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Abstract
Background: Autoreactive Th1 and Th17 cells are believed to mediate the pathology of multiple sclerosis in the
central nervous system (CNS). Their interaction with microglia and astrocytes in the CNS is crucial for the regulation
of the neuroinflammation. Previously, we have shown that only Th1 but not Th17 effectors activate microglia.
However, it is not clear which cells are targets of Th17 effectors in the CNS.
Methods: To understand the effects driven by Th17 cells in the CNS, we induced experimental autoimmune
encephalomyelitis in wild-type mice and CD4+ T cell-specific integrin α4-deficient mice where trafficking of Th1
cells into the CNS was affected. We compared microglial and astrocyte response in the brain and spinal cord of
these mice. We further treated astrocytes with supernatants from highly pure Th1 and Th17 cultures and assessed
the messenger RNA expression of neurotrophic factors, cytokines and chemokines, using real-time PCR. Data
obtained was analyzed using the Kruskal-Wallis test.
Results: We observed in α4-deficient mice weak microglial activation but comparable astrogliosis to that of wildtype mice in the regions of the brain populated with Th17 infiltrates, suggesting that Th17 cells target astrocytes
and not microglia. In vitro, in response to supernatants from Th1 and Th17 cultures, astrocytes showed altered
expression of neurotrophic factors, pro-inflammatory cytokines and chemokines. Furthermore, increased expression
of chemokines in Th1- and Th17-treated astrocytes enhanced recruitment of microglia and transendothelial
migration of Th17 cells in vitro.
Conclusion: Our results demonstrate the delicate interaction between T cell subsets and glial cells and how they
communicate to mediate their effects. Effectors of Th1 act on both microglia and astrocytes whereas Th17 effectors
preferentially target astrocytes to promote neuroinflammation.
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Background
Inflammation of the central nervous system (CNS) during multiple sclerosis (MS) or the animal model experimental autoimmune encephalomyelitis (EAE) is believed
to be mediated by autoreactive T cells that are primed in
the periphery and infiltrate into the CNS through the
blood-brain barrier (BBB) [1, 2]. Among T cells,
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predominantly, IFN-γ-producing Th1 cells and IL-17producing Th17 cells are key players in the pathogenesis
of MS and EAE [3, 4]. Much of our understanding has
been obtained from adoptive transfer experiments in rodent EAE models, which suggest that both Th1 and
Th17 cells can mediate the disease in the CNS albeit
with a varying degree of severity [5–8]. Due to the complexity of the neuroinflammatory process, there is only
little knowledge available on the individual contribution
of pathogenic Th1 and Th17 cells in regulating glial cell
function in the CNS.
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Of the CNS-resident cells, microglia and astrocytes are
known to play a central role in regulating the neuroinflammatory process [9–12]. Infiltrating effector T cells
are in constant crosstalk with resident glial cells, and recently, we have demonstrated that effector molecules secreted by Th1 cells but not Th17 cells influence the
phenotype and function of microglia [13]. This was rather puzzling, considering the fact that Th17 cells are
highly pathogenic and microglia are highly immunoreactive cell types in the CNS.
Only little is known about the crosstalk between T
cells and astrocytes, the major glial cell type of the brain.
Previously, astrocytes were considered to be involved in
the structural framework of neural tissue while their immunoreactive properties have been underestimated. Furthermore, their intimate association with the BBB makes
them one of the first glial types to encounter cells infiltrating into the CNS [14]. Subsequently, astrocyte activation regulates microglial recruitment and leukocyte
trafficking in the CNS during neuroinflammatory conditions [15, 16]. In the past two decades, the contribution
of astrocytes to pro- and anti-inflammatory processes in
the CNS has gained prominence [17–20]. The importance of astrocytes in regulating CNS inflammation has
been demonstrated by several studies which employed
strategies such as ablation of reactive astrocytosis or
blocking of selected receptor signaling specifically on astrocytes [10, 12, 21–23]. Upon activation, astrocytes upregulate major histocompatibility class (MHC)-I, MHCII and co-stimulatory molecules on their surface, which
highlights their ability to interact and present antigens
to T cells [24–26]. Nevertheless, there is only limited
knowledge about how the effector molecules released by
inflammatory Th1 and Th17 cells regulate the function
of astrocytes. In this study, we identified astrocytes as
targets of Th17 cells in the CNS and studied the ability
of effector molecules released by Th1 and Th17 cells to
influence their phenotype and function.

Methods
Mice

C57BL/6 mice were obtained from Charles River (Sulzfeld, Germany) and housed under specific pathogen-free
conditions in the central animal facility of Hannover
Medical School (MHH), Germany. α4flox/flox has been
described previously [27]. CD4 Cre mice were obtained
from The Jackson Laboratory (Bar Harbor, ME, USA).
CD4+ T cell-conditional α4 integrin-deficient (α4−/−)
mice were generated by crossing α4flox/flox mice with
CD4 Cre mice [28]. For EAE experiments, we obtained
glial fibrillary acidic protein (GFAP) HSV-thymidine kinase (TK) mice on C57BL/6 background from The Jackson Laboratory (Bar Harbor, ME, USA) and the control
wild-type C57BL/6 mice in this case were from Taconic
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(Taconic Europe, Ejby, Denmark). Animal experiments
were performed according to international guidelines on
the use of laboratory animals [29].
Experimental autoimmune encephalomyelitis

EAE was induced in GFAP HSV-TK mice, α4−/− mice, and
control B6 mice by immunization with MOG35–55 peptide
in complete Freund’s adjuvant, as described previously
[12, 28]. Mice were immunized at two subcutaneous sites
and received a total of 100 μg peptide and 200 or 250 μg
adjuvant. Additionally, 15 ng/g or 200 ng pertussis toxin
was administered i.p. on days 0 and 2. GFAP HSV-TK and
respective controls mice were scored on a 6-point scale as
follows: 0, no symptoms; 0.5, partial loss of tail tonus; 1,
complete loss of tail tonus; 2, difficulty to right, 3, paresis
in one or both hind legs; 4, paralysis in one or both hind
legs; 5, front limb paresis; and 6, moribund. All mice used
in the experiments were sacrificed 7 days after the onset
of clinical symptoms. Ataxic EAE in α4−/− mice was
scored, by four clinical subtests and categories of ledge
walking, hindlimb clasp, gait ataxia, and kyphosis with a
maximum of 3 points in each category, resulting in a potential maximum score of 12 points [30]. Clinical signs of
classical EAE in respective wild-type controls mice were
assessed as reported [31].
Antibodies and reagents

Antibodies specific for mouse, anti-CD4 PerCP Cy5.5
(clone: RM 4.5), anti-CD8 APC (clone 53.6.7), antiCD11c APC (clone: N418), anti-IFN-γ APC (clone:
XMG1.2), anti-CD62L APC eFluor 780 (clone: MEL-14),
anti-F4/80 APC (clone: BM8), anti-CD3 (unconjugated,
clone: 145-2C11), anti-CD28 (unconjugated, clone:
37.51), and fixable viability dye eFluor 506 were purchased from eBioscience (Frankfurt, Germany). Antibodies to anti-CD25 APC (clone: PC61), anti-IL-17A
Pacific Blue (clone: TC11-18H10.1), anti-CD11b PE
(clone: M1/70), anti-B220 APC (clone RA3-6B2), and
anti-IL-10 FITC (JES5-16E3) were purchased from BioLegend (San Diego, CA, USA). Unconjugated, anti-IFNγ (clone: XMG1.2), and anti-IL-4 (clone: 11B11) and
anti-IL-2 (clone JES6-1A12) were obtained from Bio X
Cell (NH, USA). Recombinant murine IL-6, IL-1β, granulocyte macrophage colony-stimulating factor (GMCSF), and porcine TGF-β1 were purchased from R&D
Systems (Wiesbaden-Nordenstadt, Germany) whereas
recombinant murine IFN-γ, TNF-α, and IL-12p70 were
from PeproTech (Hamburg, Germany). Recombinant
murine IL-17A was obtained from BioLegend (San
Diego, CA, USA).
In vitro differentiation of Th1 and Th17 cells

Naïve CD4+CD25− cells were differentiated in vitro into
Th1 and Th17 cells as previously described [13] with
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slight modifications. Briefly, after enrichment of CD4+ T
cells from the spleen and lymph nodes of C57BL/6 mice
using CD4+ T cell enrichment kit (BD Biosciences),
naïve CD4+CD62LhiCD25− cells were sort purified using
MoFlo (Beckman Coulter) or FACSAria (BD Biosciences). Cells (5.0 × 105/ml) were stimulated with platebound anti-CD3 (2 μg/ml) and anti-CD28 (2 μg/ml) in
12-well plates (Corning Life Science, Acton, MA, USA)
in complete Iscove’s Modified Dulbecco’s Medium
(IMDM, 10% FCS, 1 mM sodium pyruvate, 50 μM βmercaptoethanol, 25 mM HEPES, and non-essential
amino acids) supplemented with either Th1-polarizing
factors IL-12 (20 ng/ml) and anti-IL-4 (10 μg/ml) or
with Th17-polarizing factors TGF-β1 (2 ng/ml), IL-6
(30 ng/ml), TNF-α (20 ng/ml), IL-1β (10 ng/ml), anti-IL2 (10 μg/ml), and anti-IFN-γ (10 μg/ml). After 6 days of
culture, Th1 and Th17 cells were harvested and restimulated in 12-well plates coated with anti-CD3 and antiCD28 antibodies for 6 h. Supernatants devoid of cells
were collected and stored at − 80 °C until further use.
Primary mouse mixed glial cultures

Primary cultures of mixed glial cells were prepared from
brains of postnatal 1–3-day-old C57BL/6 mice as described [13]. Briefly, the brains were freed from meninges and digested enzymatically with 0.1% trypsin (SigmaAldrich) and 0.25% DNase (Roche, Mannheim,
Germany). Single cell suspensions obtained from the
digested brains were seeded into poly-L-lysine-coated T75-mm2 culture flasks in complete DMEM (DMEM + Lglutamine + 4.5 g/L D-glucose; Gibco®, Darmstadt,
Germany) supplemented with 10% fetal calf serum
(FCS), 50 U/ml penicillin, and 50 μg/ml streptomycin
(all from Biochrom AG, Berlin, Germany). Microglia
were harvested from the confluent cultures by shaking
the culture flasks at 37 °C for 40 min at 180 rpm in an
orbital shaker. Remaining microglia and proliferating
oligodendrocyte precursor cells were eliminated by overnight shaking at 37 °C and 170 rpm in an orbital shaker,
followed by cytosine arabinoside (AraC; 100 μM; SigmaAldrich) treatment for 3 days. Astrocytes were harvested
from the culture flasks by mild trypsinization and were
replated into six-well plates at a density of 3 × 105 cells
per well. Confluent astrocyte cultures were shaken at
37 °C and 180 rpm in an orbital shaker for 4 h to eliminate any remaining contaminating microglia. Astrocytes
obtained in this way were referred to as highly enriched
as they only had < 3% of microglial contamination
(CD11b+ cells).
Stimulation of astrocytes with Th1- and Th17-derived supernatants and recombinant cytokines

Confluent astrocyte cultures as obtained in the above procedure were treated for 16 h with Th1- or Th17-derived
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culture supernatants diluted with an equal volume of
complete DMEM. In all experiments, medium controls
refer to T cell culture medium (complete IMDM) collected, frozen, and diluted with an equal volume of
complete DMEM just before the treatment of astrocytes.
In some experiments, astrocytes were treated for 16 h
with recombinant murine IFN-γ (50 ng/ml), TNF-α
(10 ng/ml), GM-CSF (5 ng/ml), and IL-17A (50 ng/ml) either individually or in combination with others.
Reverse transcription polymerase chain reaction

RNA was isolated from the cell pellet using the RNeasy
Mini Kit (Qiagen) according to the manufacturer’s instructions. Equal amounts of RNA (750–1000 ng) were
subsequently transcribed into complementary DNA
(cDNA) with the High-Capacity cDNA Reverse Transcription Kit (No. 4368814; Applied Biosystems®; Life
Technologies GmbH, Darmstadt, Germany). For gene
expression analysis, quantitative real-time PCR was performed using the StepOne™ Real-Time PCR System and
appropriate TaqMan probes (Applied Biosystems, see
Additional file 1). The ΔΔCt method was applied to determine differences in the expression between astrocytes
treated with medium and Th1 and Th17 supernatants.
For determination of expression of retinoic acid orphan
receptor c (Rorc) messenger RNA (mRNA) from the
spinal cord, 1 μg of RNA was used for cDNA synthesis.
Changes in mRNA expression levels were calculated
after normalization to hypoxanthine phosphoribosyltransferase (Hprt1) and glyceraldehyde 3-phosphate dehydrogenase (Gapdh).
ELISA

Supernatants of astrocytes cultured in the medium and
Th1 and Th17 supernatants, respectively, were collected
and stored at − 80 °C until further use. MCP-1/C-C chemokine ligand 2 (CCL2) (R&D Systems), CCL20 (R&D
Systems), and IL-6 (Thermo Fisher Scientific) were measured in the culture supernatants using enzyme-linked immunosorbent assay (ELISA) kits for mouse and carried
out according to the manufacturer’s instructions. A standard curve was generated as instructed using the standards
provided in the kit. The standard curve was calculated by
a computer-generated four-parameter log (4-PL) fit curve.
Histology

Animals were sacrificed at the peak of the disease and
perfused with cold PBS followed by 4% paraformaldehyde fixation (pH 7.4). The brain and spinal cord were
prepared separately, embedded in Tissue-Tek (Sakura),
and cryopreserved in liquid nitrogen. Twelvemicrometer-thick coronal cortical brain, sagittal brainstem, and transverse lumbar spinal cord sections were
prepared using a cryotome. For immunofluorescence,
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sections were thawed and air-dried and, following 5-min
rehydration with PBS, were stained with primary rabbit
polyclonal anti-GFAP (Dako) or polyclonal rabbit Iba1
(Wako) antibodies in 0.1% Triton PBS for 2 h at room
temperature (RT). After thorough washing, sections
were incubated with Alexa Fluor 488- and Alexa Fluor
555-conjugated goat-anti-rabbit secondary antibodies,
respectively, in 0.1% Triton PBS for 1 h at RT. After
washing, slides were mounted with DAPI in Mowiol. Images were taken using a microscope (Olympus BX41)
with camera.
Transmigration of microglia

Astrocytes at 5 × 104 cells per well were plated into the
lower chamber of 24-well Transwell plates and cultured
until they reached confluence. Confluent astrocyte cultures were treated with medium and Th1 and Th17 supernatants (diluted with an equal volume of DMEM 10%
FCS) for 12 h. Following this, the cultures were washed
to remove the stimuli; fresh complete DMEM was added
and incubated for additional 4 h. Microglia harvested
after shaking the mixed glial cultures were added to the
Transwell inserts (8.0 μm pore, 24-well format; Costar®,
Corning, NY, USA) at 7 × 104 cells per insert, and the
inserts were placed into the chambers containing astrocytes. After 2 h of incubation at 37 °C, microglia on the
upper side of the insert were removed by using a cotton
swab. The filters were then fixed with 4% PFA, stained
with DAPI (1:2000), and mounted onto a glass slide with
Mowiol. The number of cells that had transmigrated to
the lower side of the membrane was counted (ten random fields/filter) at × 20 magnification using an Olympus BX41 fluorescence microscope.
Transendothelial migration of T cells

Primary C57BL/6 brain microvascular endothelial cells
(BMECs) and reagents needed for culturing them were
purchased from Cell Biologics (Chicago, USA). Cells
used for these experiments were from passages P5–P9.
Astrocytes at 3 × 105 cells per well were cultured in sixwell plates in complete DMEM until they reached confluence. In parallel, BMECs (2.5 × 105 cells per insert)
were cultured on Transwell inserts (3.0 μm pore, polycarbonate membrane, six-well format; Costar®, Corning,
NY, USA) coated with gelatin-based coating solution
until they formed a confluent monolayer. Astrocytes
were treated with medium and Th1- and Th17-derived
supernatants (diluted in equal volumes of complete
DMEM) for 12 h and then washed thoroughly to remove
the T cell supernatants. Inserts with BMEC monolayers
were transferred to the chamber containing astrocytes
and co-cultured for an additional period of 4 h. To study
T cell migration, a total of 2 × 105 Th1 and Th17 cells
that were restimulated on anti-CD3/anti-CD28-coated
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plates for 6 h were added on top of the BMEC monolayers. After 12 h, inserts were removed; culture medium
in the lower chamber containing transmigrated T cell
was collected, stained with anti-mouse CD4 PerCP
Cy5.5, and analyzed on FACSCalibur (BD Biosciences).
Each sample was acquired completely, and the cell
counts in the CD4+ gate were used to assess the transendothelial migration of T cells.
Phagocytosis assay

Uptake of latex beads by microglia was measured as described [32] with slight modifications. Briefly, 7.5 × 104
microglia were seeded on to astrocytes that were previously treated with medium and Th1- and Th17-derived
supernatants. Th1- and Th17-derived supernatants were
washed off before adding microglia. After 12 h of coculture with astrocytes, 107 Fluoresbrite™ YG carboxylate
microspheres (1 μm; Polysciences, Warrington, USA)
were added to the cells and incubated at 37 °C for 1 h. In
parallel, cells were also incubated with beads on ice and
this served as negative (4 °C) control. After thoroughly
washing away non-phagocytosed beads with ice-cold PBS,
cells were harvested and stained with anti-mouse CD11b
APC (M1-70), and phagocytosis was measured on a flow
cytometer (FACSCalibur; BD Biosciences). Shift in mean
fluorescence intensity (MFI) resulting from uptake of
fluorescent beads was used as a measure to assess phagocytosis. Active phagocytosis was calculated by subtracting
the MFI measured in 4 °C controls from the MFI measured in samples incubated at 37 °C.
Statistical analysis

All statistical analyses were conducted using GraphPad
Prism 5.0 (GraphPad Software). All data are expressed
as group mean ± SEM. All experiments were performed
multiple times (n ≥ 4), and the data obtained was analyzed using the Kruskal-Wallis test unless otherwise
stated. For analyzing EAE data, we used the MannWhitney test. Results were considered statistically significant at p < 0.05.

Results
Blockade of Th1 infiltration into the CNS during EAE
impairs astrogliosis in the spinal cord but not in the brain

Previously, we have demonstrated that only effector molecules secreted by Th1 cells but not Th17 cells activate
microglia [13]. Therefore, our aim was to identify the
targets of Th17 effectors during neuroinflammation in
the CNS. To address this, we employed a strategy of
blocking Th1 infiltration into the CNS and studied the
glial reaction in mice subjected to EAE. In an earlier
study, Rothhammer et al. [28] demonstrated that blockade or deletion of integrin α4β1 (VLA-4) on CD4+ T
lymphocytes preferentially inhibited the migration of Th1
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cells into the CNS during EAE. Interestingly, blockade of
Th1 migration into the CNS did not prevent the mice
from developing atypical EAE, a characteristic of Th17driven pathology (see Additional file 2), suggesting that
Th17 infiltration into the CNS under these conditions was
unaffected [28]. Therefore, we compared glial fibrillary
acidic protein (GFAP) expression (highly expressed in reactive astrocytes) in the CNS of wild-type (WT) and T
cell-conditional α4-deficient (α4−/−) mice subjected to
EAE. GFAP staining was striking in the gray and white
matter of the lumbar spinal cord of WT mice, whereas the
GFAP expression was more restricted to white matter and
less evident in the gray matter of α4−/− mice (Fig. 1a–d).
This is most likely due to the fact that Th17 infiltration
into the spinal cord is reduced in the α4−/− mice as reported in the previous study [28]. During EAE in α4−/−
mice, cellular infiltrates were found to be localized in the
brainstem, cerebellum, and cerebrum [28]. Analysis of the
cerebellum of WT and α4−/− mice showed a similar degree
of GFAP+ astrocytes in WT as well as α4−/− mice (Fig. 1e,
f). This observation allows us to assume that in the absence of Th1 cells, effectors of Th17 are equally potent to
induce astrogliosis in the brain.
Microglia are morphologically different in EAE-induced
WT compared to α4−/− mice

We analyzed microglia in the brain and lumbar spinal
cord of WT and α4−/− mice subjected to EAE by immunohistochemistry. Iba1 staining revealed a higher number
and morphologically distinct Iba1+ microglia both in the
brain and spinal cord of WT mice compared to α4−/−
mice. Microglia detected in the spinal cord (Fig. 2) and
cerebellum of WT mice exhibited a hypertrophic phenotype with shorter and thicker processes, reminiscent of
highly activated microglia. In contrast, Iba1+ microglia in
α4−/− mice had a more bipolar structure with fewer and
finer process (Fig. 2). This is in accordance with our previous findings where we showed Th17 effectors do not have
direct influence on microglia [13]. Taken together, these
observations suggest that Th17 effectors are highly capable of inducing astrocyte activation but less efficient in
driving microglial activation in the brain.
Th1- but not Th17-derived factors downregulate the expression of growth factors in astrocytes

Having understood that astrocytes are influenced by
Th17 cells, we further tested if Th1 and Th17 effectors
can have direct effects on astrocytes. In our previous
study, we have reported an efficient method to obtain
highly pure Th1 and Th17 cells in vitro and also characterized their cytokine secretion profile [13]. The Th1
cells obtained by this method were devoid of Th17 cells
and vice versa. Cytokine profiling of Th1 and Th17 cell
culture supernatants revealed that Th1 cells
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predominantly secreted IFN-γ and GM-CSF, whereas the
Th17 cells released large amounts of IL-17A and IL-17F
[13]. For determining the response of astrocytes to Th1and Th17-derived factors, we employed reverse transcription polymerase chain reaction (RT-PCR) analysis
of RNA isolated from astrocytes that were treated with
medium and Th1- and Th17-derived supernatants. Astrocytes are an important source of neurotrophic factors
needed for the maintenance of neural tissue. Factors released by cells infiltrating from the periphery during
neuroinflammation can alter their expression. Therefore,
we assessed the mRNA expression of key growth factors
such as nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), GDNF, ciliary neurotrophic factor (CNTF), and insulin-like growth factor (IGF)-1 in
astrocytes following their treatment with Th1- and
Th17-derived supernatants. Interestingly, we observed
that Th1-derived supernatants caused greater than or
equal to twofold downregulation in the expression of
NGF, BDNF, CNTF, and IGF-1 in astrocytes. In contrast,
Th17-derived supernatants did not have any influence
on the expression of these neurotrophic factors (Fig. 3).
Both Th1- and Th17-derived factors trigger a proinflammatory response in astrocytes

Apart from being a key source of growth factors, astrocytes are important mediators of inflammation in the
CNS. Astrocytes produce not only key pro-inflammatory
cytokines such as IL-1β and IL-6 that are neurotoxic but
also some neuroprotective anti-inflammatory cytokines
such as TGF-β and IL-10. We thus studied the influence
of Th1- and Th17-derived factors on the inflammatory
response of astrocytes. We found that in response to
16 h of treatment with Th1 and Th17 supernatants, astrocytes significantly upregulated the mRNA expression
of pro-inflammatory genes such as IL-1β, IL-6, and nitric
oxide synthase 2 (NOS2) (greater than twofold). TNF-α
mRNA expression was enhanced by twofold in Th1treated astrocytes and was unchanged in Th17-treated
astrocytes (Fig. 4). On the other hand, although we observed no change in TGF-β1 mRNA expression, IL-10
mRNA expression was approximately twofold lower in
Th1-treated (statistically significant) and Th17-treated
(did not yield statistical significance) astrocytes compared to control medium-treated astrocytes (Fig. 4). In
our attempt to identify the factors driving activation, we
treated astrocytes with individual or a combination of
recombinant cytokines based on the knowledge we
gained from the multiplex data of Th1 and Th17 supernatants from our previous study [13]. Similarly, we analyzed the gene expression of pro-inflammatory
chemokines and cytokines to assess astrocyte activation.
These results suggest that IFN-γ remains a potent effector of Th1 cells and combines with other effectors
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Fig. 1 Comparison of astrogliosis between wild-type and T cell-conditional α4−/− mice at the peak of EAE. Transverse lumbar spinal cord (a–d) and sagittal
brainstem (e, f) sections from wild-type and T cell-conditional α4−/− mice were stained for GFAP to assess astrocyte reactivity. Higher density of GFAP+ cells
was observed in the gray matter of the spinal cord of wild-type (a) compared to T cell-conditional α4−/− mice (b). Phenotypically distinct astrocytes were
seen at higher magnification in wild-type (c) and T cell-conditional α4−/− mice (d). Astrogliosis was comparable in the cerebellum of wild-type (e) and T
cell-conditional α4−/− mice (f). Bars = 200 μm (a, b), 50 μm (c, d), and 100 μm (e, f). Representative images for wild-type and α4−/− mice (n = 6). Intensity
GFAP fluorescence from the spinal cord (g) and cerebellum (h) was quantified using ImageJ software. The mean gray value of a selected area was
measured after subtracting the background of 8-bit grayscale image and is plotted here. Each point represents data from one mouse. Here, we used the
Mann-Whitney test for statistics; **p < 0.01

such as TNF and GM-CSF to augment astrocyte activation. On the other hand, IL-17 alone had only minimal
impact and only when given in combination with TNF
to induced astrocyte activation (see Additional file 3).
Th1- and Th17-derived factors induce chemokine expression in astrocytes

In response to an inflammatory milieu, astrocytes produce several key chemokines that assist in the recruitment of microglia and leukocytes from the periphery to

the sites of inflammation. Here, we assessed the influence of Th1- and Th17-derived factors on the mRNA
expression profile of chemokines in astrocytes. In general, greater than threefold upregulation of CCL2,
CCL20, and C-X-C chemokine ligand 10 (CXCL10)
mRNA was found in astrocytes treated with Th1 and
Th17 supernatants compared to medium controls
(Fig. 5). However, mRNA expression levels of CCL2 and
CXCL10 were several folds higher in Th1-treated astrocytes compared to those in Th17-treated astrocytes. On
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Fig. 2 Assessment of microgliosis in wild-type and T cell-conditional α4−/− mice subjected to EAE. Immunofluorescence staining for Iba1 of
lumbar spinal cord sections reveals increased frequency of Iba+ cells in wild-type (a) compared to T cell-conditional α4−/− mice (b). Note that at
higher magnification, the microglia appeared morphologically different in wild-type (c) in comparison to T cell-conditional α4−/− mice (d). Similar
observations were made in the cerebellum of wild-type (e, g) and T cell-conditional α4−/− mice (f, h). Bars = 200 μm (a, b), 50 μm (c, d, g, h), and
100 μm (e, f). Representative images for wild-type (n = 6) and T cell-conditional α4−/− mice (n = 6). The density (cells/mm2) of Iba+ cells was
counted in the spinal cord (i) and cerebellum (j) in identical regions of wild-type and T cell-conditional α4−/− mice. Each point represents data
from one mouse. Here, we used the Mann-Whitney test for statistics; **p < 0.01
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Fig. 3 Effects of Th1- and Th17-derived factors on the expression of neurotrophic factors in astrocytes. RT-PCR analysis of RNA isolated from
astrocytes treated with medium and Th1 or Th17 supernatants for nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), glial
cell-derived neurotrophic factor (GDNF), ciliary neurotrophic factor (CNTF), and insulin-like growth factor 1 (IGF-1) mRNA. Changes in mRNA
expression levels were calculated after normalization to hypoxanthine phosphoribosyltransferase (HPRT)1. The results are represented as fold
changes which were calculated by using the ΔΔCt method (i.e., normalizing the ΔCt values obtained from subjects (Th1 or Th17 treated) to those
from medium controls). The results are mean ± SEM with *p ≤ 0.05 and **p ≤ 0.01 of a minimum of four independent experiments (n = 4)

Fig. 4 Inflammatory response of astrocytes to Th1- or Th17-derived factors. mRNA expression of pro-inflammatory (IL-1β, IL-6, TNF-α, and NOS2)
and anti-inflammatory (TGF-β1 and IL-10) factors was analyzed in astrocytes exposed to medium and Th1 or Th17 supernatants. Fold change in
mRNA expression in Th1- or Th17-treated astrocytes compared to medium controls was determined. The results are mean ± SEM with *p ≤ 0.05
and **p ≤ 0.01 of a minimum of four independent experiments (n = 4)
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the other hand, CCL20 mRNA expression was more
prominently enhanced in Th17-treated astrocytes than
in Th1-treated astrocytes. CXCL12 mRNA expression
was significantly upregulated in astrocytes only in response to Th1- and not to Th17-derived factors (Fig. 5).
In addition, enhanced expression of some of these factors (CCL2, CCL20, and IL-6) was also confirmed at the
protein level (see Additional file 4).

microglia to Th1- and Th17-treated astrocytes. After
12 h of co-culture, uptake of latex beads by microglia as
a measure of their phagocytic ability was assessed by
flow cytometry. Interestingly, we observed an approximately threefold increase in the phagocytic ability of
microglia co-cultured with Th1-treated astrocytes,
whereas phagocytosis of microglia co-cultured with
Th17-treated astrocytes was unchanged (Fig. 6b).

Enhanced migration of microglia in response to
astrocytes activated by Th1- and Th17-derived factors

Th1- and Th17-activated astrocytes enhance transendothelial migration of Th17 cells

Having observed that both Th1- and Th17-derived factors act on astrocytes and enhance their chemokine expression, we were interested to study if this reflects their
ability to attract microglia as it has been reported [21].
Firstly, we tested the capability of astrocytes activated by
Th1- and Th17-derived factors, respectively, to recruit
microglia using a Transwell migration assay. Astrocytes
were treated with medium and Th1- or Th17-derived
supernatants. Four hours before adding microglia to the
Transwell inserts, the stimuli were removed and the
fresh medium was added to exclude the influence of
Th1 and Th17 effectors on microglial migration. Compared to medium-treated controls, we observed greater
than twofold increase in migration of microglia towards
both Th1- and Th17-treated astrocytes (Fig. 6a). Secondly, we tested if microglia recruited towards Th1- or
Th17-treated astrocytes displayed any changes in their
phagocytic ability. For this purpose, after eliminating the
Th1- and Th17-derived factors by washing, we added

Since chemokines such as CCL20, CXCL10, and
CXCL12 are also known to play a significant role in the
chemotaxis of activated T lymphocytes, we hypothesized
that astrocytes activated by Th1- and Th17-derived factors might play a role in the recruitment of a second
wave of Th1 and Th17 cells through the BBB. To address this, we employed a transendothelial migration
assay, where migration of Th1 and Th17 cells towards
activated astrocytes through a semi-compact endothelial
monolayer cultured on Transwell inserts was assessed.
Transwell inserts were seeded with mouse primary brain
microvascular endothelial cells (BMECs) and cultured
until they reached confluence. These inserts containing
BMEC monolayers were transferred to six-well plates
containing astrocytes that were previously treated with
medium and Th1- or Th17-derived supernatants. Following anti-CD3/anti-CD28 restimulation, polarized Th1
and Th17 cells were added to the Transwell inserts and
their migration towards astrocytes was measured by flow

Fig. 5 Chemokine expression profile in astrocytes exposed to medium and Th1 or Th17 supernatants. Fold changes in CCL2, CCL20, CXCL10, and
CXCL12 mRNA expression in Th1- and Th17-treated astrocytes compared to medium control were measured by RT-PCR. The results are
mean ± SEM with *p ≤ 0.05 and **p ≤ 0.01 of a minimum of four independent experiments (n = 4)
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mice. Considering that Rorc expression is characteristic
to infiltrating immune cells, we used Rorc mRNA expression to assess the amount of Th17 cells in the CNS
[33]. In a previous study, we used transgenic mice
(GFAP thymidine kinase (TK)) expressing TK under the
GFAP promoter and depleted reactive astrocytes at day
7 after the onset of EAE by injecting ganciclovir (GCV).
It was found that depletion of astrocytes resulted in enhanced infiltration of myeloid cells and subsequent enhancement of disease severity [12]. Strikingly, in mice
with established EAE, astrocyte depletion showed lower
Rorc mRNA expression in the spinal cord compared to
that of non-depleted mice (see Additional file 5), hence
hinting that astrocyte activation is crucial for the recruitment of Th17 cells into the CNS.

Fig. 6 Response of microglia towards Th1- or Th17-treated astrocytes.
a Migration of microglia from the upper side of the Transwell
membrane to the lower side in response to medium and Th1- or
Th17-treated astrocytes was assessed by transmigration assay
performed with microglia in the upper chamber and astrocytes plated
in the lower chamber of a Transwell system. Fold changes in transmigration of microglia through the membrane in response to Th1- or
Th17-treated astrocytes compared to medium control were measured
by counting DAPI+ cells in 10 randomly selected fields on the lower
side of the membrane. The results are representative of a minimum of
five independent experiments. b The phagocytic ability of microglia
co-cultured with medium and Th1- or Th17-treated
astrocytes was measured using a latex bead uptake assay. Uptake of
fluorescently labeled beads was measured by flow cytometry. The
bar graphs represent fold change in phagocytosis of microglia
co-cultured with Th1 or Th17 supernatant-pretreated astrocytes
compared to those cultured with medium-treated astrocytes. The
results are mean ± SEM with *p ≤ 0.05 and **p ≤ 0.01 of four
independent experiments (n = 4)

cytometry after 12 h of incubation. Intriguingly, we
found activated Th1 cells transmigrated through the
endothelial layer with equal efficiency towards medium
and Th1- and Th17-treated astrocytes (Fig. 7a). In contrast, transendothelial migration of Th17 cells was poor
in response to medium-treated astrocytes and was highly
enhanced by up to threefold in response to Th1- and
Th17-treated astrocytes (Fig. 7b, c).
These results were further supported by the findings
from our EAE model where we compared the expression
of Rorc mRNA between wild-type and astrocyte-depleted

Discussion
Previously, we have demonstrated that only effector molecules released by Th1 cells had direct influence on
microglia, whereas effector molecules of Th17 cells show
no direct effects on microglia [13]. In this study, we
identified astrocytes as one of the targets of Th17 effectors. We observed that during EAE, infiltration of Th17
cells alone was sufficient to induce astrogliosis in the
brain. Furthermore, we could demonstrate that factors
derived from Th1 and Th17 cells acted on astrocytes
and triggered a pro-inflammatory cytokine and chemokine response that assisted the recruitment of microglia
and transendothelial migration of Th17 cells.
The current knowledge on Th1 and Th17 cells in MS
pathogenesis has come mainly from EAE models where
individual antigen-specific Th1 and Th17 cells were
adoptively transferred into the mice. However, plasticity
associated with adoptively transferred T cells is a major
limitation in understanding the contributions of specific
effectors in driving the neuroinflammation [34–36]. Migration of effector Th1 and Th17 cells into the CNS is
assisted by a distinct set of chemokine receptors and
integrins. While the integrin VLA4 (α4β1) is indispensable for Th1 migration, Th17 cells most likely depend
on C-C chemokine receptor 6 (CCR6) and LFA-1 [28,
37]. Earlier work has shown that interfering with specific
integrins on CD4+ T lymphocytes can modulate CNS infiltration of Th1 and Th17 cells [28]. Conditional knockout of α4 integrin in CD4 T lymphocytes (α4−/−) causes
an atypical EAE in mice with predominant infiltration of
Th17 cells and not Th1 cells into the brainstem, cerebellum, and forebrain [28]. Assessment of glial reactions in
wild-type and α4−/− mice that were subjected to EAE
provided us the information of potential targets of Th17
cells in the CNS. Here, astrogliosis and microgliosis were
more pronounced in the lumbar spinal cord sections of
wild-type mice and less prominent in α4−/− mice. This
could be explained by the fact that infiltration of both

Prajeeth et al. Journal of Neuroinflammation (2017) 14:204

Page 11 of 14

Fig. 7 Transendothelial migration of activated Th1 or Th17 cells towards Th1- or Th17-treated astrocytes. Confluent monolayers of primary mouse
brain microvascular endothelial cells (BMECs) were cultured on the upper side of Transwell inserts. These inserts were incubated for 4 h with
astrocytes that were previously treated with medium and Th1 or Th17 supernatants. Following this, activated Th1 or Th17 cells were added to
respective inserts and migration of T cells through the endothelial layer was determined by flow cytometry. a The dot plots represent the
migration of Th1 cells (upper panel) and Th17 cells (lower panel) in response to medium (right) and Th1 (middle) and Th17 (left)
supernatant-treated astrocytes. The numbers in each plot represent the FACS counts of cells in the CD4+ gate following the acquisition of the
entire sample. Fold changes in migration of Th1 (b) and Th17 (c) cells in response to Th1- or Th17-treated astrocytes were calculated by
normalizing to the migration observed in response to medium-treated astrocytes. The results are representative of at least four independent
experiments: b n = 4 and c n = 5. All data are mean ± SEM with *p ≤ 0.05 and **p ≤ 0.01

Th1 and Th17 cells into the spinal cord is drastically impaired in α4−/− mice [28]. In contrast, marked infiltration of Th17 cells but not Th1 cells was detected in the
cerebellum and brainstem of α4−/− mice [28]. Analyzing the glial reaction of the cerebellum, we detected
comparable astrogliosis, whereas the density of microglia (Iba1+) was reduced and its phenotype was strikingly different in α4−/− mice despite pronounced
infiltrates of Th17 cells. These findings strongly suggest that Th17 cells and their effector molecules are
capable of activating astrocytes whereas microglia are
less responsive to these cells.
We further studied if effectors of Th1 and Th17 cells
had any direct influence on astrocyte activation. Astrocytes are an important source of neurotrophic factors,
and downregulating their expression can trigger

neurodegeneration [38]. Here, we observed that Th1derived factors significantly downregulated the expression of key neurotrophic factors like NGF, BDNF, and
CNTF in astrocytes. Similarly, expression of IGF-1, a
growth factor involved in the protection of neurons
against oxidative stress, is also downregulated, suggesting that effectors of Th1 cells trigger neurodegeneration
by suppressing the production of neurotrophic factor by
astrocytes. In contrast, Th17-derived factors had no influence on the expression of neurotrophic factors in
astrocytes.
Existing evidence suggests that IFN-γ and IL-17, the
key cytokines secreted by Th1 and Th17 cells, respectively, are capable of regulating astrocyte function [25,
39–41]. Both Th1- and Th17-derived factors acted on
astrocytes and induced a strong pro-inflammatory
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response where expression of IL-1β, IL-6, and NOS2
mRNA was upregulated by several folds. In addition, we
observed a nearly twofold reduction in the expression of
the anti-inflammatory factor IL-10 in astrocytes treated
with Th1 and Th17 supernatants. Therefore, we believe
that effector molecules secreted by Th1 and Th17 cells
suppress an anti-inflammatory response and trigger a
potent pro-inflammatory response in astrocytes. Although we have previously characterized Th1 and Th17
supernatants in terms of their cytokine profile [13], it is
not known which effector molecules were responsible
for driving astrocyte activation. It is noteworthy that
while IFN-γ remains the major effector of Th1 cells,
astrocyte activation is increased several folds when it is
combined with other factors such as TNF and GM-CSF
(see Additional file 3). IL-17 is the only major effector
detected in our Th17 supernatants along with little
amounts of TNF-α. Nevertheless, IL-17 alone had no
impact on astrocytes. Interestingly, IL-17 appears to
synergize with TNF-α, since we observed increased expression of IL-6 and CCL20 mRNA only when astrocytes were treated with a combination of these cytokines
(see Additional file 3). Few studies in the past have reported such synergy between IL-17 and TNF-α on other
cell types [42, 43].
We also observed that Th1-derived supernatants
largely enhanced the mRNA expression of CCL2,
CXCL10, and CXCL12, whereas CCL20 expression was
highly upregulated in astrocytes treated with Th17derived supernatants. This is an indication that effector
molecules of Th1 and Th17 cells induce a selective chemokine response by astrocytes. Chemokines and their
receptors act as amplifiers of neuroinflammation by
assisting recruitment of immune cells from the periphery and microglia to the inflammatory foci [44]. We have
previously shown that astrocytes are essential for recruitment of microglia for myelin clearance during
cuprizone-induced demyelination and remyelination
[21]. Similarly, we observed that astrocytes treated with
Th1- or Th17-derived supernatants enhanced microglial
migration towards astrocytes. Interestingly, only microglia that migrated towards Th1-treated astrocytes show
enhanced phagocytosis. Microglial phagocytosis can have
beneficial and detrimental effects in the CNS and can be
differentially regulated by several factors [45]. One such
factor, TNF-α is known to enhance the phagocytic activity of microglia [46] and we have observed that only astrocytes treated with Th1-derived supernatants show
enhanced expression of TNF-α.
CCL20 is constitutively expressed by the cells in the
choroid plexus and is considered to be the gateway for T
cells into the CNS [37, 47]. A few studies suggest that
CCR6, a receptor for CCL20, is expressed specifically on
Th17 and regulatory T cells and not on Th1 cells [37,
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48]. Our own experience suggests that CCR6 is also
expressed on Th1 cells [49]. Nonetheless, we hypothesized that Th1 and Th17 cells might activate astrocytes
and play a role in the recruitment of a second wave of
Th1 and Th17 cells. We first corroborated this hypothesis using an in vitro model where we tested transendothelial migration of activated Th1 and Th17 cells
towards astrocytes treated with Th1 and Th17 supernatants. Th1 cells crossed the endothelial barrier and were
not dependent on the activation of the astrocytes. However, increased transendothelial migration of Th17 cells
was observed only in response to astrocytes treated with
either Th1- or Th17-derived supernatants.
Previously, we and others have shown that ablation of
reactive astrocytes exacerbated clinical signs of EAE [12,
23]. In this model, we detected relatively lower expression of Rorc mRNA in the spinal cord of mice where astrocytes were depleted at the onset EAE, thus
supporting our above findings that astrocytes are crucial
for recruitment of Th17 cells into the CNS. Although
we observe reduced Th17 signal and more severe EAE
in the absence of reactive astrocytes, it must be remembered that astrocytes are active components of the BBB
where they form the glia limitans and control the trafficking of all cells through the BBB. Compromising the
BBB by depleting astrocytes leads to excess of myeloid
infiltrates into the CNS, thus triggering severe neuroinflammation, and this would override the effects mediated
by Th1 or Th17 cells in this model.

Conclusion
Here, we present evidence that the effectors of Th1 and
Th17 cells have distinct effects on different glial cell
types. We have previously shown that only Th1-derived
effectors influenced the phenotype and function of
microglia whereas Th17 cells had no direct effects [13].
The data from the current study show that astrocytes
are potential targets of Th17 cells in the CNS and effector molecules of both Th1 and Th17 cells had direct
influence on the phenotype and function of astrocytes.
From our data, we believe that Th1 cells act via both
microglia and astrocytes, amplify the inflammatory response, inhibit the production of essential neurotrophic
factors, and enhance the recruitment of microglia and
Th17 cells by upregulation of essential chemokines. In
contrast, Th17 cells only act on astrocytes and impart a
pro-inflammatory phenotype to astrocytes. We believe
that this ability of Th17-derived factors to act on astrocytes and not on microglia might be due to the difference in the expression of receptors or signaling
molecules required for sensing Th17-derived effector
molecules. An indirect evidence for this speculation
comes from the work of Kang et al. who demonstrated
that ablation of IL-17-induced Act1 signaling on

Prajeeth et al. Journal of Neuroinflammation (2017) 14:204

astrocytes ameliorates EAE, whereas ablation of this signaling molecule in microglia or macrophages has no influence on the course of EAE [10]. Our results
demonstrate the delicate interaction between T cell subsets and glial cells and how they communicate to mediate their effects.
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Additional file 1: TaqMan probes used for RT-PCR analysis. (DOCX 11 kb)
Additional file 2: Clinical course of WT and α4−/− mice. EAE severity
was monitored in WT and α4−/− mice following immunization with
MOG35–55 in CFA. WT mice showed the signs of classical EAE whereas α4
−/−
mice had an ataxic EAE syndrome. Data is represented as mean
clinical score + SEM (n = 6). (TIFF 419 kb)
Additional file 3: Astrocyte response to effector cytokines. Astrocytes
treated with recombinant cytokines for 16 h and RT-PCR analysis was
performed to assess astrocyte activation. All data are mean ± SEM (n = 4)
with *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (TIFF 819 kb)
Additional file 4: ELISA of astrocyte culture supernatants. Concentration
of CCL2, CCL20, and IL-6 was measured in the culture supernatants of
astrocytes cultured in medium, Th1 and Th17 supernatants. Since we did
not remove T cells factors, to exclude any background resulting from T
cells, supernatants used in these experiments to stimulate astrocytes were
also tested for these factors. CCL2 and IL-6 was not detected in T cell
supernatants whereas little amount of CCL20 was detected in Th17
supernatants. Actual concentration of CCL20 released by astrocytes was
calculated by subtracting the concentrations obtained for Th17
supernatants. The results are mean ± SEM (n = 4) with *p ≤ 0.05 and
**p ≤ 0.01. (TIFF 216 kb)
Additional file 5: Inhibition of reactive astrocytosis affects Th17
infiltration into the CNS. Expression of Rorc mRNA was measured in the
spinal cord of wild-type (WT) or GFAP TK (Tg) mice with established EAE
where at day 7 following onset of clinical symptoms the mice were either
challenge with PBS (controls) or ganciclovir (GCV) to deplete astrocytes.
The basal expression was adjusted to WT-PBS controls and fold changes
in Rorc mRNA expression was determined for the other groups. Each
point represents data from one mouse. Here we used Mann-Whitney test.
(TIFF 276 kb)
Abbreviations
BBB: Blood-brain barrier; BDNF: Brain-derived neurotrophic factor; BMEC: Brain
microvascular endothelial cell; CCL: C-C chemokine ligand; CCR: C-C
chemokine receptor; CNS: Central nervous system; CNTF: Ciliary neurotrophic
factor; CXCL: C-X-C chemokine ligand; EAE: Experimental autoimmune
encephalomyelitis; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase;
GDNF: Glial cell line-derived neurotrophic factor; GFAP: Glial fibrillary acidic
protein; GM-CSF: Granulocyte macrophage colony-stimulating factor;
HPRT: Hypoxanthine phosphoribosyltransferase; IFN: Interferon; IGF: Insulinlike growth factor; IL: Interleukin; IP: Intraperitoneal; MFI: Mean fluorescence
intensity; MHC: Major histocompatibility class; mRNA: Messenger ribonucleic
acid; MS: Multiple sclerosis; NGF: Nerve growth factor; NOS2: Nitric oxide
synthase 2; RNA: Ribonucleic acid; RORC: Retinoic acid orphan receptor C; RTPCR: Reverse transcription polymerase chain reaction; TK: Thymidine kinase;
TNF: Tumor necrosis factor
Acknowledgements
We thank the sorting facility at the Hannover Medical School for their assistance.
We also thank Sabine Lang and Ilona Cierpka-Leja for their technical assistance.
Funding
This study was supported by grants from the Deutsche
Forschungsgemeinschaft (STA 518/3-1 to M.S., HU 1300/3-1 to J.H., TR128/A7
to T.K., SFB1054/B6 to T.K.), ERC-CoG to T.K., and the Niedersachsen-Research
Network on Neuroinfectiology (N-RENNT) of the Ministry of Science and Culture of Lower Saxony to M.S.

Page 13 of 14

Availability of data and materials
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
Authors’ contributions
CKP and MS conceived the experiments. CKP, JK, and VG performed the in
vitro experiments. SF and JH established the Th1 and Th17 cultures and
generated the supernatants. RK, HT-H, and TO helped with the EAE experiments in astrocyte-depleted mice. BK and TK performed the EAE experiments
in α4-deficient mice. CKP performed the immunofluoresence. CKP and MS
wrote the manuscript. All authors read and approved the final manuscript.
Ethics approval
EAE experiments were approved by the standing committee for
experimentation with laboratory animals of the Bavarian state authorities (Az
55.2-1-54-2531-88-08 and 55.2-1-54-2532-29-13) and the Danish Ethical
Animal Care Committee. All other research and animal care procedures were
approved by the review board of the care for animals subjects of the district
government (Lower Saxony, Germany).
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
Clinical Neuroimmunology and Neurochemistry, Department of Neurology,
Hannover Medical School, Carl-Neuberg-Str. 1, 30625 Hannover, Germany.
2
Department of Neurobiology Research, Institute of Molecular Medicine,
University of Southern Denmark, Odense, Denmark. 3Hans Christian Andersen
Children’s Hospital, Odense University Hospital, Odense, Denmark.
4
Department of Clinical Immunology, Odense University Hospital, Odense,
Denmark. 5Experimental Immunology, Helmholtz Centre for Infection
Research, Inhoffenstr. 7, 38124 Braunschweig, Germany. 6Center of Systems
Neuroscience, Hannover, Germany. 7Department of Neurology, Klinikum
rechts der Isar, Technische Universität München, Ismaninger Str. 22, 81675
Munich, Germany. 8Munich Cluster for Systems Neurology (SyNergy), Munich,
Germany.
Received: 12 May 2017 Accepted: 6 October 2017

References
1. Arima Y, Kamimura D, Sabharwal L, Yamada M, Bando H, Ogura H, Atsumi T,
Murakami M. Regulation of immune cell infiltration into the CNS by regional
neural inputs explained by the gate theory. Mediat Inflamm. 2013;2013:1-8.
2. Fletcher JM, Lalor SJ, Sweeney CM, Tubridy N, Mills KHG. T cells in multiple
sclerosis and experimental autoimmune encephalomyelitis. Clin Exp
Immunol. 2010;162:1–11.
3. Goverman J. Autoimmune T cell responses in the central nervous system.
Nat Rev Immunol. 2009;9:393–407.
4. Pierson E, Simmons SB, Castelli L, Goverman JM. Mechanisms regulating
regional localization of inflammation during CNS autoimmunity. Immunol
Rev. 2012;248:205–15.
5. Domingues HS, Mues M, Lassmann H, Wekerle H, Krishnamoorthy G.
Functional and pathogenic differences of Th1 and Th17 cells in
experimental autoimmune encephalomyelitis. PLoS One. 2010;5:e15531.
6. Gocke AR, Cravens PD, Ben LH, Hussain RZ, Northrop SC, Racke MK, LovettRacke AE. T-bet regulates the fate of Th1 and Th17 lymphocytes in
autoimmunity. J Immunol. 2007;178:1341–8.
7. Lee Y, Awasthi A, Yosef N, Quintana FJ, Xiao S, Peters A, Wu C,
Kleinewietfeld M, Kunder S, Hafler DA, et al. Induction and molecular
signature of pathogenic TH17 cells. Nat Immunol. 2012;13:991–9.
8. Yang Y, Weiner J, Liu Y, Smith AJ, Huss DJ, Winger R, Peng H, Cravens PD,
Racke MK, Lovett-Racke AE. T-bet is essential for encephalitogenicity of both
Th1 and Th17 cells. J Exp Med. 2009;206:1549–64.

Prajeeth et al. Journal of Neuroinflammation (2017) 14:204

9.
10.

11.
12.

13.

14.
15.

16.
17.
18.
19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Goldmann T, Prinz M. Role of microglia in CNS autoimmunity. Clin Dev
Immunol. 2013;2013:208093.
Kang ZZ, Altuntas CZ, Gulen MF, Liu CN, Giltiay N, Qin HW, Liu LP, Qian W,
Ransohoff RM, Bergmann C, et al. Astrocyte-restricted ablation of
interleukin-17-induced Act1-mediated signaling ameliorates autoimmune
encephalomyelitis. Immunity. 2010;32:414–25.
Tambuyzer BR, Ponsaerts P, Nouwen EJ. Microglia: gatekeepers of central
nervous system immunology. J Leukoc Biol. 2009;85:352–70.
Toft-Hansen H, Fuchtbauer L, Owens T. Inhibition of reactive astrocytosis in
established experimental autoimmune encephalomyelitis favors infiltration by
myeloid cells over T cells and enhances severity of disease. Glia. 2011;59:166–76.
Prajeeth CK, Lohr K, Floess S, Zimmermann J, Ulrich R, Gudi V, Beineke A,
Baumgartner W, Muller M, Huehn J, Stangel M. Effector molecules released
by Th1 but not Th17 cells drive an M1 response in microglia. Brain Behav
Immun. 2014;37:248–59.
Iadecola C, Nedergaard M. Glial regulation of the cerebral microvasculature.
Nat Neurosci. 2007;10:1369–76.
Argaw AT, Asp L, Zhang J, Navrazhina K, Pham T, Mariani JN, Mahase S, Dutta
DJ, Seto J, Kramer EG, et al. Astrocyte-derived VEGF-A drives blood-brain barrier
disruption in CNS inflammatory disease. J Clin Invest. 2012;122:2454–68.
Wilson EH, Weninger W, Hunter CA. Trafficking of immune cells in the
central nervous system. J Clin Invest. 2010;120:1368–79.
Dong Y, Benveniste EN. Immune function of astrocytes. Glia. 2001;36:180–90.
Farina C, Aloisi F, Meinl E. Astrocytes are active players in cerebral innate
immunity. Trends Immunol. 2007;28:138–45.
Rothhammer V, Quintana FJ. Control of autoimmune CNS inflammation by
astrocytes. Semin Immunopathol. 2015;37:625–38.
Brambilla R, Morton PD, Ashbaugh JJ, Karmally S, Lambertsen KL, Bethea JR.
Astrocytes play a key role in EAE pathophysiology by orchestrating in the
CNS the inflammatory response of resident and peripheral immune cells
and by suppressing remyelination. Glia. 2014;62:452–67.
Skripuletz T, Hackstette D, Bauer K, Gudi V, Pul R, Voss E, Berger K, Kipp M,
Baumgartner W, Stangel M. Astrocytes regulate myelin clearance through
recruitment of microglia during cuprizone-induced demyelination. Brain.
2013;136:147–67.
Yan YP, Ding XL, Li K, Ciric B, Wu S, Xu H, Gran B, Rostami A, Zhang GX.
CNS-specific therapy for ongoing EAE by silencing IL-17 pathway in
astrocytes. Mol Ther. 2012;20:1338–48.
Voskuhl RR, Peterson RS, Song B, Ao Y, Morales LB, Tiwari-Woodruff S,
Sofroniew MV. Reactive astrocytes form scar-like perivascular barriers to
leukocytes during adaptive immune inflammation of the CNS. J Neurosci.
2009;29:11511–22.
Cornet A, Bettelli E, Oukka M, Cambouris C, Avellana-Adalid V,
Kosmatopoulos K, Liblau RS. Role of astrocytes in antigen presentation and
naive T-cell activation. J Neuroimmunol. 2000;106:69–77.
Yang JF, Tao HQ, Liu YM, Zhan XX, Liu Y, Wang XY, Wang JH, LL M, Yang LL, Gao
ZM, et al. Characterization of the interaction between astrocytes and
encephalitogenic lymphocytes during the development of experimental
autoimmune encephalitomyelitis (EAE) in mice. Clin Exp Immunol. 2012;170:254–65.
Vardjan N, Gabrijel M, Potokar M, Svajger U, Kreft M, Jeras M, de Pablo Y,
Faiz M, Pekny M, Zorec R. IFN-gamma-induced increase in the mobility of
MHC class II compartments in astrocytes depends on intermediate
filaments. J Neuroinflammation. 2012;9:144.
Scott LM, Priestley GV, Papayannopoulou T. Deletion of alpha4 integrins
from adult hematopoietic cells reveals roles in homeostasis, regeneration,
and homing. Mol Cell Biol. 2003;23:9349–60.
Rothhammer V, Heink S, Petermann F, Srivastava R, Claussen MC, Hemmer B,
Korn T. Th17 lymphocytes traffic to the central nervous system independently
of alpha4 integrin expression during EAE. J Exp Med. 2011;208:2465–76.
Nicklas W, Baneux P, Boot R, Decelle T, Deeny AA, Fumanelli M, Illgen-Wilcke B,
Monitoring FWGH. Recommendations for the health monitoring of rodent and
rabbit colonies in breeding and experimental units. Lab Anim. 2002;36:20–42.
Guyenet SJ, Furrer SA, Damian VM, Baughan TD, La Spada AR, Garden GA. A
simple composite phenotype scoring system for evaluating mouse models
of cerebellar ataxia. J Vis Exp. 2010;
Korn T, Reddy J, Gao W, Bettelli E, Awasthi A, Petersen TR, Backstrom BT,
Sobel RA, Wucherpfennig KW, Strom TB, et al. Myelin-specific regulatory T
cells accumulate in the CNS but fail to control autoimmune inflammation.
Nat Med. 2007;13:423–31.
Pul R, Chittappen KP, Stangel M. Quantification of microglial phagocytosis
by a flow cytometer-based assay. Methods Mol Biol. 2013;1041:121–7.

Page 14 of 14

33. Eberl G, Marmon S, Sunshine MJ, Rennert PD, Choi YW, Littman DR. An
essential function for the nuclear receptor ROR gamma t in the generation
of fetal lymphoid tissue inducer cells. Nat Immunol. 2004;5:64–73.
34. Bending D, De La Pena H, Veldhoen M, Phillips JM, Uyttenhove C,
Stockinger B, Cooke A. Highly purified Th17 cells from BDC2.5NOD mice
convert into Th1-like cells in NOD/SCID recipient mice. J Clin Investig. 2009;
119:565–72.
35. Lee YK, Turner H, Maynard CL, Oliver JR, Chen D, Elson CO, Weaver CT. Late
developmental plasticity in the T helper 17 lineage. Immunity. 2009;30:92–107.
36. Shi GP, Cox CA, Vistica BP, Tan CY, Wawrousek EF, Gery I. Phenotype
switching by inflammation-inducing polarized Th17 cells, but not by Th1
cells. J Immunol. 2008;181:7205–13.
37. Reboldi A, Coisne C, Baumjohann D, Benvenuto F, Bottinelli D, Lira S, Uccelli
A, Lanzavecchia A, Engelhardt B, Sallusto F. C-C chemokine receptor 6regulated entry of TH-17 cells into the CNS through the choroid plexus is
required for the initiation of EAE. Nat Immunol. 2009;10:514–23.
38. Lee J, Fukumoto H, Orne J, Klucken J, Raju S, Vanderburg CR, Irizarry MC,
Hyman BT, Ingelsson M. Decreased levels of BDNF protein in Alzheimer
temporal cortex are independent of BDNF polymorphisms. Exp Neurol.
2005;194:91–6.
39. Savarin C, Hinton DR, Valentin-Torres A, Chen Z, Trapp BD, Bergmann CC,
Stohlman SA. Astrocyte response to IFN-gamma limits IL-6-mediated
microglia activation and progressive autoimmune encephalomyelitis. J
Neuroinflammation. 2015;12:79.
40. Yi H, Bai Y, Zhu X, Lin L, Zhao L, Wu X, Buch S, Wang L, Chao J, Yao H. IL17A induces MIP-1alpha expression in primary astrocytes via Src/MAPK/
PI3K/NF-kB pathways: implications for multiple sclerosis. J NeuroImmune
Pharmacol. 2014;9:629–41.
41. Ma X, Reynolds SL, Baker BJ, Li X, Benveniste EN, Qin H. IL-17 enhancement
of the IL-6 signaling cascade in astrocytes. J Immunol. 2010;184:4898–906.
42. Iyoda M, Shibata T, Kawaguchi M, Hizawa N, Yamaoka T, Kokubu F, Akizawa
T. IL-17A and IL-17F stimulate chemokines via MAPK pathways (ERK1/2 and
p38 but not JNK) in mouse cultured mesangial cells: synergy with TNFalpha and IL-1beta. Am J Physiol Renal Physiol. 2010;298:F779–87.
43. Wang CQ, Akalu YT, Suarez-Farinas M, Gonzalez J, Mitsui H, Lowes MA,
Orlow SJ, Manga P, Krueger JG. IL-17 and TNF synergistically modulate
cytokine expression while suppressing melanogenesis: potential relevance
to psoriasis. J Invest Dermatol. 2013;133:2741–52.
44. Le Thuc O, Blondeau N, Nahon JL, Rovere C. The complex contribution of
chemokines to neuroinflammation: switching from beneficial to detrimental
effects. Ann N Y Acad Sci. 2015;1351:127–40.
45. Sierra A, Abiega O, Shahraz A, Neumann H. Janus-faced microglia: beneficial
and detrimental consequences of microglial phagocytosis. Front Cell
Neurosci. 2013;7:6.
46. Neniskyte U, Vilalta A, Brown GC. Tumour necrosis factor alpha-induced neuronal
loss is mediated by microglial phagocytosis. FEBS Lett. 2014;588:2952–6.
47. Axtell RC, Steinman L. Gaining entry to an uninflamed brain. Nat Immunol.
2009;10:453–5.
48. Paulissen SM, van Hamburg JP, Dankers W, Lubberts E. The role and
modulation of CCR6+ Th17 cell populations in rheumatoid arthritis.
Cytokine. 2015;74:43–53.
49. Mony JT, Khorooshi R, Owens T. Chemokine receptor expression by
inflammatory T cells in EAE. Front Cell Neurosci. 2014;8:187.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

