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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.

Keywords CNS - cerebrospinal fluid - perivascular space - meninges - Ty, cells - multiple sclerosis

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
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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 ef 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
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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 (T¢y,) cells are poised for entering lymphoid
tissues by expressing homing markers CCR7 and CD62L,
whereas effector memory T (T, cells lack both molecules
and are highly capable of migrating into non-lymphoid tis-
sues [11]. More terminally differentiated memory cells re-
express CD45RA (Tgyra), 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 CX;CRI1
were found to be more prevalent in the Tgyra versus Tgy,
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 naive T (Ty)
cells. In normally aging individuals, proportions of circulat-
ing CD8*, more than CD4™, Ty, cells are known to decrease
in numbers [14].

More recently, also other memory T-cell populations
have been described, such as stem cell-like (Tgcy), periph-
eral (Tpyy), and tissue-resident (Tgy) cells. Tyey, cells are
abundant within lymph nodes and show a naive-like (CCR7,
CD45RA) and memory (CXCR3, IL-2Rp, CD95) phenotype
[15, 16], probably representing a minimally differentiated
memory population in between the Ty and Ty, compart-
ment. Tpy; cells express intermediate levels of CX;CR1
and can also self-renew and become either T, (CX;5CR1")
or Tem/Temra (CXR3C1MEN 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 (Tgy, cells).

Besides the presence of CCR7 and CX;CR1, 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 Ty and Ty, cells into secondary lymphoid
organs [18-20]. Within these organs, T cells that express
CXCRS (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)



Seminars in Immunopathology (2022) 44:855-867

857

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 (Ty),) organization
[22-25]. Similar observations were made for CCR8 (ligand:
CCL1) and CCR10 (ligands: CCL27/28), which are associ-
ated with Tyy,-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.,
CX;CR1), 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-17"&" (CXCR3"CCR4*; Th17),
IL-17" (CXCR3TCCR4™; Th17 double-positive), and IL-
17'°% (CXCR3*CCR47%™: Th17.1) cells [28, 29]. Th17.1
cells not only express high levels of IFNy 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 IFNy) and Th2 (CXCR3 CCR4™; producing IL-4) cells.

Fig.1 Anatomical locations
in the CNS relevant for

CCRS8 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
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clock-wise direction are the
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the perivascular space, and the
meninges with CD4* (red) and
CDS8™ (blue) T cells. Boxes
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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].
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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 Ty, 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
Kivisikk 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*CD62L"CCR7* 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 a,f, integrin, the chemokine receptors CCR4,
CCRS5, CCR6, and CCRY, 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, IFNy, 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 CX;CR1 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™1°¥CD27-CD28"~ phenotype.
They expressed CXCR3 and CX;CR1 that enable homing
to inflamed endothelium and tissue, but hardly the lymph
node-homing receptor CCR7. High expression of the IL-7
receptor a-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 Tgy, 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 (agf,) [58]. Increased
numbers of CD69*CD1037* 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 («,f3,), CCRS5, CXCRS5,
CXCR6, and CX;CRI, 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
IFNy, 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 («,,), CCR5, CXCRS5, CXCR3, CXCR6,
CX;CR1, 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 IFNy,
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-CSFMe" ENyMeL-17°% Th17.1
(CCR6TCXCR3*CCR474™m) 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 Ty, than Tgy,
cells during an acute relapse [72, 73], which suggests that
Tgy 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 IFNy-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,
IFNy, and VLA-4 expression [77]. Herich et al. identified
a VLA-4"gh Th17.1-like subset expressing both CCRS 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 CMYV infection as a risk factor for MS contributes to
functionally exhausted CD8" Tgyyevmra 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 CCRS6,
CD161, and CD20, were shown to be pathogenic in MS
patients [61, 84]. Especially CD20%™ CD8* (and CD4")
memory T cells may represent a pro-inflammatory, pre-
Trw-like population, which is more abundant in the blood
and CSF, expresses higher levels of brain-homing mark-
ers including VLA-4, CCRS, and CCR6, reveals increased
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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 CXCRS5-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 ef al. reported
these follicles to contain large quantities of INFy-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%1 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* Ty, cells from non-MS donors
[100]. Accordingly, earlier immunohistochemical studies
showed MS lesional and perivascular T cells to express CD69,
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Fig.2 Alterations in the neurovascular unit in multiple sclero-
sis. In the healthy CNS, the PVS is populated by limited numbers
of CD4" (red) and CD8" (blue) Tgy cells. In MS, T cells and fewer
numbers of B cells (purple) accumulate in the PVS and enter the

parenchyma, where T cells cluster together with myelin-collecting,
foamy microglia near neuronal axons within demyelinating lesions.
See the text for further details.
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CD103, CXCR3, and CCRS, and lack of CCR7 and S1P1 [72,
101, 103, 107]. Therefore, the majority of CD8" T cells found
in the MS brain displays a Tgy-cell phenotype. MS CD4* T
cells have not been characterized to a similar extent. Despite
the dominant Tyy,-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 Tgy, 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
TGEF-f 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 Ty, ,-cell
pool [111]. Whether and how other granzymes or cytokines
contribute to the local function of brain Ty, cells remains to
be determined.

@ Springer

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 CCRS5, 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.
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