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A B S T R A C T

Th17 cells, known as a highly pro-inflammatory subtype of Th cells, are involved very early in numerous aspects
of multiple sclerosis (MS) and experimental autoimmune encephalomyelitis (EAE) neuropathology. A crucial
event for the formation and accumulation of MS lesions is represented by the disruption of the blood brain
barrier (BBB) in relapsing-remitting MS. Th17 cells also contribute to the progression of MS/EAE. These events
will allow for the passage of inflammatory cells into the brain. Secondary to this, increased recruitment of
neutrophils occurs, followed by increased protease activity that will continue to attract macrophages and
monocytes, leading to brain inflammation with sustained myelin and axon damage.

This review focuses mainly on the role of Th17 cells in penetrating the BBB and on their important effects on
BBB disruption via their main secretion products, IL-17 and IL-22. We present the morphological aspects of Th17
cells that allow for intercellular contacts with BBB endothelial cells and the functional/secretory particularities
of Th17 cells that allow for intercellular communications that enhance Th17 entry into the CNS. The cytokines
and chemokines involved in these processes are described. In conclusion, Th17 cells can efficiently cross the BBB
using pathways distinct from those used by Th1 cells, leading to BBB disruption, the activation of other in-
flammatory cells and neurodegeneration in MS patients.

1. Introduction

Multiple sclerosis (MS) is a chronic demyelinating and neurode-
generative disease that is heterogeneous, not only clinically and ther-
apeutically, but also immunologically. This pathology is considered to
be a T cell–driven inflammatory disease that consists of focal immune
cell infiltration, demyelination and neuro-axonal degeneration [1].

Experimental autoimmune encephalomyelitis (EAE) is the animal
model of demyelination in the CNS. EAE resembles MS in many aspects,
serving also as a model for autoimmune disease of the central nervous
system (CNS). Many EAE studies have focused on blood–brain barrier
(BBB) breakthrough and the complex involvement of Th17 cells in this
process [2,3].

In healthy subjects, BBB’s structure preserves the CNS’ homeostatic
ease of metabolic support and impedes the entry of peripheral immune
cells, different pathogens and other neurotoxic elements. The correct
function of this highly complex structure depends on a multitude of
interactions between its components: endothelial cells (the innermost
layer), astrocyte end-feet and pericytes [4]. The “immune privilege”
ensures that the external interferences are kept to a minimum, but a
crucial need for constant surveillance is imposed [5].

Loss of BBB integrity signalises the first step of altered immune cell
traffic into the CNS, representing the pathological hallmark of relap-
sing-remitting MS (RRMS). The extravasation of leukocytes through the
BBB is facilitated by the conjunction of overexpression of cell adhesion
receptors and chemotactic constituents. Leukocytes and endothelial
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cells suffer major morphological and functional changes due to genetic
and environmental factors. Pathological events that determine the BBB
malfunction in RRMS include immune cell egress, hypoxia and protein
deposition [4,6].

Since the description of Th17 cells in 2005, numerous pathogenic
actions have been attributed to this group of cells; specifically, they
have been shown to initiate and maintain the immune attack in MS
[7,8]. Th17 cells have a central role in the pathogenesis of MS. In MS
and other immune-mediated diseases, naïve T cells have been shown to
differentiate into IL-17-producing cells under the influence of IL-1β and
IL-6, while transforming growth factor-beta (TGF-β) apparently sup-
presses Th17 differentiation as reported by some studies [9]. In a recent
study on a number of 32 RRMS patients treated with IFNβ1a, the role of
TGF-β is demonstrated as being titer-dependant, thus, high serum levels
are associated with an inhibition of IL-17 secretion [10]. This extremely
proinflammatory subset of cytokines is firstly subjected to the activity
of IL-23, but this cytokine appears not to have a direct effect on the
naïve T cell differentiation. Both TGF-β and IL-6 carry the potential to
induce T cell differentiation into Th17 cells, depending on the present
state of the innate immune response [11,12]. TGF-β up-regulates the
generation of Foxp3+ in the presence of IL-6 and while the increasing
concentrations of TGF-β augment the levels of Foxp3, by stimulating
the differentiation of naïve Th cells into a regulatory subtype, rather
than Th17, the activity of IL-6 overcomes the suppressive effect of
Foxp3+, and subsequently induces the expression of IL-17 [13,14].
Durelli et al. reported in 2009 that, in the peripheral blood of active
RRMS patients, Th17 cells expand and increase [15]. The main secre-
tion product of Th17 is IL-17, a proinflammatory cytokine involved in
maintaining the systemic inflammation. Together with the cascade of
Th17 differentiation, IL-17 keeps together a proinflammatory environ-
ment essential for the genesis of immune-mediated inflammation, being
actively involved in EAE induction and MS pathophysiology [14]. Th17
cells can efficiently cross the BBB in different ways from Th1 cells; they
promote its disruptions, induce the activation of other inflammatory
cells in the CNS and negatively influence the remyelination of demye-
linated axons [2].

Th17 cells contribute to the onset but also to the progression of MS/
EAE. In the periphery, Th17 cells activate the bone marrow neutrophils
that trigger the migration of immature monocytes into the bloodstream
[16]. Disruption of the BBB is crucial for the formation and accumu-
lation of MS lesions. Secondary to this, increased recruitment of neu-
trophils occurs, followed by increased protease activity that continues
to attract macrophages and monocytes at the level of brain inflamma-
tion with sustained myelin and axon damage [1,17].

Th17 cells have stunning plasticity, that is, ability to transition
(using transcription factors T-bet and ROR) between different pheno-
types. A significant proportion of Th17 cells that initially secrete IL-17
convert into interferon gamma (IFNγ)-producing T cells. IL-23-medi-
ated reprogramming is partially responsible for this phenomenon, but
this pathway is now partially limited due to an increasing evidence of
Th17 differentiation under the activity of TGF-β and IL-6. Bettelli et al.,
demonstrated on murine models that the administration of IL-23, as-
sociated either with IFNγ or with TGF-β and IL-6 did not significantly
influence the differentiation of Th17 population, nor the IL-17 pro-
duction. The activity that IL-23 possesses rather impacts the already
present Th17 cells to produce IL-17. Moreover, taken separately, nei-
ther TGF-β nor IL-6 stimulate the Th17/IL-17 production, but when
added together, a significant increase of IL-17 Th producing cells was
noted. Therefore, the innate immune system is responsible for con-
ferring a reciprocity in the development of Th17 cells and Treg cells,
dependant on the activity of certain pro-inflammatory cytokines, se-
creted in the acute phase, such as IL-6 [11]. The encephalitogenic effect
of IL-6, together with TGF-β in an IL-23 dependant pathway was widely
described by Yang et al. The differentiation and activation of Th17 cells
secondary to IL-6/TGF-β exposure is obvious, but the newly obtained
subset of Th17 cells was unable to pass through the BBB, into the CNS.

This unstable phenotype gains encephalitogenic properties dependant
on the transcription factors, in this case the T-bet, and not due to the
cytokine secretion as previously thought [18]. A very aggressive subset
of Th17 cells also expresses both IL-17A and IFN-γ, from Th1 and Th17
cells respectively [19,20].

Th17 cells have been found to acquire brain-homing capability.
Th17 cells are elevated in the cerebrospinal fluid (CSF) of RRMS or
clinically isolated syndrome patients during relapses, in comparison to
patients in the remission phase, and Th17 cells are more abundant in
the perivascular CNS tissue during relapses and in the brain lesions of
MS patients [21,22]. Serum and CSF levels of IL-17A (the most proin-
flammatory secretion product from Th17 cells) correlate with MS se-
verity measured by the Expanded Disability Status Scale and with the
number of gadolinium-active lesions on magnetic resonance imaging.
The role of Th17 cells and their secreted cytokines, such as IL-17F have
been thoroughly linked to disease progression. In 2017, a study by
Arellano et al. demonstrated that higher levels of IL_17F were found in
patients that progressed from clinically isolated syndrome to MS. [23]
Furthermore, Th17 cells might have a role in progressive forms of MS,
together with the activated B cells and follicular Th cells, being pro-
moters and mediators of systemic inflammation [15,24].

Pikor et al. showed that Th17 cells induce the formation of tertiary
lymphoid tissue within the meninges that is associated with local de-
myelination during EAE. This provides a link with B-cell pathology
[25].

The BBB is a key modulator of cellular trafficking into the CNS.
Apart from maintaining the homeostasis of the CNS by down-regulating
the inflammatory processes occurring past the endothelial layer, the
BBB is actively involved in the early pathogenesis of CNS inflammation.
Ifergan et al. demonstrated that the BBB endothelial cells induce dif-
ferentiation of dendritic cells CD209, and subsequently secrete IL-
12p70, TGF-β and IL-6, thus inducing the differentiation of T naïve
populations into Th1 and Th17 [26]. The encephalitogenicity of Th17
cells is supported by the fact that higher levels of IL-17, contrasting to
low titers of TGF-β are present during relapses in CSF of the RRMS
patients [27]. O’Connor et al., after analysing the differences between
the CSF levels of IL-17 and IFNγ, formulated a hypothesis according to
which the Th1 subset is essential for Th17 trafficking into the CNS [28]
this being further regulated by the BBB affinity for selecting pro-in-
flammatory T cell populations [20].

This review will mainly focus on the role played by Th17 cells in
BBB disruption, as many anatomo-pathological studies have shown that
these cells and their main secretion product, IL-17, are actively in-
volved in the initial phase of the immune cascade in MS [2,9,10,11].
Evidence implicating Th17 cells in the pathophysiology of MS within
the active plaques from brain of MS patients was found in numerous
anatomo-pathological studies. Increased evidence shows that T cells
actively penetrate the CNS parenchyma [26,29,30].

In the last decade, Th17 cells have captivated the interest of sci-
entists, simultaneously with the discovery of a pathogenic Th17 phe-
notype that was found in the small intestinal mucosa. This proin-
flammatory intestinal environment was found to promote and to be
associated with brain autoimmunity in MS patients [31].

For Th cells with proinflammatory properties and their cytokine
responses to be effective, maintaining MS as an active, chronic disease,
the involvement of an important number of co-stimulatory and co-in-
hibitory molecules is needed [16]. Critical components and active
players in the inflammatory processes of MS, cytokines are produced by
different subtypes of Th cells. All these changes may lead in severe MS
cases to the disease evolving from a dominant Th1 response to a Th17
response [23].

Blocking a certain receptor or cytokine from the Th17 family, or
providing certain antibodies, may alleviate EAE symptoms. We can be
hopeful that progress will be made in clinical treatment of MS.
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Fig. 1. Different passages of activated Th17 lymphocytes into the brain parenchyma.
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2. Effect of Th17 on the BBB

CNS dysfunction and disease activity in RRMS and EAE might be
promoted by Th17 cell actions. In vitro studies have shown that human
Th17 cells are more efficient in migrating through the BBB than Th1
cells, exhibiting neurotoxic effects [32].

The differentiation of Th17 cells needs more stages: initially, IFN-γ
and IL-12 drive naïve T cells into the Th1 pathway; IL-12 finalizes
differentiation of Th1 cells; Th1 CD4+ cells and naïve T cells differ-
entiate to Th17 cells in the presence of IL-23 that is essential for sta-
bilizing these cells; Th17 cells produce IL-17, as a family of cytokines
IL17A-IL17F, in the presence of IL-6 and TGF-β; then a member of the
IL-2 cytokine family—IL-21, produced in large quantities by mature
Th17 cells—can, together with TGF-β, amplify Th17-cell differentia-
tion. In short, an autocrine loop for the differentiation of Th17 cells is
orchestrated by stimulating cytokines (TGF-β, IL-1β, IL-6, IL-21, IL-23)
and inhibiting cytokines (IL-4, IL-12, IL-10, IL-27) [2,7,9,16,23].

IL-23 is the key player in chronic inflammatory autoimmune re-
sponses in numerous immune diseases, including MS. This hetero-
dimeric cytokine comprises two subunits, p19 and p40, the latter being
common with IL-12. Apart from stimulating the production of inter-
feron-γ (IFN-γ) from T cells, IL-23 stimulates Th17 lymphocytes to
promote the disruption of BBB, driving the CNS tropism of Th17 cells
through the expression of necessary factors. This cytokine is needed for
the final differentiation and expansion of a highly encephalitogenic
group of Th17 cells on antigenic-specific stimulation, in contrast with
less pathogenic Th17 cells that, stimulated with TGF-β and IL-6, secrete
IL-17A and IL-10 (less aggressive cytokines with anti-inflammatory
properties) [10,23,33]. IL-23 is also required for the survival of Th17
cells and the maintenance of IL-17 production. This group of Th17 cells
efficiently transfers immune and inflammatory processes through the
BBB using different mechanisms: penetrating the BBB, inducing neu-
ronal death and recruiting other CD4+ lymphocytes, thus promoting
further CNS inflammation. The cytokine microenvironment in the
periphery is the main factor for promoting plasticity of Th17 subsets.
Entire generations of MS-pathogenic Th17 cells develop in the presence
of proinflammatory cytokines such as IL-23 and in the absence of TGF-β
[33]. IL-23 acts as a link in the microglia–T cell interaction, as well as in
recruitment and activation of inflammatory cells such as Th17. Th17
cells, once migrated beyond the glia limitans basement membrane, in-
itiate tissue destruction in the parenchymal CNS white matter. In an-
imal models, Th17 and IL-23 are essential for the induction of EAE
[34,35]. However, the use of ustekinumab, a IL12/23 p40 neutralizing
antibody, had disappointing results in RRMS treated population [36].
This event was not without precedent in the history of emerging disease
modifying therapies for MS. The use of infliximab, in 1996, a TNFα
blocker used routinely for the treatment of rheumatoid arthritis was
associated with a worsening of the disease, by amplifying the CNS de-
myelinating processes [37]. This phenomenon might be explained by
the acute involvement of IL-6 in the generation of pathogenic Th17
cells, rather than IL-23, as described in the previous chapter.

Another theory states that, while the integrity of BBB is maintained,
the specific neutralizing antibodies have no means to penetrate into the
CNS, and while, in theory, they might carry inhibiting effects on the
Th17 lineage, the access to the inflammation source is constrained [38].
Another limitation might be that, due to the lack of a specific receptor
on the surface of BBB endothelial cells, this type of neutralizing anti-
body is by default inaccessible to the CNS.

Arguments for a high pathogenic potential of Th17 compared to Th1
cells in MS immune dysregulation include their higher proliferative
capacity, reduced susceptibility to suppression, greater plasticity of
function, expression of an adhesive molecule melanoma cell adhesion
molecule (MCAM) or CD146, and more efficient migration across the
BBB [19,21,39,40].

2.1. Morphological aspects of Th17 cells that enhance their entry into the
CNS and allow intercellular contacts with BBB endothelial cells

Due to their morphological characteristics, Th17 cells compared to
Th1 are more susceptible to suppression and have a higher proliferative
capacity [21]. Th17 cells enter the CNS before Th1 cells in EAE, and use
three different mechanisms to cross the BBB: via caveolae, by crossing
disrupted tight junctions, or using MCAM-MCAM interaction (Fig. 1).

The transmigration of Th17 lymphocytes across the BBB during
neuroinflammation is possible due to the remodelling of caveolae-in-
dependent tight junctions, with penetration of Th1 lymphocytes into
the CNS being caveolae-dependent [41]. This Th17 infiltration precedes
Th1 infiltration through caveolar transcytosis in EAE. These first steps
are followed by disease propagation.

In a review published in 2010 focused upon the interaction between
the T cells and the endothelial cells, Haqqani and Stanmirovic described
a number of 116 Th17 membrane proteins and 62 human glycocalyx
proteins, responsible for the formation of over 180 interacting pairs,
such as ICAM1-LFA1, VCAM1-VLA4, E-selectin-ESL1, ICAM1-Mac1 and
P-selectin-PSGL1 [42]. Th17 surface molecules can interact with en-
dothelial cells at the luminal membrane or in the tight junction region.

Brain endothelial cells are more easily crossed by Th17 cells than by
Th1 cells, partially due to the presence of CD146 receptor (MCAM) on
the surface of Th17 cells. The entry of Th17 cells into the CNS is also
facilitated by the high expression of molecules present on their mem-
brane; molecules involved in T cell adhesion to the endothelium such as
CCR6 (a chemokine receptor characteristic of Th17 cells), CD6 and
CD49d; and the MCAM that can enhance BBB breakthrough [43]. The
blockade of MCAM/CD146 prevents infiltration of Th17 cells through
the choroid plexus [44]. This remark draws the attention to this ad-
hesion molecule that, when expressed on lymphocytes, increases sig-
nificantly the expression of GM-CSF and granzyme B on these cells (see
the below exhaustive presentation of the role of GM-CSF and granzyme
B in Th17 cell–related BBB disruption). MCAM is an adhesion molecule
expressed on Th17 lymphocytes and endothelial cells, which has the
very important characteristic of being able to interact with itself. Lar-
ochelle et al. confirmed that one means of Th17 lymphocytes to traffic
through the BBB is the MCAM–MCAM interaction from both BBB en-
dothelial and proinflammatory cells. MCAM seems to be the first ad-
hesion molecule expressed both on T lymphocytes and endothelial cells
that stimulates leucocytes homing and diapedesis through a self-inter-
action [43].

Via the choroid plexus, Th17 cells can traffic into the CNS and in-
filtrate across the BBB using the CCR6-CCL20 axis. All Th17 cells ex-
press the chemokine receptor CCR6, together with CD161 that permits
Th17 cells to cross the BBB, as endothelial cells at the level of the
choroid plexus are abundant in CCL20. The findings of Reboldi et al.
suggest that the immune surveillance of the CNS is performed through
the CCR6-CCL20 axis in the choroid plexus [44,45]. Th17 cells produce
high levels of CCL20 (the ligand of CCR6), with possible self-main-
tained feedback. The human Th17 cells that have on their surface the
CCR6 receptor secrete 100 times more IL-17 than other cells [46]. Both
Liston et al. and Villares et al. demonstrated in EAE murine models that
the inhibition of CCR6 decreases the severity of the disease [47,48].
Additionally, Th17 clones exhibit higher basal levels of activation
markers such as human leukocyte antigen (HLA)-DR, CD2, CD5, CD69
and CD28-related family compared with Th1 clones [21].

Interactions between Th17 and BBB are possible through IL-17 be-
cause high levels of this cytokine induce the release of chemokines
CXCL1 and CCL2 on endothelial cells. CXCL1 attracts neutrophils in the
early phase of RRMS. IL-17 increases the half-life of CXCL1 by stabi-
lizing its mRNA. Th17 cells induce CXCL1 production via IL-17, re-
sulting in the stimulation of neutrophil penetration in the CNS. CCL2
has a role in the adhesion and traffic of leukocytes through the BBB,
resulting in a BBB breakthrough in a positive feedback loop. Some ex-
periments have shown that, during the migration of Th17 through brain
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endothelium, the expression of vascular cell adhesion molecule 1
(VCAM-1) is increased [46]. (Fig. 1)

Prolonged interactions between myelin oligodendrocyte glycopro-
tein (MOG)-specific Th17 cells and neurons were found by Siffrin et al.
in EAE brainstem demyelinating lesions, most frequently during ex-
acerbations. This interaction was followed by considerable axonal loss.
The Th17 cells induced fluctuations in the neuronal intracellular Ca2+

concentration, marking the initial neuronal damage. This finding de-
monstrated that Th17 cells have a central role in neuronal loss, not only
in demyelination [31,45,49].

2.2. Functional and secretory particularities of Th17 cells that enhance
entry into the CNS and allow for intercellular communication

Th17 cells communicate with the endothelial cells of the BBB
through a network of cell–cell extracellular signals [17]. The signalling
molecules identified and studied, mainly on EAE models, are cytokines
and chemokines. The endothelial cells secrete cytokines such as CCL2/
MCP1, CCL5/RANTES and CCL19, and their respective receptors are
found on the Th17 surface. Correspondingly, Th17 cells secrete cyto-
kines such as IL-17, IL-22 and IL-26, which stimulate their receptors on
the endothelia of the BBB [50,51].

Th17 cells interact with neutrophils inside the CNS, resulting in
their recruitment and activation through an IL-17-dependent pathway
using the induction of chemoattractant expression for neutrophils
(CXCL1 and CXCL2) and an IL-17-independent pathway, based on Th17
cell production of TNF-α, granulocyte-macrophage colony-stimulating
factor (GM-CSF, see description below) and IFN-γ [52].

Th17 cells also have an indirect role in BBB breakthrough through
secreted cytokines, which are more potent activators of proin-
flammatory cytokines compared to Th1 cells. Thus, Th17 cells secrete
numerous cytokines, mainly with proinflammatory effects: IL-17A, IL-
17F, IL-6, IL-9, IL-21, IL-22, IL-23, IL-26 and TNF-α [9]. Among these,
the capacity of IL-22 and IL-17 to adjust the migration of lymphocytes
across the endothelial cells of the human BBB was experimentally stu-
died by Kebir et al., who showed an increased capacity of these cyto-
kines to stimulate the migration of CD4+ lymphocytes. This effect was
likely induced by the up-regulation of Th17 cells by CCL2-secreting
endothelial cells [33].

IL-17A has the capacity to damage the integrity of the BBB during
EAE development. The breakdown of the BBB is the most important
function of IL-17 in RRMS pathogenesis. The presence of IL-17 in the
CNS amplifies the activation of matrix metalloproteinase-3 (MMP-3)
that carries neutrophils to the inflammation sites, and stimulates the
secretion of proteases and gelatinases that also participate in BBB dis-
ruption and recruitment of macrophages and neutrophils. The process
can also occur in reverse, because BBB disruption determines further
activation of proteases that generate sustained damage. The final effect
is concentrated on sustained damage to both the myelin sheath and
axons [8,21].

The plausible encephalitogenic effectiveness of Th17 cells is by
producing numerous mediators. Among them is granzyme B, a serine
cytolytic protease secreted together with perforins that determine
apoptosis in targeted cells. Kebir et al. showed that in MS patients,
cytolytic molecules might be expressed on Th17 cells, and therefore
analysed these cells for the expression of granzyme A and B and per-
forin. Considerable cytolytic activity of granzyme B+ Th17 cells was
found, compared to inactivated T lymphocytes [32]. Ganor et al. de-
scribed a mechanism by which extracellular granzyme B targets the
glutamate receptor Glu3 on the surface of neurons, initiating their de-
struction [53]. The disruption of BBB tight junctions by Th17 cells is
more efficient due to the expression of high levels of the cytolytic en-
zyme granzyme B, stimulating the recruitment of more CD4+ lym-
phocytes from the periphery into the CNS. Granzyme B overproduction
is a component of the Th17 pathogenic signature in MS [19].

IL-17A stimulates the production of reactive oxygen species (ROS)

and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase,
resulting in important oxidative stress. Huppert et al. described that,
secondary to oxidative stress, endothelial cells contract (secondary to
the increased quantity of the phosphorylated myosin light chain that
together with the actin cytoskeleton produces contraction) and cause
the down-regulation of occludin (a tight junction molecule). As a result,
the BBB disrupts. In the same study, the activation of IL-17A by the
means of IL-17A endothelial receptor is followed by an increase in the
production of ROS, therefore, preventing BBB disruption involved ei-
ther IL-17A neutralising antibodies or blocking ROS formation [2,54].

One important finding is the abundance of IL-17 T cells in peri-
vascular spaces in acute and chronic active MS lesions, where they
account for the majority of CD3+ cells. Inside the CNS, IL-17 is pro-
duced by numerous infiltrating T cells (CD4+ and CD8+) and also by
activated astrocytes. IL-17 triggers a positive feedback that attracts
supplementary proinflammatory cells such as Th1 and Th17 cells [55].

In the CSF of MS patients, numerous chemokines are elevated.
Human chemokines, such as CXCL8 together with CXCL1 and CXCL2
(from EAE murine models), form the ELR+ CXC chemokines, a group of
chemokines with a role in the pathophysiology of EAE/MS demyeli-
nation and an important contribution to BBB breakdown. Carlson et al.
found that IL-17 has a major function in inducing the production of
ELR+ CXC chemokines in the CNS. These authors promoted the possi-
bility that ELR+ CXC chemokine production in EAE is amplified by IL-
17 as the disease progresses [56].

IL-1β, a cytokine produced by Th17 cells, can enhance BBB break-
through and recruit neutrophils in the brain. Furthermore, Ferrari et al.
found that IL-1β activates astrocytes and microglia, which further sti-
mulates the demyelination process [57] (Fig. 2).

GM-CSF is a growth factor, a cytokine that has a proinflammatory
role, involved both in Th1 and Th17 and other cell-mediated immune
responses. While it’s effects were mainly attributed to the Th17 lineage,
Noster et al. reported that this cytokine is strongly dependant of the Th1
cells, while the Th17 cells seem to constraint the development of GM-
CSF [58]. It is produced mainly by T cells, in response to IL-23 and IL-
1β. GM-CSF has a remarkable role in neurotoxicity as it activates
dendritic cells, microglia and macrophages (which secrete IL-23 and IL-
6). Some authors consider GM-CSF the ‘secret weapon’ in the Th17
arsenal. GM-CSF has important encephalitogenic properties, enhanced
by the presence of CCR6+ that permits the breakage into the CNS at the
level of BBB. Novel potential therapeutic targets have been described
both by Restorick et al. and Galli et al. Thus, they suggest attacking the
CCR6+ Th1 pathway and/or C-X-C chemokine receptor type 4
pathway, in order to diminish the effects that GM-CSF carry upon the
BBB. [59,60] The data published by El-Behi et al. showed that GM-CSF
induces the secretion of IL-23, consecutively inducing secretion of GM-
CSF in Th17 cells. The authors concluded that a positive feedback loop
exists: IL-23 induces the production of GM-CSF by Th17 cells, and GM-
CSF secreted by Th17 cells stimulates the production of IL-23 by an-
tigen-presenting cells. In the case of autoimmune inflammation in MS, a
pathogenic axis GM-CSF/IL-23 with the main actor Th17 cell might be
stipulated [61]. Indeed, EAE studies have shown that GM-CSF is crucial
for determining Th17 cell–induced encephalitogenicity. The effect is so
powerful that it undoubtedly indirectly influences the BBB disruption
process. T cells that produce GM-CSF are likely a distinct subset of cells,
called Th-GM, but this matter is still debated [19].

A very important approach with evidence both in vivo and in vitro is
that in MS, the Th17 population has a different mechanism of self-
sustaining, leading to an immune attack mediated by these cells that
persists both in the periphery and beyond the BBB. This indicates that,
in MS patients, Th17 cells can sustain the disease [19].

The disease-modifying drugs used in MS treatment have complex
mechanisms of action, with the purpose of attenuating the effects of
Th17 cells [2,10,38]. Hopefully, further studies on the effect of Th17
cells in patients with early and drug-naïve MS will contribute to di-
minishing the effect of these cells in the immunopathogenic attack.
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3. Conclusion

The literature underlines that Th17 cells are implicated in early MS
pathology. Their high pathogenic potential in MS/EAE has been found
in both clinical and experimental trials, notably in BBB breakthrough.
Numerous phases need to occur for Th17 to penetrate the BBB, in-
cluding IL-23 stimulation of Th17, the production of GM-CSF, high
expression of receptors and chemokines on BBB/Th17 membranes, and
the presence of mediators such as granzyme B. The BBB in the region of
the choroid plexus is the main gate of Th17 entry into the CNS due to
the CCR6-CCL20 axis. Numerous morphological aspects of Th17 cells
that allow intercellular contacts with BBB endothelial cells, and the
functional or secretory particularities of Th17 cells that allow inter-
cellular communication, contribute to enhanced Th17 entry into the
CNS. The most interesting interaction is the MCAM–MCAM adhesion
molecule that contributes to CNS homing by Th17 cells. After a certain
point, this process is self-maintained. Once reaching the CNS, Th17 cells
have a neurotoxic effect. Th cell migration through the BBB is a very
complex process that is partially self-sustained by the secretion of IL-17.
Th17 cells might represent an essential link joining the inflammatory
and neurodegenerative aspects of MS.
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