
neuroinflammation and neurodegeneration by activating microglia in rodent models of
Parkinson’s disease. Brain Behav Immun (2019) 81:630–45. doi: 10.1016/
j.bbi.2019.07.026

176. Fiszer U, Mix E, Fredrikson S, Kostulas V, Olsson T, Link H. gamma delta+ T
cells are increased in patients with Parkinson’s disease. J Neurol Sci (1994) 121(1):39–
45. doi: 10.1016/0022-510x(94)90154-6

177. Chen JM, Jiang GX, Li QW, Zhou ZM, Cheng Q. Increased serum levels of
interleukin-18, -23 and -17 in Chinese patients with Alzheimer’s disease. Dement
Geriatr Cognit Disord (2014) 38(5-6):321–9. doi: 10.1159/000360606

178. Yang J, Kou J, Lalonde R, Fukuchi KI. Intracranial IL-17A overexpression
decreases cerebral amyloid angiopathy by upregulation of ABCA1 in an animal model
of Alzheimer’s disease. Brain Behav Immun (2017) 65:262–73. doi: 10.1016/
j.bbi.2017.05.012

179. Hirsh MI, Junger WG. Roles of heat shock proteins and gamma delta T cells in
inflammation. Am J Respir Cell Mol Biol (2008) 39(5):509–13. doi: 10.1165/rcmb.2008-
0090TR
frontiersin.org

https://doi.org/10.1002/eji.201242531
https://doi.org/10.1016/0165-5728(95)00081-c
https://doi.org/10.3389/fimmu.2015.00118
https://doi.org/10.3389/fimmu.2015.00118
https://doi.org/10.15252/embr.201744200
https://doi.org/10.4049/jimmunol.1103308
https://doi.org/10.4049/jimmunol.1103308
https://doi.org/10.4049/jimmunol.173.3.1587
https://doi.org/10.4049/jimmunol.173.3.1587
https://doi.org/10.1016/j.immuni.2009.08.001
https://doi.org/10.1016/j.immuni.2010.08.013
https://doi.org/10.4049/jimmunol.174.8.4678
https://doi.org/10.1007/s00415-016-8128-x
https://doi.org/10.1002/cpt.547
https://doi.org/10.1111/j.1471-4159.2010.07136.x
https://doi.org/10.1111/j.1471-4159.2010.07136.x
https://doi.org/10.1038/nn.3505
https://doi.org/10.3389/fncel.2021.679413
https://doi.org/10.3389/fimmu.2022.890298
https://doi.org/10.3389/fimmu.2022.890298
https://doi.org/10.1002/eji.201344160
https://doi.org/10.1212/NXI.0000000000000107
https://doi.org/10.1212/NXI.0000000000000107
https://doi.org/10.1093/brain/awt182
https://doi.org/10.1093/brain/awq354
https://doi.org/10.1016/j.clim.2016.03.014
https://doi.org/10.3389/fimmu.2019.02690
https://doi.org/10.1093/intimm/dxr047
https://doi.org/10.1038/ni1370
https://doi.org/10.1177/1756285617722347
https://doi.org/10.2174/1871527319666200708133103
https://doi.org/10.1093/brain/aws082
https://doi.org/10.1212/NXI.0000000000000232
https://doi.org/10.1212/NXI.0000000000000232
https://doi.org/10.1056/NEJMra1708712
https://doi.org/10.1242/dmm.030205
https://doi.org/10.1242/dmm.030205
https://doi.org/10.1038/539179a
https://doi.org/10.1038/s41593-023-01323-6
https://doi.org/10.1038/s41593-023-01323-6
https://doi.org/10.1073/pnas.0807419105
https://doi.org/10.1016/j.nbd.2022.105700
https://doi.org/10.1016/j.nbd.2022.105700
https://doi.org/10.3389/fimmu.2019.02171
https://doi.org/10.1186/s12974-023-02761-6
https://doi.org/10.1186/s12974-023-02761-6
https://doi.org/10.1016/j.celrep.2021.109574
https://doi.org/10.1111/j.1600-0404.2011.01528.x
https://doi.org/10.1371/journal.pone.0022374
https://doi.org/10.1016/j.stem.2019.04.019
https://doi.org/10.3389/fimmu.2020.01329
https://doi.org/10.1016/j.bbi.2019.07.026
https://doi.org/10.1016/j.bbi.2019.07.026
https://doi.org/10.1016/0022-510x(94)90154-6
https://doi.org/10.1159/000360606
https://doi.org/10.1016/j.bbi.2017.05.012
https://doi.org/10.1016/j.bbi.2017.05.012
https://doi.org/10.1165/rcmb.2008-0090TR
https://doi.org/10.1165/rcmb.2008-0090TR
https://doi.org/10.3389/fimmu.2023.1273459
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lv et al. 10.3389/fimmu.2023.1273459
180. Doherty PC, Allan W, Eichelberger M, Carding SR. Heat-shock proteins and
the gamma delta T cell response in virus infections: implications for autoimmunity.
Springer Semin Immunopathol (1991) 13(1):11–24. doi: 10.1007/BF01225275

181. Fiszer U, Fredrikson S, Czlonkowska A. Humoral response to hsp 65 and hsp 70
in cerebrospinal fluid in Parkinson’s disease. J Neurol Sci (1996) 139(1):66–70. doi:
10.1016/0022-510X(96)00002-0

182. Chen WW, Zhang X, Huang WJ. Role of neuroinflammation in
neurodegenerative diseases (Review). Mol Med Rep (2016) 13(4):3391–6.
doi: 10.3892/mmr.2016.4948

183. Hirabayashi Y. A world of sphingolipids and glycolipids in the brain -Novel
functions of simple lipids modified with glucose. Proc Japan Acad Ser B-Physical Biol
Sci (2012) 88(4):129–43. doi: 10.2183/pjab.88.129
Frontiers in Immunology 15
184. Gold MC, Cerri S, Smyk-Pearson S, Cansler ME, Vogt TM, Delepine J, et al.
Human mucosal associated invariant T cells detect bacterially infected cells. PloS Biol
(2010) 8(6):e1000407. doi: 10.1371/journal.pbio.1000407

185. Rigau M, Ostrouska S, Fulford TS, Johnson DN, Woods K, Ruan Z, et al.
Butyrophilin 2A1 is essential for phosphoantigen reactivity by gammadelta T cells.
Science (2020) 367(6478). doi: 10.1126/science.aay5516

186. Corbett AJ, AwadW,Wang H, Chen Z. Antigen recognition by MR1-reactive T
cells; MAIT cells, metabolites, and remaining mysteries. Front Immunol (2020)
11:1961. doi: 10.3389/fimmu.2020.01961

187. Silva-Santos B, Mensurado S, Coffelt SB. gammadelta T cells: pleiotropic
immune effectors with therapeutic potential in cancer. Nat Rev Cancer (2019) 19
(7):392–404. doi: 10.1038/s41568-019-0153-5
frontiersin.org

https://doi.org/10.1007/BF01225275
https://doi.org/10.1016/0022-510X(96)00002-0
https://doi.org/10.3892/mmr.2016.4948
https://doi.org/10.2183/pjab.88.129
https://doi.org/10.1371/journal.pbio.1000407
https://doi.org/10.1126/science.aay5516
https://doi.org/10.3389/fimmu.2020.01961
https://doi.org/10.1038/s41568-019-0153-5
https://doi.org/10.3389/fimmu.2023.1273459
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Unconventional T cells in brain homeostasis, injury and neurodegeneration
	Introduction
	Classification and function of unconventional T cells
	Classification
	Effector functions

	Unconventional T cells in brain homeostasis
	Unconventional T cells in brain injury
	Ischemic stroke
	Hemorrhagic stroke
	Traumatic brain injury
	Autoimmune-induced chronic brain injury

	Unconventional T cells in neurodegeneration
	Potential clinical applications of unconventional T cells

	Conclusion and perspectives
	Author contributions
	Funding
	References


