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Abstract
Circulating and tissue-resident T cells collaborate in the protection of tissues against harmful infections and malignant 
transformation but also can instigate autoimmune reactions. Similar roles for T cells in the brain have been less evident due 
to the compartmentized organization of the central nervous system (CNS). In recent years, beneficial as well as occasional, 
detrimental effects of T-cell-targeting drugs in people with early multiple sclerosis (MS) have increased interest in T cells 
patrolling the CNS. Next to studies focusing on T cells in the cerebrospinal fluid, phenotypic characteristics of T cells located 
in the perivascular space and the meninges as well as in the parenchyma in MS lesions have been reported. We here sum-
marize the current knowledge about T cells infiltrating the healthy and MS brain and argue that understanding the dynamics 
of physiological CNS surveillance by T cells is likely to improve the understanding of pathological conditions, such as MS.
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Introduction

The human central nervous system (CNS), comprising the 
brain and the spinal cord as well as the retina and the optic 
nerve, is regarded an organ sensitive to tissue damage with 
limited regenerative capacity. Acquired damage to brain or 
spinal cord usually results in long-term disability with some-
times a progressive loss of function. This delicate status 
requires an elaborate control of putative deleterious processes, 
which could accumulate in the initiation or promotion of 

tissue damage. In the case of immune surveillance by T cells, 
a carefully controlled balance is needed between prevention 
of infections versus uncontrolled, deleterious inflammatory 
responses. Protective T-cell immunity is indispensable for 
healthy CNS function and development. Among others, the 
absence of lymphocytes in Rag-knockout mice correlates with 
an impaired  CD4+ T-cell-dependent hippocampal neurogen-
esis, and lesser abundance of CNS-patrolling T cells results 
in reduced brain-derived neurotrophic factor levels, impaired 
cognitive functioning, enhanced anxiety-like behavior, and 
impaired stress responses (reviewed by Ellwardt et al., in [1]).

Besides promoting normal brain function, T cells are 
also key in controlling pathological conditions. In inborn or 
(drug-induced) acquired immune deficiencies, a higher risk 
of various opportunistic CNS infections has been reported 
[2]. Most notably, reactivation of the JC virus (also known 
as human polyomavirus 2) can cause a lethal white mat-
ter (WM) disease of the CNS called progressive multifocal 
leukoencephalopathy (PML) [3]. Although these diseases 
have been associated with a range of immune-suppressive 
agents, risk has been shown particularly high in patients 
treated with the drug natalizumab. Natalizumab selectively 
impairs migration of CD49d (VLA-4)-positive lymphocytes 
to the CNS and the gut. While the cascade leading to PML 
has been proposed to start with peripheral reactivation in the 
kidneys, this view was challenged by several studies showing 
presence of JC virus in postmortem CNS of unaffected indi-
viduals [4]. Likewise JC virus, herpes simplex virus (HSV) 
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genetic material has been reported in postmortem healthy 
CNS tissue [5]. Immune-compromised individuals have 
an increased risk of developing HSV encephalitis. These 
data suggest that impairment of local T-cell control within 
the CNS could be instrumental in the local reactivation of 
these viruses. In addition to viral infections, an immuno-
compromised state has been associated with a higher risk of 
developing malignancies. As an example, in human immu-
nodeficiency virus (HIV)-positive patients, primary CNS 
lymphoma is a manifestation of acquired immunodeficiency 
syndrome (AIDS). Altogether, insufficient T-cell surveil-
lance of the CNS makes individuals vulnerable to pathologi-
cal conditions, such as infections and certain malignancies.

On the other hand, exaggerated inflammatory processes 
are also harmful to healthy brain function and maintenance. 
When drawing focus to T cells, perforin, granzyme A, and 
granzyme B are highly neurotoxic [6]. In bacterial infections 
of the CNS, massive cytokine release can provide additional 
damage to CNS tissue and is usually treated with steroids. 
The most prevalent inflammatory disorder of the CNS is 
multiple sclerosis (MS), which is characterized by multifocal 
infiltration of T cells in the brain parenchyma and meninges. 
These MS infiltrates are associated with demyelination and 
axonal loss.

The tightly controlled environment of the CNS has been 
coined an immune-privileged site based on seminal experi-
ments showing that antigen presentation within the borders 
of the CNS results in delayed T-cell responses compared to 
intra-thecal re-exposure of an extra-thecal antigen [7]. This 
feature of the CNS is maintained by a unique composition of 
compartments, barriers, and resident cell types, which shape 
the quantitative and qualitative presence of lymphocytes. In 
this review, we discuss the phenotypes of T cells infiltrating 
the CNS and how these are shaped within different compart-
ments of the CNS. We will discuss the association of these 
cells with different pathological characteristics and disease 
stages of MS. Ultimately, we will discuss challenges ahead 
to further improve knowledge regarding T-cell surveillance 
of the human CNS.

General concepts in T‑cell surveillance 
and memory formation

In the human body, T cells play a key role in the mainte-
nance of immune tolerance and in the defense against infec-
tions and cancer. During T-cell development in the thymus, 
self-reactive thymocytes are negatively selected by MHC 
class I- and II-expressing thymic epithelial cells and den-
dritic cells (central tolerance) [8]. Self-reactive clones that 
are able to escape this selection and end up in the circulation 
are further controlled by both T-cell-intrinsic and -extrinsic 
mechanisms (peripheral tolerance) [9]. In order to generate 

a memory T-cell armory responsive to the plethora of anti-
gens, naive  CD4+ and  CD8+ T cells need to be educated 
by mature dendritic cells in secondary lymphoid organs, 
which requires antigen-specific TCR–MHC interaction, 
co-stimulation, and cytokine-mediated skewing. Eventu-
ally, high numbers of memory T cells persist and reside in 
peripheral tissues [10], ready to proliferate and exert their 
effector functions (e.g., cytokine production and cytotoxic-
ity) upon encounter of the same antigen. Circulating cen-
tral memory T  (TCM) cells are poised for entering lymphoid 
tissues by expressing homing markers CCR7 and CD62L, 
whereas effector memory T  (TEM) cells lack both molecules 
and are highly capable of migrating into non-lymphoid tis-
sues [11]. More terminally differentiated memory cells re-
express CD45RA  (TEMRA), upregulate CD57, and lose CD28 
expression, a process that corresponds to increasing age and 
chronic infection such as cytomegalovirus (CMV). In addi-
tion, memory T cells expressing high levels of  CX3CR1 
were found to be more prevalent in the  TEMRA versus  TEM 
compartment, reside in lymph nodes and show enhanced 
cytotoxicity and CMV specificity [12, 13]. The circulation 
provides the most accessible pool of T cells to be studied 
in the human body. Of all phenotypes discussed above, the 
circulation comprises on average more CD4 compared to 
CD8 T cells, with a sizeable proportion of naïve T  (TN) 
cells. In normally aging individuals, proportions of circulat-
ing  CD8+, more than  CD4+,  TN cells are known to decrease 
in numbers [14].

More recently, also other memory T-cell populations 
have been described, such as stem cell-like  (TSCM), periph-
eral  (TPM), and tissue-resident  (TRM) cells.  TSCM cells are 
abundant within lymph nodes and show a naive-like (CCR7, 
CD45RA) and memory (CXCR3, IL-2Rβ, CD95) phenotype 
[15, 16], probably representing a minimally differentiated 
memory population in between the  TN and  TCM compart-
ment.  TPM cells express intermediate levels of  CX3CR1 
and can also self-renew and become either  TCM  (CX3CR1-) 
or  TEM/TEMRA  (CXR3C1high) cells, depending on antigen 
exposure. This subset patrols non-lymphoid tissues and can 
migrate back to the lymph node and blood [17]. When the 
proper antigen is encountered in such tissues, memory T 
cells upregulate a distinct set of markers including CD20, 
CD69, and/or CD103 in order to reside and provide local 
protection against microbial intruders  (TRM cells).

Besides the presence of CCR7 and  CX3CR1, also expres-
sion of other chemokine receptors determines the tissue 
homing routes of T cells. For example, CCR7 (ligands: 
CCL19/21) works together with CXCR4 (ligand: CXCL12) 
for the entry of  TN and  TCM cells into secondary lymphoid 
organs [18–20]. Within these organs, T cells that express 
CXCR5 (ligand: CXCL13) are attracted to follicular borders 
and germinal centers to interact with cognate B cells. CCR4 
(ligands: CCL17/22) and CXCR3 (ligands: CXCL9/10/11) 
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are mainly involved in the recruitment of memory T cells 
into non-inflamed and inflamed tissue sites, respectively. 
CCR6 (ligand: CCL20) has been particularly associated with 
T cells crossing epithelial barriers and attacking inflamed 
tissues [21]. In several tissues including the spleen, mucosa, 
skin, lung, and brain, CXCR6 (ligand: CXCL16) has been 
proposed to contribute to local T-cell  (TRM) organization 
[22–25]. Similar observations were made for CCR8 (ligand: 
CCL1) and CCR10 (ligands: CCL27/28), which are associ-
ated with  TRM-cell formation in the skin [26, 27].

Moreover, chemokine receptor expression patterns are 
exemplary for the effector function of memory T cells. 
This not only accounts for their cytotoxic potential (e.g., 
 CX3CR1), but also for the different types of cytokines 
that are produced upon activation. CCR6 is classically 
expressed by IL-17-producing helper T (Th17) cells. Dif-
ferential CXCR3 and CCR4 expression further subdivides 
this population into IL-17high  (CXCR3-CCR4+; Th17), 
IL-17int  (CXCR3+CCR4+; Th17 double-positive), and IL-
17low  (CXCR3+CCR4-/dim; Th17.1) cells [28, 29]. Th17.1 
cells not only express high levels of IFNγ and GM-CSF, but 
also show resistance to both glucocorticoids and apoptosis 
and possess cytotoxic features [29–31]. IL-22-producing T 
(Th22) cells can be discriminated from Th17 cells based on 
CCR10 expression [32]. Memory T cells lacking CCR6 and 
IL-17 can be categorized into Th1  (CXCR3+CCR4-; produc-
ing IFNγ) and Th2  (CXCR3-CCR4+; producing IL-4) cells. 

CCR8 is mainly found on IL-10-producing regulatory T 
(Treg) cells, but also on small fractions of Th2 cells [33–35]. 
CCR6, CXCR3, and CCR4 can also be utilized to distin-
guish Th-like Treg subsets in a similar way as described 
above [36].

Obviously, these phenotypic and associated functional 
traits of human T cells have been most extensively charac-
terized in ex vivo and in in vitro experiments with circulat-
ing cell fractions and have been correlated with functional 
insights acquired from animal studies. The uniqueness of 
the human CNS, in combination with normal immune aging 
and the environmental exposure to (neurotropic) viruses and 
other antigens, is likely to shape the circulating T-cell reper-
toire involved in physiological CNS surveillance.

T‑cell surveillance of the healthy CNS

Immune surveillance of the CNS cannot be discussed sepa-
rately from its anatomical organization (Figure 1). The strict 
compartmentation of the CNS plays a vital role in its tight 
control of infections and inflammatory responses. The CNS 
is engulfed by three layers of meninges, separating it from 
the periphery (reviewed by Papadopulos et al., in [37]). 
These layers surround the entire brain and spinal cord but 
also the optic nerve as an optical nerve sheet. The outer 
layer (dura mater) contains the venous sinuses, which drain 

Fig. 1  Anatomical locations 
in the CNS relevant for 
T-cell surveillance. Shown in 
clock-wise direction are the 
blood, the cerebrospinal fluid, 
the perivascular space, and the 
meninges with  CD4+ (red) and 
 CD8+ (blue) T cells. Boxes 
to the right provide details on 
the local T-cell  CD4+ to  CD8+ 
ratio, dominant phenotype, and 
surface marker profile. See the 
text for further details.  BM, 
basal membrane.
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blood from the cerebral veins. The inner meningeal layers 
of the arachnoid and pia mater are separated by the suba-
rachnoid space containing cerebrospinal fluid (CSF). The 
superficial branches of the cerebrovasculature run through 
the perivascular space. The subarachnoid space is in a con-
tinuum with the perivascular space (PVS, see below), but 
also with the intracerebral ventricles containing the choroid 
plexus. The choroid plexus is a specialized epithelial organ 
and the main source of CSF. As such, a continuous stream 
of CSF circulates the perivascular space from the ventricles 
and is drained via the meningeal lymphatic structures and 
venous sinuses [38].

The pia mater overlies the brain parenchyma, which is 
lined with astrocyte endfeet-forming the glia limitans. This 
layer restricts and controls the movement of cells and mol-
ecules toward the parenchyma [39]. This layer adds to the 
tight control of inflammation within the brain parenchyma. 
Parenchymal cell populations show a limited capacity to 
start an inflammatory response. For instance, microglia are 
poor antigen presenters, and anti-inflammatory molecules as 
CD200 and CD47 are ubiquitously expressed and shed by 
multiple cell types [40]. The brain parenchyma is organized 
in grey matter and WM zones, with superficial cortical grey 
matter and deep grey matter areas containing neuronal cell 
bodies and WM containing axonal bundles. As such, cortical 
grey matter is for the largest part in close spatial contact with 
the subarachnoid space, while only a small part of subcorti-
cal WM is directly adjacent to ventricles.

The cerebrovasculature perfusing and draining the paren-
chyma comprises cells with specialized endothelium mak-
ing up the blood–brain barrier (BBB) [41]. Tight junctions 
tightly control the movement of cells and large molecules. 
These blood vessels are surrounded by two basal membranes 
delineating the PVS. In contrast to the parenchyma, the PVS 
is an immunologically vibrant compartment. The PVS con-
tains specialized macrophages and pericytes interacting with 
infiltrating immune cells. The PVS is again being covered 
by the astrocyte endfeet of the glia limitans. This whole 
structure of vessel, PVS, and glia limitans has been coined 
the neurovascular unit. Within the parenchyma, a stream of 
interstitial fluid (ISF) moves from efferent to afferent blood 
vessels (glymphatics), draining into the PVS and meningeal 
lymphatic structures. The CSF and ISF make up two inde-
pendent compartments, draining via distinct routes [37].

CNS fluids, surfaces, and parenchyma host myeloid and 
lymphoid immune cells. How anatomical complexity as 
described above determines the localization and trafficking 
of immune cells and thereby shapes the immune responses 
in the CNS has been discussed in an excellent review by 
Ransohoff and Engelhardt [38]. The prime myeloid cells 
are phagocytic cells, comprising parenchymal microglia 
and non-parenchymal macrophages subsets in the choroid 
plexus, the perivascular space, and the meninges [42]. 

RNA sequencing of these cell populations has recently 
revealed unique transcriptional identities shaped by ontog-
eny and tissue environment [43]. In particular, microglia 
express genes setting them apart from other CNS mac-
rophages. Brain-resident macrophages arise from embry-
onic yolk sac-derived erythromyeloid precursor (EMP) 
cells and self-renew during further development, while 
the contribution of bone marrow-derived monocytes is 
mostly restricted to choroid plexus macrophages [42]. 
In addition, recent work by Rustenhoven et al. showed 
that antigen-presenting cells populate the dural sinuses 
and can also interact here with patrolling lymphocytes 
[44]. In animal studies, tracers from CSF and ISF drain 
via lymphatic structures in the superficial and deep cer-
vical lymph nodes [45, 46]. Although the exact number 
is uncertain, a frequently encountered estimation is that 
about 300 cervical lymph nodes are present in the human 
neck. Indeed, CSF-derived antigen-presenting cells were 
retrieved from the cervical lymph nodes of rodents, and 
stainings of human cervical lymph nodes showed presence 
of cells with phagocytosed CNS antigens [47, 48].

The most abundant lymphoid cells in the CNS are T cells. 
In fact, ≥90% of the cells in the CSF are T cells [49]. With 
1,000–3,000 cells per ml, the total cell count in the CSF 
is 10–100-fold lower as compared to synovial or pleural 
fluid and 1,000–10,000-fold lower as compared to periph-
eral blood. Resident  TRM cells are found in the perivascular 
space and the meninges and at very low lower numbers in 
the parenchyma. Also here, they outnumber by far other lym-
phocytes, such as B and NK cells [50].

The first comprehensive characterization of T cells in 
CSF of patients without inflammatory diseases came from 
Kivisäkk et al [49, 51]. The ratio of  CD4+ T cells to  CD8+ 
T cells in the CSF is about 4 to 1. Most CSF  CD4+ T cells 
display a  CD45RA−CD45RO+CD27+CD62LhiCCR7+ phe-
notype similar to circulating  CD4+ memory T cells. Nota-
bly, about 90% of CSF T cells express chemokine receptor 
CXCR3, which is expressed at higher levels compared to cir-
culating memory T-cell fractions [51]. Subpopulations also 
express the α4β7 integrin, the chemokine receptors CCR4, 
CCR5, CCR6, and CCR9, and the activation and residency 
marker CD69 [51, 52]. Their phenotype suggests that these 
cells enter the CSF from the circulation to survey the suba-
rachnoid space, where they can initiate immune responses 
and/or relocate to deep cervical lymph nodes. The accumu-
lation of  CCR6+  CD4+ T cells in CSF compared to blood, 
coinciding with expression of CXCR3, IFNγ, and GM-CSF 
suggests a Th17.1-like phenotype [31, 53]. These findings 
confirm the central role attributed to CCR6 in CNS homing 
by lymphocytes through the choroid plexus as revealed in 
experimental studies [54]. Recent single-cell RNA sequenc-
ing of T cells from CSF confirmed enrichment for memory 
 CD4+ T cells with a  CXCR3+KLRB1+ non-classical Th1 or 
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Th17 phenotype as well as  CD4+ and  CD8+ T cells with a 
cytotoxic profile [50].

A site of T-cell accumulation passed by the CSF is the 
meninges in the dura [44]. Chemokines released from nearby 
stroma stimulate the extravasation of blood T cells circu-
lating through the dural sinuses by triggering their CCR7, 
CXCR4, CXCR6, and  CX3CR1 receptors.  CD4+ and  CD8+ 
T cells are found at a 1 to 1 ratio, and  CD4+ T cells dis-
play characteristics of Th1, Th2, Th17, and Treg cells. The 
elegant work by Rustenhoven et al. points at a local interface 
where antigens brought by the CSF are captured by local 
antigen-presenting cells and are presented to patrolling T 
cells [44].

Other than the choroid plexus, releasing the CSF, and the 
dural sinuses, the BBB allows only minimal entry of circu-
lating leukocytes into the cerebrovascular space, and almost 
none of these cells, under homeostatic condition, enter the 
parenchyma [55]. Examination of these resident T cells was 
initially limited to immunohistochemical approaches, which 
primarily revealed  CD8+ granzyme  B−perforin− cells near 
the vasculature [56]. In 2013, we succeeded in isolating vital 
T cells from the corpus callosum of brain bank donors that 
came to autopsy within <10 h after death by a combina-
tion of mechanical and enzymatic dissociation, followed by 
Percoll gradient centrifugation [57]. We showed that these 
T cells were almost completely located in the perivascular 
space. Opposite to CSF, the ratio of  CD4+ T cells to  CD8+ 
T cells was about 1 to 2, and cells of both lineages had a 
late-differentiated  CD45RA−/lowCD27−CD28− phenotype. 
They expressed CXCR3 and  CX3CR1 that enable homing 
to inflamed endothelium and tissue, but hardly the lymph 
node-homing receptor CCR7. High expression of the IL-7 
receptor α-chain CD127 suggested a role for IL-7 in their 
maintenance and absent/low production of perforin, gran-
zyme A, and granzyme B a tight control of effector func-
tions [57].

Evidence that T cells located in the brain may be bona 
fide  TRM cells was first obtained in mice, where  CD8+ T cells 
persist independent from circulating memory T cells, pro-
vide protection against local vesicular stomatitis virus (VSV) 
infection, and partly express CD103 (αEβ7) [58]. Increased 
numbers of  CD69+CD103-/+ T cells were found after cer-
ebral viral infections in human and mice [59]. More thor-
ough investigation further clarified the phenotype of brain-
resident human T cells [24]. CD103 presence on about half 
of all  CD8+ T cells correlated with increased expression of 
the tissue-homing receptors CD49a (α1β1), CCR5, CXCR5, 
CXCR6, and  CX3CR1, intermediate and low expression of 
the transcription factors T-bet and Eomes, increased expres-
sion of inhibitory molecules PD-1 and CTLA-4, and reduced 
expression of the cytolytic enzymes perforin and granzyme 
B. Despite being tightly controlled in situ,  CD8+ T cells 
IFNγ, TNF, and GM-CSF—mostly in combination—upon 

stimulation ex vivo.  CD4+ T cells also express CD69 but 
almost no CD103. Like their  CD8+ counterparts, they 
express CD49a (α1β1), CCR5, CXCR5, CXCR3, CXCR6, 
 CX3CR1, PD-1, and CTLA-4 [24]. A further property of 
 CD8+ and  CD4+ T cells is the production of granzyme K, 
enabling transendothelial diapedesis [60].

The phenotyping of T cells in the CNS disclosed major 
differences between cells in the CSF, the dural sinuses, and 
the cerebrovasculature with differences in, among others, 
 CD4+ to  CD8+ cell ratio, differentiation stage, migratory 
ability, and functional capacity. These differences seemingly 
exclude a direct exchange between the respective T-cell pop-
ulations. There are actually also intriguing similarities, such 
as the increased percentage of T cells with an intermediate 
expression of CD20 that at incrementally higher levels is 
found in blood, CSF, and brain tissue of MS patients (see 
below) [61, 62].

Role of T cells in the pathogenesis 
of multiple sclerosis

The most prevalent neuroinflammatory disease with a pro-
found involvement of T cells in its disease process is MS. 
The outcomes from large genome-wide association studies 
and the modes of action together with the efficacy of existing 
immunotherapies, point toward circulating and CSF-homing 
 CD4+ T cells (as well as B cells) as central players in the dis-
ease process of MS [63]. Naive  CD4+ T cells from patients 
at risk of MS onset and progression contained separate sets 
of differentially expressed genes including TOB1, which was 
downregulated and is known to suppress T-cell prolifera-
tion [64, 65]. Genes involved in cell proliferation were also 
recently found in CSF  CD4+ T cells as being discriminative 
for patients with newly diagnosed treatment-naive MS [66]. 
Furthermore, both IL2RA and IL7RA are associated with 
genetic risk variants for MS, and promote the development 
and skewing of  CD4+ T cells expressing GM-CSF and IFNγ, 
respectively [67, 68].

In early MS patients,  CCR6+ and not  CCR6- mem-
ory or naive  CD4+ T cells were highly responsive to 
myelin peptides [69], suggesting that CCR6 expression 
demarks  CD4+ memory T cells contributing to disease 
activity (reviewed by Van Langelaar et al., in [70]). In 
humans, particularly GM-CSFhighIFNγhighIL-17low Th17.1 
 (CCR6+CXCR3+CCR4-/dim) cells are associated with MS-
disease activity [29, 31, 71]. This pathogenic subset is 
selectively enriched in early MS and not in control CSF, 
expresses high VLA-4 levels and is preferentially targeted 
in clinical responders to natalizumab (anti-VLA-4 antibody). 
The CSF  CD4+ T-cell pool contains more  TCM than  TEM 
cells during an acute relapse [72, 73], which suggests that 
 TEM cells are actively recruited from the CSF into the brain 
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parenchyma. Within the human  CCR6+ memory T-cell pool, 
Th17.1 cells reveal the highest IL-23 receptor and granzyme 
B expression and are most dominant in MS lesions. This 
may correspond to earlier findings in the experimental auto-
immune encephalomyelitis (EAE) model that IL-23-skewed 
Th17 cells are cytotoxic for oligodendrocytes and neurons 
[74, 75]. Consecutive studies reported MS-associated mem-
ory  CD4+ T cells with similar features as Th17.1 cells. B 
cells induce IFNγ-producing and both CCR6- and CXCR3-
expressing ‘autoproliferative’ T cells in patients carrying 
the major HLA class II risk locus, which was attenuated 
by anti-CD20 therapy [76]. Using an unsupervised mass 
cytometry approach, Galli et al. demonstrated a  CD4+ 
T-cell signature in MS blood that was classified by GM-CSF, 
IFNγ, and VLA-4 expression [77]. Herich et al. identified 
a VLA-4high Th17.1-like subset expressing both CCR5 and 
granzyme K, which was highly capable of migrating across 
endothelial blood–brain layers in vitro [60]. Schafflick et al. 
found a cytotoxic  CD4+ T-cell population to be enriched in 
MS CNS, also matching the Th17.1 cell [78]. Kaufmann et 
al. found a follicular T-cell subset that accumulated in the 
blood of natalizumab-treated MS patients and displayed high 
CD161 expression [79], another Th17.1-cell characteristic. 
The enhanced capacity of Th17.1 cells to cross endothelial 
blood–brain layers under non-inflamed in vitro conditions 
[29] was supported by a recent study [80]. The observation 
that  CD4+ memory T-cell subsets are less able to pass tighter 
epithelial blood–CSF layers in vitro [80] could imply that 
preferential entry of Th17.1 cells via the BBB is an initial 
event in MS. Interestingly, in  CD4+ T-cell-initiated EAE 
mice, myelin-reactive  CD8+ T cells infiltrate the brain and 
not the spinal cord [81]. Although not proven yet, this sup-
ports a model for MS onset in which  CD4+ T cells instigate 
BBB disruption and inflammation, making it possible for 
other immune subsets including B and  CD8+ T cells to enter 
the brain and further mediate pathology.

Currently, it is relatively unclear whether peripheral 
 CD8+ memory T cells are alternatively induced and promote 
or ameliorate the disease process of MS. On the one hand, 
EBV or CMV infection as a risk factor for MS contributes to 
functionally exhausted  CD8+  TEM/EMRA cells, through which 
for example B cells can escape from cytotoxicity-mediated 
killing [82, 83]. Distinct  CD8+ T cells with regulatory func-
tions have been found, including  CXCR3+-,  CD25+-, and 
HLA-E-restricted  NKG2C+ subsets. On the other hand, 
 CD8+ memory T cells expressing markers, such as CCR6, 
CD161, and CD20, were shown to be pathogenic in MS 
patients [61, 84]. Especially  CD20dim  CD8+ (and  CD4+) 
memory T cells may represent a pro-inflammatory, pre-
TRM-like population, which is more abundant in the blood 
and CSF, expresses higher levels of brain-homing mark-
ers including VLA-4, CCR5, and CCR6, reveals increased 

myelin specificity, and is reduced by anti-CD20 antibody 
treatment in MS [61, 85]. Like  CD4+ T cells, the outgrowth 
and effector functions of such  CD8+ T cells are at least par-
tially dependent on the presence of HLA-restricted protec-
tive (HLA-A*0201) and risk (HLA-A*0301) alleles [86, 87].

In addition to circulating and CSF T cells, phenotypic 
characteristics of T cells accumulating in meninges, perivas-
cular space, and meninges have also been associated with the 
disease process of MS. The contribution of meningeal T cells 
to MS pathogenesis is likely to change during the course of 
MS. In early MS biopsies and autopsies, Lucchinetti et al. 
observed in 53 out of 138 donors cortical demyelination in 
numerical and spatial association with meningeal inflam-
matory infiltrates containing  CD3+ T cells. Other studies 
also showed a positive correlation of these infiltrates with 
adjacent demyelination and axonal loss [88–90]. Meningeal 
inflammatory infiltrates contain, besides B cells, both  CD4+ 
and  CD8+ T cells [90–92]. Both a comparable proportion of 
 CD4+ versus  CD8+ meningeal T cells and a dominant pres-
ence of  CD8+ meningeal T cells have been reported [92]. 
The precise phenotype of these T cells regarding markers 
of effector profile and tissue-residency is at present sparsely 
explored. The larger proportion of granzyme B-positive cells 
in MS meninges compared to controls suggests a larger pro-
portion of cells with a cytotoxic potential [93].

Seraffini et al. showed that meninges of a subset of pro-
gressive MS donors contain lymphoid follicle-like infil-
trates of B cells, T cells, and myeloid cells expressing sur-
face markers of follicular dendritic cells and CXCL13 [94, 
95]. These infiltrates were mostly found in the depths of 
cortical sulci and associated spatially with cortical subpial 
demyelination [96]. Furthermore, brain donors with follicles 
showed a greater extent of grey matter demyelination and a 
poorer prognosis in terms of earlier MS onset and reduced 
survival [95, 96]. The exact phenotype of T cells in these 
infiltrates is only partially disclosed. In accordance with the 
CXCL13 expression in these follicles, Bell et al. reported 
in the majority of follicles enrichment of CXCR5-positive 
follicular helper  CD4+ T cells with increased expression of 
the activation marker CD69 [97]. However, meningeal cells 
were overall low in the expression of FoxP3 or PD-1. In 
cases with a high EBV viral load, Serafini et al. reported 
these follicles to contain large quantities of INFγ-positive 
 CD8+ T cells [98]. Second, Magliozzi et al. and others found 
the presence of follicles to be associated with a history of 
relapses in progressive MS donors [97]. This suggests that 
infiltrating T-cell populations associated with relapses likely 
play a role in the origination of these structures.

The spatial association of meningeal T cells and follicles 
with cortical lesions, in combination with thorough experi-
mental models, led to the hypothesis that soluble media-
tors produced by meningeal lymphocytes may accumulate 
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in grey matter demyelination. Further characterization of 
cellular subsets within these structures may case more light 
on underlying mechanisms [96].

In MS normal-appearing WM (NAWM), more  CD3+ T 
cells are encountered compared to WM of non-demented 
controls or Alzheimer’s disease [99, 100] (Figure 2). Like-
wise controls, NAWM T cells show a  CD8+ over  CD4+ 
dominance in MS [100, 101]. We could not find a correlation 
between the number of  CD3+ T cells in the pyramid tract 
and axonal density. MS WM lesions as studied in autopsy 
material or diagnostic biopsies, are enriched for  CD3+ T 
cells [102]. Frischer et al. and others showed that active 
and mixed active/inactive WM lesions showed a pronounced 
enrichment for  CD3+ T cells, with inactive lesions show-
ing comparable proportions to NAWM [99, 100]. Although 
 CD8+ T cells are the most dominant fraction in both early 
and advanced disease, also numbers of  CD4+ T cells are 
higher in these lesion types compared to NAWM [99–101, 
103]. The presence of T cells in lesions correlated positively 
with histological markers of tissue damage and correlated 
negatively with age and disease duration [99, 103]. Most 
T cells in MS lesions and in NAWM are restricted to the 
PVS. Incidentally, perivascular cells form large cuffs of 
cells in de PVS, containing  CD4+ and  CD8+ T cells among 
other cells, such as B cells and myeloid cells. These cuffs 
likely reflect detrimental events, since their presence cor-
related with a progressive disease, a higher lesion load, and 
more mixed active/inactive lesions [100]. In analogy with 

meningeal follicle-like structures, Prineas proposed in the 
1970s that these cuffs could be sites of local antigenic T-cell 
challenge [104]. In active and mixed active/inactive lesions, 
an increased proportion of  CD4+ and  CD8+ T cells infil-
trate into the parenchyma [100, 105]. Whether these cells 
are engaging their specific antigens or are redistributed by 
a shift of local chemokine balance or otherwise changes in 
regulatory milieu due to local tissue damage and inflamma-
tion remains uncertain. Babbe et al. reported similar oligo-
clonal T-cell fractions to populate the PVS and the brain 
parenchyma, supporting no selective recruitment [106]. Van 
Nierop et al. found no significant increase in granzyme B 
production of parenchymal versus perivascular T cells, sug-
gesting no specific antigen encounter [101]. Machado-San-
tos et al. postulated that perivascular T cells could contribute 
to tissue damage in MS by producing soluble inflammatory 
mediators in the perivascular space, likewise has been pos-
tulated for meningeal T cells [103].

Phenotypically, MS NAWM T cells show high similar-
ity with control WM T cells. Van Nierop et al. described 
 CD27-CD45RA+/-  CD8+ T cells to dominate MS NAWM and 
lesions matching our earlier general description of brain WM 
T cells [103].  CD8+ T cells isolated from MS NAWM and 
lesions and showed high expression of CD69 together with 
CD103, CD49a, PD-1, CD44, and CXCR6, which matched 
the phenotype of brain  CD8+  TRM cells from non-MS donors 
[100]. Accordingly, earlier immunohistochemical studies 
showed MS lesional and perivascular T cells to express CD69, 
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CD103, CXCR3, and CCR5, and lack of CCR7 and S1P1 [72, 
101, 103, 107]. Therefore, the majority of  CD8+ T cells found 
in the MS brain displays a  TRM-cell phenotype. MS  CD4+ T 
cells have not been characterized to a similar extent. Despite 
the dominant  TRM-cell phenotype, discrete MS-unique phe-
notypes of activated  CD69+ T-cell clones could be hidden 
within the bulk of cells. Although we did not find differences 
in phenotypic profiles between MS and non-MS donors, other 
observed accumulation of small populations of  CD4+ T cells 
within MS CNS infiltrates [79]. Interestingly, expression of 
scavenger receptor CD44 and chemokine receptor CXCR6 
was increased in lesional versus control  CD8+ brain T cells 
in our study. CD44 is a receptor for matrix proteins, which 
may affect the compartmentation of brain  TRM cells. On the 
other hand, CD44 is a receptor for osteopontin, which is highly 
expressed by lesional microglia and serves as a T-cell chem-
oattractant. CXCR6 is a receptor for CXCL16, which is also 
highly expressed by lesional myeloid cells. Additionally, we 
observed intermediate expression of CD20 to be enriched in 
 CD8+ T cells from MS brain donors [62].

A small proportion of T cells in MS lesions showed expres-
sion of proliferation markers PCNA, Ki-67, nuclear expression 
of NFAT2, and early activation-markers CD137, indicating 
recent re-activation [100, 101, 103]. However, lesional cells 
may not be employing effector mechanisms. First, chronic acti-
vation of T cells can induce an exhausted state, resulting in a 
limited residual effector capacity [108]. Second, activation of 
 CD8+ T cells can lead to local programmed cell death, result-
ing in selective maintenance of non-activated clones [103]. 
Accordingly, low proportions of cells positive for granzyme B 
have been found both in lesions and perivascular space [100, 
101, 103]. Yet, lesional  CD103+  CD8+ T cells showed higher 
expression of the pan-cytotoxicity marker GPR56. Lesional T 
cells were high in the expression of ICOS and TIM3 but not 
CD57, yet co-expression of these and other markers of T-cell 
exhaustion are unknown. Expression of anti-inflammatory 
TGF-β and IL-10 has not been shown on brain T cells [103]. 
Tzartos et al. reported immunoreactivity for IL-17 by  CD4+ 
and  CD8+ T cells, but also by oligodendrocytes and astrocytes 
in active and mixed active/inactive lesions [109]. Expression 
of IL-21 was observed in perivascular lymphocytes in MS 
regardless of the lesion type, although at a higher intensity in 
active and mixed active/inactive lesions [110]. Interestingly, 
IL-21 has been implicated in the prevention of  CD8+ T-cell 
exhaustion in experimental chronic CNS infections and may 
hereby contribute to a sustained non-exhausted brain  TRM-cell 
pool [111]. Whether and how other granzymes or cytokines 
contribute to the local function of brain  TRM cells remains to 
be determined.

Upcoming challenges

Altogether, recent work contributed substantially to our 
understanding of the phenotypes of T cells in different 
CNS compartments. The striking difference in dominant 
T-cell phenotypes between circulation, CSF, meninges, and 
perivascular compartments highlights the need to study 
immune responses in local compartments. This phenotypic 
diversity could be dependent on several variables.

The migration of T cells from circulation to CSF and 
from CSF to parenchyma is a highly controlled process, with 
the choroid plexus, blood–brain barrier, and glia limitans 
being strictly organized barriers. These barriers require 
specific traits of crossing T cells, including expression of 
CXCR3, CCR6, P-selectin, and granzyme K to mediate 
migration from the circulation to the CSF or perivascular 
space [49, 54, 60]. The functional programs needed to enter 
the parenchyma are not fully understood, yet cytokines, 
as IL-17, have a limited effect on the glia limitans barrier 
[112]. Work in MS suggests the CXCR6 may contribute to 
the entry of T cells into the parenchyma in inflammatory 
lesions [100]. On the whole, the phenotypic profile of T cells 
is likely to adapt to functional properties acquired for tissue 
compartmentation.

Second, the interaction with other CNS-resident cell 
types is likely to provide co-stimulatory signals and soluble 
mediators, which affect functional programs in brain T cell. 
The subarachnoid space, PVS, meninges, and parenchyma 
are rich in specialized myeloid cells, which can provide not 
only the earlier mentioned signals, but also present antigens 
to infiltrating leukocyte populations [42]. As such, the inter-
action of CNS-infiltrating T cells with perivascular cells has 
been shown to be a critical feature of the neuroinflammatory 
response in EAE [113]. This interaction is not restricted to 
the borders of the CNS, since CNS myeloid cells can express 
CCR7, mediating migration of these fractions to secondary 
lymphoid organs and interacting with T cells there [47, 72].

Third, the recruitment of T cells into the CNS is likely 
to be antigen-dependent. Both  CD4+ and  CD8+ CSF mem-
ory T cells display an expansion of restricted clones in the 
absence of any neuroinflammatory disease [50], suggesting 
a controlled recruitment of these cells into the CNS. Since 
brain-resident T-cell populations arose in seminal experi-
mental studies following neurotropic virus infections [58, 
59], and an immune-compromised state is associated with a 
higher risk of neurotropic opportunistic infections, viruses 
or other pathogens with neurotropic potential encountered 
during life are likely candidates to drive the development 
of these T cells. In this perspective, the detection of JC and 
HSV genetic material in asymptomatic postmortem brain 
tissue could be very relevant [4, 5]. Although this may be an 
MS-specific feature, CNS local EBV-directed  CD8+ T-cell 
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responses have been shown [98]. The clonal overlap between 
perivascular space, meninges, and CSF remains, however, to 
be determined. EBV is of special interest, since it appears a 
perquisite to develop MS [114]. It is under debate to which 
extent EBV serves as antigen for CNS T cells in MS or 
rather potentiates the interaction between EBV-infected B 
cells and T cells as driver of oligoclonal T-cell recruitment 
into the CNS [70]. As such, other environmental risk factors, 
such as low exposure to vitamin D and adolescence obesity, 
and genetic risk factors for MS could have generic effects on 
composition and function of the CNS T-cell pool in people 
with and without MS [115–117]. Notably, since vitamin D 
also gains access into the CNS and is processed by resident 
cells into its anti-inflammatory active metabolite, local inter-
action with CNS T-cell activation can be postulated [118]. 
Beyond the possibility of viral antigens, preferential recruit-
ment of mucosal-associated invariant T (MAIT) cells into 
the MS CSF and MS lesions has been reported, with also a 
higher expression of CCR5, CCR6, CXCR6 on these cells, 
compared to non-MAIT T cells [119, 120]. Since activation 
of MAIT cells is dependent on metabolites of riboflavin bio-
synthesis pathways in bacteria and yeasts, the presence of 
these cells suggests additional classes of antigens.

Understanding the dynamics of physiological CNS sur-
veillance by T cells is likely to offer additional insights in 
the understanding of pathological conditions, such as MS. 
Current MS therapies can disrupt physiological immune 
surveillance and are of limited efficacy in advanced MS. 
Identification of critical steps in T-cell CNS recruitment, 
compartmentation, and maintenance in physiological and 
pathological conditions may provide novel targets for an 
effective but also safe treatment of MS.

Acknowledgments We thank the Stichting MS Research, the National 
MS Fonds, and Biogen for supporting our research.

Declaration 

Conflict of interest JS received speaker and/or consultancy fees from 
Biogen, Merck, Novartis, and Sanofi-Genzyme. JS and JH received 
research support from Biogen. MMvL received research support from 
EMD Serono, GSK, and Idorsia Pharmaceuticals Ltd. CCH reports no 
disclosures.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Ellwardt E, Walsh JT, Kipnis J, Zipp F (2016) Understanding the 
Role of T Cells in CNS Homeostasis. Trends Immunol 37:154–
165. https:// doi. org/ 10. 1016/j. it. 2015. 12. 008

 2. Schmidt-Hieber M, Zweigner J, Uharek L et al (2009) Central 
nervous system infections in immunocompromised patients: 
update on diagnostics and therapy. Leuk Lymphoma 50:24–36. 
https:// doi. org/ 10. 1080/ 10428 19080 25177 40

 3. Cortese I, Reich DS, Nath A (2021) Progressive multifocal 
leukoencephalopathy and the spectrum of JC virus-related 
disease. Nat Rev Neurol 17:37–51. https:// doi. org/ 10. 1038/ 
s41582- 020- 00427-y

 4. Wollebo HS, White MK, Gordon J et al (2015) Persistence and 
pathogenesis of the neurotropic polyomavirus JC. Ann Neurol 
77:560–570. https:// doi. org/ 10. 1002/ ana. 24371

 5. Marcocci ME, Napoletani G, Protto V et al (2020) Herpes Sim-
plex Virus-1 in the Brain: The Dark Side of a Sneaky Infection. 
Trends Microbiol 28:808–820. https:// doi. org/ 10. 1016/j. tim. 
2020. 03. 003

 6. Giuliani F, Goodyer CG, Antel JP (2003) Yong VW Vulner-
ability of human neurons to T cell mediated cytotoxicity. J 
Immunol 171(1):368–37. https:// doi. org/ 10. 4049/ jimmu nol. 
171.1. 368

 7. Medawar PB (1948) Immunity to homologous grafted skin; the 
fate of skin homografts transplanted to the brain, to subcutane-
ous tissue, and to the anterior chamber of the eye. Br J Exp 
Pathol 29:58–69

 8. Klein L, Hinterberger M, Wirnsberger G, Kyewski B (2009) 
Antigen presentation in the thymus for positive selection and 
central tolerance induction. Nat Rev Immunol 9:833–844. 
https:// doi. org/ 10. 1038/ nri26 69

 9. Walker LSK, Abbas AK (2002) The enemy within: keeping 
self-reactive T cells at bay in the periphery. Nat Rev Immunol 
2:11–19. https:// doi. org/ 10. 1038/ nri701

 10. Farber DL, Yudanin NA, Restifo NP (2014) Human memory T 
cells: generation, compartmentalization and homeostasis. Nat 
Rev Immunol 14:24–35. https:// doi. org/ 10. 1038/ nri35 67

 11. Sallusto F, Lenig D, Förster R et al (1999) Two subsets of mem-
ory T lymphocytes with distinct homing potentials and effector 
functions. Nature 401:708–712. https:// doi. org/ 10. 1038/ 44385

 12. Böttcher JP, Beyer M, Meissner F et al (2015) Functional clas-
sification of memory CD8(+) T cells by CX3CR1 expression. 
Nat Commun 6:8306. https:// doi. org/ 10. 1038/ ncomm s9306

 13. Gordon CL, Lee LN, Swadling L et al (2018) Induction and 
Maintenance of CX3CR1-Intermediate Peripheral Memory 
CD8+ T Cells by Persistent Viruses and Vaccines. Cell Rep 
23:768–782. https:// doi. org/ 10. 1016/j. celrep. 2018. 03. 074

 14. Goronzy JJ, Weyand CM (2019) Mechanisms underlying T cell 
ageing. Nat Rev Immunol 19:573–583. https:// doi. org/ 10. 1038/ 
s41577- 019- 0180-1

 15. Gattinoni L, Lugli E, Ji Y et al (2011) A human memory T cell 
subset with stem cell-like properties. Nat Med 17:1290–1297. 
https:// doi. org/ 10. 1038/ nm. 2446

 16. Lugli E, Dominguez MH, Gattinoni L et al (2013) Superior T 
memory stem cell persistence supports long-lived T cell memory. 
J Clin Invest 123:594–599. https:// doi. org/ 10. 1172/ JCI66 327

 17. Gerlach C, Moseman EA, Loughhead SM et  al (2016) The 
Chemokine Receptor CX3CR1 Defines Three Antigen-Experi-
enced CD8 T Cell Subsets with Distinct Roles in Immune Sur-
veillance and Homeostasis. Immunity 45:1270–1284. https:// doi. 
org/ 10. 1016/j. immuni. 2016. 10. 018

 18. Lee B, Sharron M, Montaner LJ et al (1999) Quantification of 
CD4, CCR5, and CXCR4 levels on lymphocyte subsets, den-
dritic cells, and differentially conditioned monocyte-derived 

863Seminars in Immunopathology (2022) 44:855–867

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.it.2015.12.008
https://doi.org/10.1080/10428190802517740
https://doi.org/10.1038/s41582-020-00427-y
https://doi.org/10.1038/s41582-020-00427-y
https://doi.org/10.1002/ana.24371
https://doi.org/10.1016/j.tim.2020.03.003
https://doi.org/10.1016/j.tim.2020.03.003
https://doi.org/10.4049/jimmunol.171.1.368
https://doi.org/10.4049/jimmunol.171.1.368
https://doi.org/10.1038/nri2669
https://doi.org/10.1038/nri701
https://doi.org/10.1038/nri3567
https://doi.org/10.1038/44385
https://doi.org/10.1038/ncomms9306
https://doi.org/10.1016/j.celrep.2018.03.074
https://doi.org/10.1038/s41577-019-0180-1
https://doi.org/10.1038/s41577-019-0180-1
https://doi.org/10.1038/nm.2446
https://doi.org/10.1172/JCI66327
https://doi.org/10.1016/j.immuni.2016.10.018
https://doi.org/10.1016/j.immuni.2016.10.018


1 3

macrophages. Proc Natl Acad Sci U S A 96:5215–5220. https:// 
doi. org/ 10. 1073/ pnas. 96.9. 5215

 19. Phillips R, Ager A (2002) Activation of pertussis toxin-sen-
sitive CXCL12 (SDF-1) receptors mediates transendothelial 
migration of T lymphocytes across lymph node high endothelial 
cells. Eur J Immunol 32:837–847.https:// doi. org/ 10. 1002/ 1521- 
4141(200203) 32:3% 3C837:: AID- IMMU8 37% 3E3.0. CO;2-Q

 20. Goedhart M, Gessel S, van der Voort R et al (2019) CXCR4, 
but not CXCR3, drives CD8+ T-cell entry into and migration 
through the murine bone marrow. Eur J Immunol 49:576–589. 
https:// doi. org/ 10. 1002/ eji. 20174 7438

 21. Meitei HT, Jadhav N, Lal G (2021) CCR6-CCL20 axis as a 
therapeutic target for autoimmune diseases. Autoimmun Rev 
20:102846. https:// doi. org/ 10. 1016/j. autrev. 2021. 102846

 22. Günther C, Carballido-Perrig N, Kaesler S et al (2012) CXCL16 
and CXCR6 are upregulated in psoriasis and mediate cutaneous 
recruitment of human CD8+ T cells. J Invest Dermatol 132:626–
634. https:// doi. org/ 10. 1038/ jid. 2011. 371

 23. Kumar BV, Ma W, Miron M et al (2017) Human Tissue-Resi-
dent Memory T Cells Are Defined by Core Transcriptional and 
Functional Signatures in Lymphoid and Mucosal Sites. Cell Rep 
20:2921–2934. https:// doi. org/ 10. 1016/j. celrep. 2017. 08. 078

 24. Smolders J, Heutinck KM, Fransen NL et al (2018) Tissue-res-
ident memory T cells populate the human brain. Nat Commun 
9:4593. https:// doi. org/ 10. 1038/ s41467- 018- 07053-9

 25. Wein AN, McMaster SR, Takamura S et al (2019) CXCR6 regu-
lates localization of tissue-resident memory CD8 T cells to the 
airways. J Exp Med 216:2748–2762. https:// doi. org/ 10. 1084/ jem. 
20181 308

 26. McCully ML, Ladell K, Andrews R et al (2018) CCR8 Expres-
sion Defines Tissue-Resident Memory T Cells in Human Skin. 
J Immunol 200:1639–1650. https:// doi. org/ 10. 4049/ jimmu nol. 
17013 77

 27. Kok L, Dijkgraaf FE, Urbanus J et al (2020) A committed tissue-
resident memory T cell precursor within the circulating CD8+ 
effector T cell pool. J Exp Med 217:e20191711. https:// doi. org/ 
10. 1084/ jem. 20191 711

 28. Paulissen SMJ, van Hamburg JP, Dankers W, Lubberts E (2015) 
The role and modulation of CCR6+ Th17 cell populations in 
rheumatoid arthritis. Cytokine 74:43–53. https:// doi. org/ 10. 
1016/j. cyto. 2015. 02. 002

 29. van Langelaar J, van der Vuurst de Vries RM, Janssen M et al 
(2018) T helper 17.1 cells associate with multiple sclerosis 
disease activity: perspectives for early intervention. Brain 
141:1334–1349. https:// doi. org/ 10. 1093/ brain/ awy069

 30. Ramesh R, Kozhaya L, McKevitt K et al (2014) Pro-inflamma-
tory human Th17 cells selectively express P-glycoprotein and are 
refractory to glucocorticoids. J Exp Med 211:89–104. https:// doi. 
org/ 10. 1084/ jem. 20130 301

 31. Koetzier SC, van Langelaar J, Blok KM et al (2020) Brain-hom-
ing CD4+ T cells display glucocorticoid-resistant features in MS. 
Neurol Neuroimmunol Neuroinflamm 7:e894. https:// doi. org/ 10. 
1212/ NXI. 00000 00000 000894

 32. Duhen T, Geiger R, Jarrossay D et al (2009) Production of inter-
leukin 22 but not interleukin 17 by a subset of human skin-hom-
ing memory T cells. Nat Immunol 10:857–863. https:// doi. org/ 
10. 1038/ ni. 1767

 33. Freeman MM, Ziegler HK (2005) Simultaneous Th1-type 
cytokine expression is a signature of peritoneal CD4+ lympho-
cytes responding to infection with Listeria monocytogenes. J 
Immunol 175:394–403. https:// doi. org/ 10. 4049/ jimmu nol. 175.1. 
394

 34. Soler D, Chapman TR, Poisson LR et al (2006) CCR8 expression 
identifies CD4 memory T cells enriched for FOXP3+ regulatory 

and Th2 effector lymphocytes. J Immunol 177:6940–6951. 
https:// doi. org/ 10. 4049/ jimmu nol. 177. 10. 6940

 35. Barsheshet Y, Wildbaum G, Levy E et al (2017) CCR8+FOXp3+ 
Treg cells as master drivers of immune regulation. Proc Natl 
Acad Sci U S A 114:6086–6091. https:// doi. org/ 10. 1073/ pnas. 
16212 80114

 36. Halim L, Romano M, McGregor R et al (2017) An Atlas of 
Human Regulatory T Helper-like Cells Reveals Features of Th2-
like Tregs that Support a Tumorigenic Environment. Cell Rep 
20:757–770. https:// doi. org/ 10. 1016/j. celrep. 2017. 06. 079

 37. Papadopoulos Z, Herz J, Kipnis J (2020) Meningeal Lymphat-
ics: From Anatomy to Central Nervous System Immune Surveil-
lance. J Immunol 204:286–293. https:// doi. org/ 10. 4049/ jimmu 
nol. 19008 38

 38. Ransohoff RM, Engelhardt B (2012) The anatomical and cellular 
basis of immune surveillance in the central nervous system. Nat 
Rev Immunol 12:623–635. https:// doi. org/ 10. 1038/ nri32 65

 39. Quintana FJ (2017) Astrocytes to the rescue! Glia limitans astro-
cytic endfeet control CNS inflammation. J Clin Invest 127:2897–
2899. https:// doi. org/ 10. 1172/ JCI95 769

 40. Koning N, Bö L, Hoek RM, Huitinga I (2007) Down regulation 
of macrophage inhibitory molecules in multiple sclerosis lesions. 
Ann Neurol 62(5):504–14. https:// doi. org/ 10. 1002/ ana. 21220

 41. Daneman R, Prat A (2015) The blood-brain barrier. Cold Spring 
Harb Perspect Biol 7:a020412. https:// doi. org/ 10. 1101/ cshpe 
rspect. a0204 12

 42. Prinz M, Erny D, Hagemeyer N (2017) Ontogeny and homeosta-
sis of CNS myeloid cells. Nat Immunol 18:385–392. https:// doi. 
org/ 10. 1038/ ni. 3703

 43. Van Hove H, Martens L, Scheyltjens I et al (2019) A single-cell 
atlas of mouse brain macrophages reveals unique transcriptional 
identities shaped by ontogeny and tissue environment. Nat Neu-
rosci 22:1021–1035. https:// doi. org/ 10. 1038/ s41593- 019- 0393-4

 44. Rustenhoven J, Drieu A, Mamuladze T et al (2021) Functional 
characterization of the dural sinuses as a neuroimmune interface. 
Cell 184:1000–1016.e27. https:// doi. org/ 10. 1016/j. cell. 2020. 12. 
040

 45. Louveau A, Smirnov I, Keyes TJ et al (2015) Structural and 
functional features of central nervous system lymphatic vessels. 
Nature 523:337–341. https:// doi. org/ 10. 1038/ natur e14432

 46. Aspelund A, Antila S, Proulx ST et al (2015) A dural lymphatic 
vascular system that drains brain interstitial fluid and macro-
molecules. J Exp Med 212:991–999. https:// doi. org/ 10. 1084/ jem. 
20142 290

 47. van Zwam M, Huizinga R, Melief M-J et al (2009) Brain anti-
gens in functionally distinct antigen-presenting cell populations 
in cervical lymph nodes in MS and EAE. J Mol Med (Berl) 
87:273–286. https:// doi. org/ 10. 1007/ s00109- 008- 0421-4

 48. van Zwam M, Huizinga R, Heijmans N et al (2009) Surgical exci-
sion of CNS-draining lymph nodes reduces relapse severity in 
chronic-relapsing experimental autoimmune encephalomyelitis. 
J Pathol 217:543–551. https:// doi. org/ 10. 1002/ path. 2476

 49. Kivisäkk P, Mahad DJ, Callahan MK et al (2003) Human cer-
ebrospinal fluid central memory CD4+ T cells: evidence for traf-
ficking through choroid plexus and meninges via P-selectin. Proc 
Natl Acad Sci U S A 100:8389–8394. https:// doi. org/ 10. 1073/ 
pnas. 14330 00100

 50. Pappalardo JL, Zhang L, Pecsok MK et al (2020) Transcriptomic 
and clonal characterization of T cells in the human central nerv-
ous system. Sci Immunol 5:eabb8786. https:// doi. org/ 10. 1126/ 
sciim munol. abb87 86

 51. Kivisäkk P, Trebst C, Liu Z et al (2002) T-cells in the cerebrospi-
nal fluid express a similar repertoire of inflammatory chemokine 
receptors in the absence or presence of CNS inflammation: 

864 Seminars in Immunopathology (2022) 44:855–867

https://doi.org/10.1073/pnas.96.9.5215
https://doi.org/10.1073/pnas.96.9.5215
https://doi.org/10.1002/1521-4141(200203)32:3%3C837::AID-IMMU837%3E3.0.CO;2-Q
https://doi.org/10.1002/1521-4141(200203)32:3%3C837::AID-IMMU837%3E3.0.CO;2-Q
https://doi.org/10.1002/eji.201747438
https://doi.org/10.1016/j.autrev.2021.102846
https://doi.org/10.1038/jid.2011.371
https://doi.org/10.1016/j.celrep.2017.08.078
https://doi.org/10.1038/s41467-018-07053-9
https://doi.org/10.1084/jem.20181308
https://doi.org/10.1084/jem.20181308
https://doi.org/10.4049/jimmunol.1701377
https://doi.org/10.4049/jimmunol.1701377
https://doi.org/10.1084/jem.20191711
https://doi.org/10.1084/jem.20191711
https://doi.org/10.1016/j.cyto.2015.02.002
https://doi.org/10.1016/j.cyto.2015.02.002
https://doi.org/10.1093/brain/awy069
https://doi.org/10.1084/jem.20130301
https://doi.org/10.1084/jem.20130301
https://doi.org/10.1212/NXI.0000000000000894
https://doi.org/10.1212/NXI.0000000000000894
https://doi.org/10.1038/ni.1767
https://doi.org/10.1038/ni.1767
https://doi.org/10.4049/jimmunol.175.1.394
https://doi.org/10.4049/jimmunol.175.1.394
https://doi.org/10.4049/jimmunol.177.10.6940
https://doi.org/10.1073/pnas.1621280114
https://doi.org/10.1073/pnas.1621280114
https://doi.org/10.1016/j.celrep.2017.06.079
https://doi.org/10.4049/jimmunol.1900838
https://doi.org/10.4049/jimmunol.1900838
https://doi.org/10.1038/nri3265
https://doi.org/10.1172/JCI95769
https://doi.org/10.1002/ana.21220
https://doi.org/10.1101/cshperspect.a020412
https://doi.org/10.1101/cshperspect.a020412
https://doi.org/10.1038/ni.3703
https://doi.org/10.1038/ni.3703
https://doi.org/10.1038/s41593-019-0393-4
https://doi.org/10.1016/j.cell.2020.12.040
https://doi.org/10.1016/j.cell.2020.12.040
https://doi.org/10.1038/nature14432
https://doi.org/10.1084/jem.20142290
https://doi.org/10.1084/jem.20142290
https://doi.org/10.1007/s00109-008-0421-4
https://doi.org/10.1002/path.2476
https://doi.org/10.1073/pnas.1433000100
https://doi.org/10.1073/pnas.1433000100
https://doi.org/10.1126/sciimmunol.abb8786
https://doi.org/10.1126/sciimmunol.abb8786


1 3

implications for CNS trafficking. Clin Exp Immunol 129:510–
518. https:// doi. org/ 10. 1046/j. 1365- 2249. 2002. 01947.x

 52. Kivisäkk P, Tucky B, Wei T et al (2006) Human cerebrospinal 
fluid contains CD4+ memory T cells expressing gut- or skin-
specific trafficking determinants: relevance for immunotherapy. 
BMC Immunol 7:14. https:// doi. org/ 10. 1186/ 1471- 2172-7- 14

 53. Restorick SM, Durant L, Kalra S et al (2017) CCR6+ Th cells 
in the cerebrospinal fluid of persons with multiple sclerosis 
are dominated by pathogenic non-classic Th1 cells and GM-
CSF-only-secreting Th cells. Brain Behav Immun 64:71–79. 
https:// doi. org/ 10. 1016/j. bbi. 2017. 03. 008

 54. Reboldi A, Coisne C, Baumjohann D et al (2009) C-C chemokine 
receptor 6-regulated entry of TH-17 cells into the CNS through 
the choroid plexus is required for the initiation of EAE. Nat 
Immunol 10:514–523. https:// doi. org/ 10. 1038/ ni. 1716

 55. Mastorakos P, McGavern D (2019) The anatomy and immunol-
ogy of vasculature in the central nervous system. Sci Immunol 
4(eaav0492). https:// doi. org/ 10. 1126/ sciim munol. aav04 92

 56. Loeffler C, Dietz K, Schleich A et al (2011) Immune surveil-
lance of the normal human CNS takes place in dependence of 
the locoregional blood-brain barrier configuration and is mainly 
performed by CD3(+)/CD8(+) lymphocytes. Neuropathology 
31:230–238. https:// doi. org/ 10. 1111/j. 1440- 1789. 2010. 01167.x

 57. Smolders J, Remmerswaal EBM, Schuurman KG et al (2013) 
Characteristics of differentiated CD8(+) and CD4 (+) T cells 
present in the human brain. Acta Neuropathol 126:525–535. 
https:// doi. org/ 10. 1007/ s00401- 013- 1155-0

 58. Wakim LM, Woodward-Davis A, Liu R et al (2012) The molecu-
lar signature of tissue resident memory CD8 T cells isolated from 
the brain. J Immunol 189:3462–3471. https:// doi. org/ 10. 4049/ 
jimmu nol. 12013 05

 59. Prasad S, Lokensgard JR (2019) Brain-Resident T Cells Follow-
ing Viral Infection. Viral Immunol 32:48–54. https:// doi. org/ 10. 
1089/ vim. 2018. 0084

 60. Herich S, Schneider-Hohendorf T, Rohlmann A et al (2019) 
Human CCR5high effector memory cells perform CNS paren-
chymal immune surveillance via GZMK-mediated transendothe-
lial diapedesis. Brain 142:3411–3427. https:// doi. org/ 10. 1093/ 
brain/ awz301

 61. von Essen MR, Ammitzbøll C, Hansen RH et al (2019) Proin-
flammatory CD20+ T cells in the pathogenesis of multiple scle-
rosis. Brain 142:120–132. https:// doi. org/ 10. 1093/ brain/ awy301

 62. Hsiao C-C, Fransen NL, van den Bosch AMR et al (2021) White 
matter lesions in multiple sclerosis are enriched for CD20dim 
CD8+ tissue-resident memory T cells. Eur J Immunol 51:483–
486. https:// doi. org/ 10. 1002/ eji. 20204 8665

 63. Farh KK-H, Marson A, Zhu J et al (2015) Genetic and epige-
netic fine mapping of causal autoimmune disease variants. Nature 
518:337–343. https:// doi. org/ 10. 1038/ natur e13835

 64. Corvol J-C, Pelletier D, Henry RG et al (2008) Abrogation of T 
cell quiescence characterizes patients at high risk for multiple 
sclerosis after the initial neurological event. Proc Natl Acad Sci 
U S A 105:11839–11844. https:// doi. org/ 10. 1073/ pnas. 08050 
65105

 65. Zastepa E, Fitz-Gerald L, Hallett M et al (2014) Naive CD4 
T-cell activation identifies MS patients having rapid transition 
to progressive MS. Neurology 82:681–690. https:// doi. org/ 10. 
1212/ WNL. 00000 00000 000146

 66. Hrastelj J, Andrews R, Loveless S et al (2021) CSF-resident 
CD4+ T-cells display a distinct gene expression profile with 
relevance to immune surveillance and multiple sclerosis. Brain 
Commun 3(fcab155). https:// doi. org/ 10. 1093/ brain comms/ fcab1 
55

 67. Hartmann FJ, Khademi M, Aram J et al (2014) Multiple scle-
rosis-associated IL2RA polymorphism controls GM-CSF 

production in human TH cells. Nat Commun 5:5056. https:// 
doi. org/ 10. 1038/ ncomm s6056

 68. Lee L-F, Axtell R, Tu GH et al (2011) IL-7 promotes T(H)1 
development and serum IL-7 predicts clinical response to 
interferon-β in multiple sclerosis. Sci Transl Med 3:93ra68. 
https:// doi. org/ 10. 1126/ scitr anslm ed. 30024 00

 69. Cao Y, Goods BA, Raddassi K et al (2015) Functional inflam-
matory profiles distinguish myelin-reactive T cells from patients 
with multiple sclerosis. Sci Transl Med 7:287ra74. https:// doi. 
org/ 10. 1126/ scitr anslm ed. aaa80 38

 70. van Langelaar J, Rijvers L, Smolders J, van Luijn MM (2020) 
B and T Cells Driving Multiple Sclerosis: Identity. Mechanisms 
and Potential Triggers. Front Immunol 11:760. https:// doi. org/ 
10. 3389/ fimmu. 2020. 00760

 71. Koetzier SC, Neuteboom RF, Wierenga-Wolf AF et al (2021) 
Effector T Helper Cells Are Selectively Controlled During Preg-
nancy and Related to a Postpartum Relapse in Multiple Sclerosis. 
Front Immunol 12:642038. https:// doi. org/ 10. 3389/ fimmu. 2021. 
642038

 72. Kivisäkk P, Mahad DJ, Callahan MK et al (2004) Expression of 
CCR7 in multiple sclerosis: implications for CNS immunity. Ann 
Neurol 55:627–638. https:// doi. org/ 10. 1002/ ana. 20049

 73. Schneider-Hohendorf T, Rossaint J, Mohan H et al (2014) VLA-4 
blockade promotes differential routes into human CNS involving 
PSGL-1 rolling of T cells and MCAM-adhesion of TH17 cells. J 
Exp Med 211:1833–1846. https:// doi. org/ 10. 1084/ jem. 20140 540

 74. Birkner K, Wasser B, Ruck T et al (2020) β1-Integrin- and KV1.3 
channel-dependent signaling stimulates glutamate release from 
Th17 cells. J Clin Invest 130:715–732. https:// doi. org/ 10. 1172/ 
JCI12 6381

 75. Larochelle C, Wasser B, Jamann H et al (2021) Pro-inflammatory 
T helper 17 directly harms oligodendrocytes in neuroinflamma-
tion. Proc Natl Acad Sci U S A 118:e2025813118. https:// doi. 
org/ 10. 1073/ pnas. 20258 13118

 76. Jelcic I, Al Nimer F, Wang J et al (2018) Memory B Cells Acti-
vate Brain-Homing, Autoreactive CD4+ T Cells in Multiple 
Sclerosis. Cell 175:85–100.e23. https:// doi. org/ 10. 1016/j. cell. 
2018. 08. 011

 77. Galli E, Hartmann FJ, Schreiner B et al (2019) GM-CSF and 
CXCR4 define a T helper cell signature in multiple sclerosis. Nat 
Med 25:1290–1300. https:// doi. org/ 10. 1038/ s41591- 019- 0521-4

 78. Schafflick D, Xu CA, Hartlehnert M et al (2020) Integrated sin-
gle cell analysis of blood and cerebrospinal fluid leukocytes in 
multiple sclerosis. Nat Commun 11:247. https:// doi. org/ 10. 1038/ 
s41467- 019- 14118-w

 79. Kaufmann M, Evans H, Schaupp A-L et al (2021) Identifying 
CNS-colonizing T cells as potential therapeutic targets to pre-
vent progression of multiple sclerosis. Med (N Y) 2:296–312.e8. 
https:// doi. org/ 10. 1016/j. medj. 2021. 01. 006

 80. Nishihara H, Soldati S, Mossu A et al (2020) Human CD4+ T 
cell subsets differ in their abilities to cross endothelial and epi-
thelial brain barriers in vitro. Fluids Barriers CNS 17:3. https:// 
doi. org/ 10. 1186/ s12987- 019- 0165-2

 81. Wagner CA, Roqué PJ, Mileur TR et al (2020) Myelin-specific 
CD8+ T cells exacerbate brain inflammation in CNS autoim-
munity. J Clin Invest 130:203–213. https:// doi. org/ 10. 1172/ JCI13 
2531

 82. Pender MP, Csurhes PA, Smith C et al (2014) Epstein-Barr virus-
specific adoptive immunotherapy for progressive multiple scle-
rosis. Mult Scler 20:1541–1544. https:// doi. org/ 10. 1177/ 13524 
58514 521888

 83. Pender MP, Csurhes PA, Burrows JM, Burrows SR (2017) Defec-
tive T-cell control of Epstein-Barr virus infection in multiple 
sclerosis. Clin Transl Immunology 6:e126. https:// doi. org/ 10. 
1038/ cti. 2016. 87

865Seminars in Immunopathology (2022) 44:855–867

https://doi.org/10.1046/j.1365-2249.2002.01947.x
https://doi.org/10.1186/1471-2172-7-14
https://doi.org/10.1016/j.bbi.2017.03.008
https://doi.org/10.1038/ni.1716
https://doi.org/10.1126/sciimmunol.aav0492
https://doi.org/10.1111/j.1440-1789.2010.01167.x
https://doi.org/10.1007/s00401-013-1155-0
https://doi.org/10.4049/jimmunol.1201305
https://doi.org/10.4049/jimmunol.1201305
https://doi.org/10.1089/vim.2018.0084
https://doi.org/10.1089/vim.2018.0084
https://doi.org/10.1093/brain/awz301
https://doi.org/10.1093/brain/awz301
https://doi.org/10.1093/brain/awy301
https://doi.org/10.1002/eji.202048665
https://doi.org/10.1038/nature13835
https://doi.org/10.1073/pnas.0805065105
https://doi.org/10.1073/pnas.0805065105
https://doi.org/10.1212/WNL.0000000000000146
https://doi.org/10.1212/WNL.0000000000000146
https://doi.org/10.1093/braincomms/fcab155
https://doi.org/10.1093/braincomms/fcab155
https://doi.org/10.1038/ncomms6056
https://doi.org/10.1038/ncomms6056
https://doi.org/10.1126/scitranslmed.3002400
https://doi.org/10.1126/scitranslmed.aaa8038
https://doi.org/10.1126/scitranslmed.aaa8038
https://doi.org/10.3389/fimmu.2020.00760
https://doi.org/10.3389/fimmu.2020.00760
https://doi.org/10.3389/fimmu.2021.642038
https://doi.org/10.3389/fimmu.2021.642038
https://doi.org/10.1002/ana.20049
https://doi.org/10.1084/jem.20140540
https://doi.org/10.1172/JCI126381
https://doi.org/10.1172/JCI126381
https://doi.org/10.1073/pnas.2025813118
https://doi.org/10.1073/pnas.2025813118
https://doi.org/10.1016/j.cell.2018.08.011
https://doi.org/10.1016/j.cell.2018.08.011
https://doi.org/10.1038/s41591-019-0521-4
https://doi.org/10.1038/s41467-019-14118-w
https://doi.org/10.1038/s41467-019-14118-w
https://doi.org/10.1016/j.medj.2021.01.006
https://doi.org/10.1186/s12987-019-0165-2
https://doi.org/10.1186/s12987-019-0165-2
https://doi.org/10.1172/JCI132531
https://doi.org/10.1172/JCI132531
https://doi.org/10.1177/1352458514521888
https://doi.org/10.1177/1352458514521888
https://doi.org/10.1038/cti.2016.87
https://doi.org/10.1038/cti.2016.87


1 3

 84. Annibali V, Ristori G, Angelini DF et al (2011) CD161(high)
CD8+T cells bear pathogenetic potential in multiple sclerosis. 
Brain 134:542–554. https:// doi. org/ 10. 1093/ brain/ awq354

 85. Sabatino JJ, Wilson MR, Calabresi PA et al (2019) Anti-CD20 
therapy depletes activated myelin-specific CD8+ T cells in mul-
tiple sclerosis. Proc Natl Acad Sci U S A 116:25800–25807. 
https:// doi. org/ 10. 1073/ pnas. 19153 09116

 86. Jilek S, Schluep M, Harari A et al (2012) HLA-B7-restricted 
EBV-specific CD8+ T cells are dysregulated in multiple sclero-
sis. J Immunol 188:4671–4680. https:// doi. org/ 10. 4049/ jimmu 
nol. 11031 00

 87. Friese MA, Fugger L (2005) Autoreactive CD8+ T cells in mul-
tiple sclerosis: a new target for therapy? Brain 128:1747–1763. 
https:// doi. org/ 10. 1093/ brain/ awh578

 88. Androdias G, Reynolds R, Chanal M et al (2010) Meningeal 
T cells associate with diffuse axonal loss in multiple sclerosis 
spinal cords. Ann Neurol 68:465–476. https:// doi. org/ 10. 1002/ 
ana. 22054

 89. Lucchinetti CF, Popescu BFG, Bunyan RF et al (2011) Inflamma-
tory cortical demyelination in early multiple sclerosis. N Engl J 
Med 365:2188–2197. https:// doi. org/ 10. 1056/ NEJMo a1100 648

 90. Reali C, Magliozzi R, Roncaroli F et al (2020) B cell rich menin-
geal inflammation associates with increased spinal cord pathol-
ogy in multiple sclerosis. Brain Pathol 30:779–793. https:// doi. 
org/ 10. 1111/ bpa. 12841

 91. Howell OW, Schulz-Trieglaff EK, Carassiti D et al (2015) Exten-
sive grey matter pathology in the cerebellum in multiple sclerosis 
is linked to inflammation in the subarachnoid space. Neuropathol 
Appl Neurobiol 41:798–813. https:// doi. org/ 10. 1111/ nan. 12199

 92. van Olst L, Rodriguez-Mogeda C, Picon C et al (2021) Menin-
geal inflammation in multiple sclerosis induces phenotypic 
changes in cortical microglia that differentially associate with 
neurodegeneration. Acta Neuropathol 141:881–899. https:// doi. 
org/ 10. 1007/ s00401- 021- 02293-4

 93. Kooi E-J, Geurts JJG, van Horssen J et al (2009) Meningeal 
inflammation is not associated with cortical demyelination in 
chronic multiple sclerosis. J Neuropathol Exp Neurol 68:1021–
1028. https:// doi. org/ 10. 1097/ NEN. 0b013 e3181 b4bf8f

 94. Serafini B, Rosicarelli B, Magliozzi R et al (2004) Detection of 
ectopic B-cell follicles with germinal centers in the meninges 
of patients with secondary progressive multiple sclerosis. Brain 
Pathol 14:164–174. https:// doi. org/ 10. 1111/j. 1750- 3639. 2004. 
tb000 49.x

 95. Magliozzi R, Howell O, Vora A et al (2007) Meningeal B-cell 
follicles in secondary progressive multiple sclerosis associate 
with early onset of disease and severe cortical pathology. Brain 
130:1089–1104. https:// doi. org/ 10. 1093/ brain/ awm038

 96. Howell OW, Reeves CA, Nicholas R et al (2011) Meningeal 
inflammation is widespread and linked to cortical pathology 
in multiple sclerosis. Brain 134:2755–2771. https:// doi. org/ 10. 
1093/ brain/ awr182

 97. Bell L, Lenhart A, Rosenwald A et al (2019) Lymphoid Aggre-
gates in the CNS of Progressive Multiple Sclerosis Patients Lack 
Regulatory T Cells. Front Immunol 10:3090. https:// doi. org/ 10. 
3389/ fimmu. 2019. 03090

 98. Serafini B, Rosicarelli B, Franciotta D et al (2007) Dysregulated 
Epstein-Barr virus infection in the multiple sclerosis brain. J Exp 
Med 204:2899–2912. https:// doi. org/ 10. 1084/ jem. 20071 030

 99. Frischer JM, Bramow S, Dal-Bianco A et al (2009) The rela-
tion between inflammation and neurodegeneration in multiple 
sclerosis brains. Brain 132:1175–1189. https:// doi. org/ 10. 1093/ 
brain/ awp070

 100. Fransen NL, Hsiao C-C, van der Poel M et al (2020) Tissue-
resident memory T cells invade the brain parenchyma in multiple 

sclerosis white matter lesions. Brain 143:1714–1730. https:// doi. 
org/ 10. 1093/ brain/ awaa1 17

 101. van Nierop GP, van Luijn MM, Michels SS et al (2017) Pheno-
typic and functional characterization of T cells in white matter 
lesions of multiple sclerosis patients. Acta Neuropathol 134:383–
401. https:// doi. org/ 10. 1007/ s00401- 017- 1744-4

 102. Lucchinetti C, Brück W, Parisi J et al (2000) Heterogeneity of 
multiple sclerosis lesions: implications for the pathogenesis of 
demyelination. Ann Neurol 47:707–717. https:// doi. org/ 10. 1002/ 
1531- 8249(200006) 47:6% 3C707:: AID- ANA3% 3E3.0. CO;2-Q

 103. Machado-Santos J, Saji E, Tröscher AR et al (2018) The com-
partmentalized inflammatory response in the multiple sclerosis 
brain is composed of tissue-resident CD8+ T lymphocytes and 
B cells. Brain 141:2066–2082. https:// doi. org/ 10. 1093/ brain/ 
awy151

 104. Prineas JW (1979) Multiple sclerosis: presence of lymphatic cap-
illaries and lymphoid tissue in the brain and spinal cord. Science 
203:1123–1125. https:// doi. org/ 10. 1126/ scien ce. 424741

 105. Barnett MH, Prineas JW (2004) Relapsing and remitting multiple 
sclerosis: pathology of the newly forming lesion. Ann Neurol 
55:458–468. https:// doi. org/ 10. 1002/ ana. 20016

 106. Babbe H, Roers A, Waisman A et al (2000) Clonal expansions of 
CD8(+) T cells dominate the T cell infiltrate in active multiple 
sclerosis lesions as shown by micromanipulation and single cell 
polymerase chain reaction. J Exp Med 192:393–404. https:// doi. 
org/ 10. 1084/ jem. 192.3. 393

 107. Sørensen TL, Tani M, Jensen J et al (1999) Expression of spe-
cific chemokines and chemokine receptors in the central nervous 
system of multiple sclerosis patients. J Clin Invest 103:807–815. 
https:// doi. org/ 10. 1172/ JCI51 50

 108. McLane LM, Abdel-Hakeem MS, Wherry EJ (2019) CD8 T Cell 
Exhaustion During Chronic Viral Infection and Cancer. Annu 
Rev Immunol 37:457–495. https:// doi. org/ 10. 1146/ annur ev- 
immun ol- 041015- 055318

 109. Tzartos JS, Friese MA, Craner MJ et al (2008) Interleukin-17 
production in central nervous system-infiltrating T cells and glial 
cells is associated with active disease in multiple sclerosis. Am J 
Pathol 172:146–155. https:// doi. org/ 10. 2353/ ajpath. 2008. 070690

 110. Tzartos JS, Craner MJ, Friese MA et al (2011) IL-21 and IL-21 
receptor expression in lymphocytes and neurons in multiple scle-
rosis brain. Am J Pathol 178:794–802. https:// doi. org/ 10. 1016/j. 
ajpath. 2010. 10. 043

 111. Johnson LDS, Jameson SC (2009) Immunology. A chronic need 
for IL-21. Science 324:1525–1526. https:// doi. org/ 10. 1126/ scien 
ce. 11764 87

 112. Horng S, Therattil A, Moyon S et al (2017) Astrocytic tight 
junctions control inflammatory CNS lesion pathogenesis. J Clin 
Invest 127:3136–3151. https:// doi. org/ 10. 1172/ JCI91 301

 113. Bartholomäus I, Kawakami N, Odoardi F et al (2009) Effector 
T cell interactions with meningeal vascular structures in nascent 
autoimmune CNS lesions. Nature 462:94–98. https:// doi. org/ 10. 
1038/ natur e08478

 114. Bjornevik K, Cortese M, Healy BC et al (2022) Longitudinal 
analysis reveals high prevalence of Epstein-Barr virus associated 
with multiple sclerosis. Science 375:296–301. https:// doi. org/ 10. 
1126/ scien ce. abj82 22

 115. Munger KL, Levin LI, Hollis BW et al (2006) Serum 25-hydroxy-
vitamin D levels and risk of multiple sclerosis. JAMA 296:2832–
2838. https:// doi. org/ 10. 1001/ jama. 296. 23. 2832

 116. Høglund RAA, Meyer HE, Stigum H et al (2021) Association 
of Body Mass Index in Adolescence and Young Adulthood and 
Long-term Risk of Multiple Sclerosis: A Population-Based 
Study. Neurology 97:e2253–e2261. https:// doi. org/ 10. 1212/ 
WNL. 00000 00000 012957

866 Seminars in Immunopathology (2022) 44:855–867

https://doi.org/10.1093/brain/awq354
https://doi.org/10.1073/pnas.1915309116
https://doi.org/10.4049/jimmunol.1103100
https://doi.org/10.4049/jimmunol.1103100
https://doi.org/10.1093/brain/awh578
https://doi.org/10.1002/ana.22054
https://doi.org/10.1002/ana.22054
https://doi.org/10.1056/NEJMoa1100648
https://doi.org/10.1111/bpa.12841
https://doi.org/10.1111/bpa.12841
https://doi.org/10.1111/nan.12199
https://doi.org/10.1007/s00401-021-02293-4
https://doi.org/10.1007/s00401-021-02293-4
https://doi.org/10.1097/NEN.0b013e3181b4bf8f
https://doi.org/10.1111/j.1750-3639.2004.tb00049.x
https://doi.org/10.1111/j.1750-3639.2004.tb00049.x
https://doi.org/10.1093/brain/awm038
https://doi.org/10.1093/brain/awr182
https://doi.org/10.1093/brain/awr182
https://doi.org/10.3389/fimmu.2019.03090
https://doi.org/10.3389/fimmu.2019.03090
https://doi.org/10.1084/jem.20071030
https://doi.org/10.1093/brain/awp070
https://doi.org/10.1093/brain/awp070
https://doi.org/10.1093/brain/awaa117
https://doi.org/10.1093/brain/awaa117
https://doi.org/10.1007/s00401-017-1744-4
https://doi.org/10.1002/1531-8249(200006)47:6%3C707::AID-ANA3%3E3.0.CO;2-Q
https://doi.org/10.1002/1531-8249(200006)47:6%3C707::AID-ANA3%3E3.0.CO;2-Q
https://doi.org/10.1093/brain/awy151
https://doi.org/10.1093/brain/awy151
https://doi.org/10.1126/science.424741
https://doi.org/10.1002/ana.20016
https://doi.org/10.1084/jem.192.3.393
https://doi.org/10.1084/jem.192.3.393
https://doi.org/10.1172/JCI5150
https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.2353/ajpath.2008.070690
https://doi.org/10.1016/j.ajpath.2010.10.043
https://doi.org/10.1016/j.ajpath.2010.10.043
https://doi.org/10.1126/science.1176487
https://doi.org/10.1126/science.1176487
https://doi.org/10.1172/JCI91301
https://doi.org/10.1038/nature08478
https://doi.org/10.1038/nature08478
https://doi.org/10.1126/science.abj8222
https://doi.org/10.1126/science.abj8222
https://doi.org/10.1001/jama.296.23.2832
https://doi.org/10.1212/WNL.0000000000012957
https://doi.org/10.1212/WNL.0000000000012957


1 3

 117. International Multiple Sclerosis Genetics Consortium (2019) 
Multiple sclerosis genomic map implicates peripheral immune 
cells and microglia in susceptibility. Science 365(eaav7188). 
https:// doi. org/ 10. 1126/ scien ce. aav71 88

 118. Smolders J, Schuurman KG, van Strien ME et al (2013) Expres-
sion of vitamin D receptor and metabolizing enzymes in mul-
tiple sclerosis-affected brain tissue. J Neuropathol Exp Neurol 
72:91–105. https:// doi. org/ 10. 1097/ NEN. 0b013 e3182 7f4fcc

 119. Willing A, Leach OA, Ufer F et al (2014)  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 44:3119–3128. https:// doi. org/ 10. 1002/ eji. 20134 4160

 120. Carnero Contentti E, Farez MF, Correale J (2019) Mucosal-Asso-
ciated Invariant T Cell Features and TCR Repertoire Character-
istics During the Course of Multiple Sclerosis. Front Immunol 
10:2690. https:// doi. org/ 10. 3389/ fimmu. 2019. 02690

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

867Seminars in Immunopathology (2022) 44:855–867

https://doi.org/10.1126/science.aav7188
https://doi.org/10.1097/NEN.0b013e31827f4fcc
https://doi.org/10.1002/eji.201344160
https://doi.org/10.3389/fimmu.2019.02690

	T-cell surveillance of the human brain in health and multiple sclerosis
	Abstract
	Introduction
	General concepts in T-cell surveillance and memory formation
	T-cell surveillance of the healthy CNS
	Role of T cells in the pathogenesis of multiple sclerosis
	Upcoming challenges
	Acknowledgments 
	References


