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Regulation of neuroinflammatory
properties of glial cells by T cell
effector molecules

Multiple sclerosis (MS) is a chronic inflammatory and
neurodegenerative disorder that is thought to be mediated
by autoreactive T lymphocytes that find their way into the
central nervous system (CNS). The pathological mecha-
nism of MS is still being elucidated but it involves complex
interactions between infiltrating immune cells and resi-
dent glial cells within the CNS that culminate into strong
neuroinflammation and axonal damage. Most of the cur-
rent knowledge on the immunopathology of MS has been
generated using the rodent model of experimental auto-
immune encephalomyelitis (EAE). Among CD4" T helper
cell subsets, interferon gamma (IFN-y)-producing Thl
cells as well as interleukin 17 (IL-17)-producing Th17 cells
are crucial in driving the pathology of EAE. Th1 and Th17
cell differentiation is guided by distinct transcriptional
programs induced by polarizing factors. Presumably, fol-
lowing a trigger, some local factors and effector molecules
produced by Thl and Th17 cells facilitate their entry into
the CNS and induce a pathological neuroinflammatory
response by activating resident glial cells, which further
assist massive infiltration of a second wave of immune
cells into the CNS. This scenario was evident from the fact
that adoptive transfer of in vitro activated myelin oligo-
dendrocyte glycoprotein (MOG)-specific Th1 and Th17
cells into naive rodent hosts was sufficient to induce EAE
(Codarri et al., 2011). Nevertheless, disease severity and
clinical manifestation of EAE induced after adoptive trans-
fer of Th1 and Th17 cells were highly variable. Transfer of
Thl cells induced classical paralytic EAE, whereas Th17
cell transfer drove atypical ataxic EAE, an indication that
mechanisms used by effector Th1 and Th17 cells in driv-
ing neuroinflammation might be different. A number of
parameters could account for these differences. First, Th1l
and Th17 cells might have different capacities to directly
target neurons (Siffrin et al., 2010). Second, by virtue of
distinct sets of effector molecules they target and recruit
different cells within and towards the CNS and altogether
induce a different neuroinflammatory profile. Third, they
might have different capacities to regulate repair mecha-
nisms following initial neuroinflammatory damage. Here
we focus on the current knowledge of T cell-glial interac-
tions and discuss how effector molecules of Th1 and Th17
cells influence the phenotype and function of resident glial
cells within the CNS. There is a great body of evidence
describing IFN-y and IL-17 as major effector molecules of
Th1 and Th17 cells, respectively. However, induction of
EAE by IFN-y" and IL-17" T cells has demonstrated that
these factors are dispensable for neuropathology (Codarri
et al., 2011). Further studies have identified granulocyte
macrophage colony stimulating factor (GM-CSF), largely
associated with Th17 cells but also produced by Thl cells,
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as an indispensable effector molecule whose overexpres-
sion in CD4" T cells alone was sufficient for driving neu-
ropathology similar to EAE (Codarri et al., 2011; Spath et
al., 2017). Following infiltration into the CNS, autoreac-
tive Th1 and Th17 cells are involved in constant crosstalk
with microglia and astrocytes and their effector molecules
profoundly influence the phenotype and function of these
major glial cell types. Microglia are the sentinels of the
CNS that rapidly respond to invading pathogens, CNS in-
jury and inflammation. Depending on external cues they
can attain pro- (Ml1-like) or anti-inflammatory (M2-like)
phenotypes. Although this dichotomy vastly oversimplifies
the plasticity of microglia, the original thought is that an
M1-like phenotype is attained by sensing invading patho-
gens or inflammatory mediators and is considered to be
neurotoxic, whereas M2-like microglia are involved in
repair mechanisms and are considered to play a neuropro-
tective role by providing anti-inflammatory mediators and
growth factors (Aguzzi et al., 2013). Microglial responses
need to be tightly balanced between these phenotypes to
maintain the integrity of neural tissue. A sustained pro-in-
flammatory milieu during MS favors M1-like microglia to
populate the lesions triggering demyelination and axonal
damage. Similarly, reactive astrogliosis is also a charac-
teristic feature of neurodegenerative disorders like MS.
Astrocytes are the most abundant cell type in the CNS
with a multitude of functions including support of neural
homeostasis. Anatomically astrocytes are active compo-
nents of the blood-brain barrier (BBB) and are also found
in close association with neurons. Therefore they were be-
lieved to be less reactive than microglia to avoid any immi-
nent damage to the neural tissue. However, astrocytes do
respond to injury by releasing diverse molecules. Primari-
ly, they are a major source of neurotrophic growth factors
(nerve growth factor, glial cell-derived neurotrophic fac-
tor, ciliary neurotrophic factor, efc.) which drive neuro-
genesis and assist tissue repair mechanisms. Additionally,
astrocytes produce anti-inflammatory factors that dampen
any minor inflammation in the CNS and avoid potential
damage. Under pathological conditions they also respond
to pathogens and infiltrating leukocytes and release a large
array of pro-inflammatory cytokines and chemokines,
thereby directly contributing to exacerbation of neuroin-
flammation.

Previously, it was unclear how distinct sets of effector
molecules produced by Thl and Th17 cells influence the
neuroinflammatory properties of microglia and astrocytes.
In the past, few studies dealing with antigen-specific Th1
and Th17 cells have shown that both subsets can activate
microglia and astrocytes (McQuillan et al., 2010; Murphy
et al., 2010). However, it is not known to what extent ef-
fector molecules released by Th1 and Th17 cells contribute
to this process. It is noteworthy that during MS there is
massive infiltration of both antigen-specific and non-spe-
cific T cells into the CNS. Therefore, cells within the CNS
are exposed to both antigen-specific signals due to major
histocompatibility complex (MHC) and T-cell receptor
ligation as well as to signals delivered by cytokine binding
to their respective receptors. Our recent findings indicate
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that distinct effector molecules produced by Th1 and Th17
cells have different capacities to influence the phenotype
and function of microglia and astrocytes (Prajeeth et al.,
2014, 2017). Th1 cells and their effector molecules can
activate microglia and augment their pro-inflammatory
properties, thus rendering them a neurotoxic M1-like
phenotype. Furthermore, Thl-derived effector molecules
enhanced expression of MHC class II and co-stimulato-
ry molecules (CD40, CD86) on the surface of microglia
making them potent antigen-presenting cells (APC) and
providing a platform for further T cell activation and dif-
ferentiation (Prajeeth et al., 2014). So far, Th17 cells are
considered to be far more efficient than Thl cells in driv-
ing the CNS pathology of EAE. Intriguingly, Th17-derived
effector molecules were found to be ineffective in microg-
lial activation (Prajeeth et al., 2014). This is in contrast
to earlier reports where it was shown that amyloid-beta
(AB) and MOG-specific Th17 cells, when co-cultured with
microglia, induced the production of pro-inflammatory
cytokines and co-stimulatory molecules (McQuillan et
al., 2010; Murphy et al., 2010). This again is an indication
that effects observed in response to direct microglia and T
cell interaction mediated by antigens is different from that
triggered by sensing secreted factors. Unlike microglia,
astrocytes react to both Th1l- and Th17-derived effector
molecules (Prajeeth et al., 2017). In response to these ef-
fector molecules astrocytes downregulate the expression
of neurotrophic factors that are crucial for repair process
and upregulate pro-inflammatory cytokines and chemo-
kines that cause tissue damage (Prajeeth et al., 2017). The
ability of effector molecules secreted by Th17 cells to act
on astrocytes but not on microglia is quite puzzling, and
the molecular explanation for this phenomenon remains
enigmatic. One possibility might be that astrocytes are bet-
ter equipped with receptors and corresponding signaling
machinery needed to respond to Th17-derived effector
molecules than microglia. An indication for this spec-
ulation comes from the work of Kang et al. (2010) who
demonstrated that ablation of IL-17 induced Actl-signal-
ing on astrocytes ameliorates EAE, whereas ablation of this
signaling in microglia and macrophages has no influence
on the disease course. We know that IL-17A alone has
minimal effects on astrocytes and is more effective when
combined with other factors such as tumor necrosis factor
(TNF) (Prajeeth et al., 2017). Therefore, key effector mole-
cules of Th17 cells and the signaling pathways induced by
these factors in target cells are the major issues that need
thorough investigation.

Enhanced chemokine expression by microglia and as-
trocytes in response to Thl- and Th17-derived effector
molecules is of great significance for understanding the
pathology of MS. Chemokines orchestrates the commu-
nication between cells that are located at larger distances
within the body. Cells expressing a particular chemokine
receptor sense and migrate towards the cells producing
their respective chemokine ligand. Under physiological
conditions microglia, astrocytes, neurons, and vascular
endothelial cells constitutively express both chemokines
and their receptors. However, their expression is increased
under pathological conditions. During MS, chemokines

and their receptors act as amplifiers of neuroinflammation
by assisting recruitment of microglia, monocytes and oth-
er immune cells to the focal lesions (Le Thuc et al., 2015).
Several chemokine receptor:ligand pairs have been asso-
ciated with MS pathology. The most prominent among
them are CCL2:CCR2, CCL20:CCR6 and CXCR3:CXCL10
that have been associated with recruitment of T cells,
monocytes and microglia (Le Thuc et al., 2015). Our re-
cent findings suggest that inducing a strong chemokine re-
sponse in microglia and astrocytes is a key mechanism, by
which Thl- and Th17-derived effector molecules amplify
neuroinflammation and drive pathology during neuroin-
flammation (Prajeeth et al., 2014, 2017). We have provid-
ed evidence how factors released by activated astrocytes
guided the recruitment of microglia and transendothelial
migration of Th17 cells (Skripuletz et al., 2013; Prajeeth et
al., 2017). Furthermore, we show that in the absence of as-
trocytes microglial recruitment and Th17 infiltration into
the CNS is also affected.

Previously it was believed that a small number of auto-
reactive T cells by unknown mechanism have to cross the
BBB and activate glial cells to initiate the neuropathology
of MS. Our argument is that this might essentially not
be the case. We believe that this can also be achieved by
Thl- and Th17-derived effector molecules acting on glial
cells (Figure 1). Chemokines such as CCL2, CCL20 and
CXCL10 produced by microglia and astrocytes as a result
of this activation might assist the infiltration of Thl and
Th17 cells into the CNS. Subsequently, these Th1 and Th17
cells interact with glial cells either in an antigen-specific
manner or through effector cytokines and further facilitate
bulk recruitment of a second wave of immune cells into
the CNS that amplify the neuroinflammatory response.
This may finally trigger or amplify demyelination and
axonal damage. Our data suggest that the quality of the
inflammatory response is highly dependent on the effector
molecules that microglia and astrocytes sense early during
the initial phase of the disease. An earlier study has report-
ed that Th1 cells reach the CNS first and facilitates the en-
try of Th17 during EAE (O’Connor et al., 2008). This find-
ing is in accordance to our own results demonstrating that
Th1-derived effector molecules induce a robust inflamma-
tory response by activating both microglia and astrocytes
unlike Th17-derived effector molecules, which only act on
astrocytes. In other words, Th1-derived effector molecules
function as a key to open the floodgates for the entry of
other leukocytes into the CNS. In our view, understanding
the regulation of glial function by T cells is essential to
develop strategies that limit damage and support regenera-
tion and repair process. Therapies should target particular
effector molecules or subsets of T cells that are dominant
at the given stage of disease. It is also noteworthy that not
all T cells are destructive and their effectors are also need-
ed for regeneration and repair processes.
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Figure 1 Schematic representation of microglia and astrocyte
activation by effector molecules from Th1 and Th17 cells within the
central nervous system (CNS) and subsequent neuroinflammatory
response.

Here we use an oversimplified scheme to explain the sequence of
events that lead to neuroinflammation following infiltration of (A) Th1l
cells or (B) Th17 cells into the CNS.

Step 1: Th1 and Th17 cells cross the blood brain barrier (BBB).

Step 2: Their effector molecules bind to receptors expressed on (a) mi-
croglia and/or (b) astrocytes and induce a signaling cascade. In the case
of Th17 cells, their effector molecules only act on astrocytes.

Step 3: (a) microglia and (b) astrocytes respond and release factors that
trigger recruitment of cells to the site of inflammation.

Step 4: Activated microglia and astrocytes express high amounts of
chemokines that assist infiltration of a second wave of Thl and Th17
cells into the CNS.
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