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Background: Galectins are increased in astrocytes of patients with multiple sclerosis.
Results: TNF up-regulates galectin-9 in primary astrocytes via the TNFR1/JNK/c-Jun pathway and can induce apoptosis of

encephalitogenic T-cells.

Conclusion: Astrocytes up-regulate galectin-9 in response to the proinflammatory cytokine TNF.
Significance: Astrocyte-derived galectin-9 may function to restrict encephalitogenic T-cell-mediated inflammation in the CNS.

Demyelination and axonal damage in multiple sclerosis (MS)
are thought to be a consequence of inflammatory processes that
are perpetuated by activated glia and infiltrating leukocytes.
Galectin-9 is a B-galactoside binding lectin capable of modulat-
ing immune responses and appears to be up-regulated in MS.
However, its role in the pathogenesis of MS has yet to be deter-
mined. Here, we report that proinflammatory cytokines induce
galectin-9 (Gal-9) expression in primary astrocytes and the
mechanism by which TNF up-regulates Gal-9. Astrocytes did
not express Gal-9 under basal conditions nor did IL-6, IL-10, or
IL-13 trigger Gal-9 expression. In contrast, IL-1f3, IFN-v, and
particularly TNF up-regulated Gal-9 in astrocytes. TNF-in-
duced Gal-9 expression was dependent on TNF receptor 1
(TNFR1) as TNF failed to induce Gal-9 in TNFR1™/~ astrocytes.
Blockade of the JNK MAP kinase pathway with the JNK inhibi-
tor SP600125 abrogated TNF-induced Gal-9, whereas p38 and
MEK inhibitors had minimal effects. Furthermore, specific
knockdown of c-Jun via siRNA in astrocytes before TNF treat-
ment greatly suppressed Gal-9 transcription, suggesting that
TNF induces astroglial Gal-9 through the TNF/TNFR1/JNK/
cJun signaling pathway. Finally, utilizing astrocytes from Lgals9
mutant (Gal-97/7) mice as well as a myelin basic protein-spe-
cific Tim-3" encephalitogenic T-cell clone (LCN-8), we found
that conditioned medium from TNF-stimulated Gal-9*'* but
not Gal-97/~ astrocytes increased the percentage of apoptotic
encephalitogenic T-cells. Together, our results suggest that
Gal-9isinduced in astrocytes by TNF via the JNK/c-Jun pathway
and that astrocyte-derived Gal-9 may function as an immuno-
regulatory protein in response to ongoing neuroinflammation.
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Multiple sclerosis (MS)? is a central nervous system (CNS)
disease that is typified by both demyelination and the progres-
sive decline and eventual loss of neuronal function. Although
the initial cause(s) of MS is not yet known, histopathological
examination indicates that the symptoms of MS are induced
and perpetuated by an aberrant inflammatory reaction that
most likely includes the activation of resident glia as well as the
infiltration of lymphocytes into the parenchyma from the cir-
culation (1). Although leukocyte infiltration into the CNS as the
initiating pathological event in MS lesion formation has been
debated (2, 3), the involvement of lymphocytes in the pathogen-
esis of MS is nearly indisputable, especially when considering
the effectiveness of immunomodulatory therapies, such as
natalizumab (4 — 6) and rituximab (7, 8) which limit lymphocyte
function and/or trafficking to the CNS.

Astrocytes are the predominant cells in the CNS and are
activated in many neurological disorders (9) including MS. As a
potent source of immunologically relevant cytokines and
chemokines, they play a critical role in modulating CNS
immune and inflammatory responses. However, how astro-
cytes communicate with microglia, the resident macrophages
in the CNS, as well as infiltrating lymphocytes including T-cells
remains incompletely understood.

Galectin-9 (Gal-9) is a B-galactoside binding lectin (10) capa-
ble of influencing both innate and adaptive immunity in part by
signaling through receptor Tim-3 present on activated Th1 and
Th17 cells, dendritic cells, neutrophils, and microglia (11-13).
The involvement of Gal-9 in modulating the neuroinflamma-
tory events in MS are supported by several lines of evidence.
First, Gal-9 expression is increased in MS lesions (13, 14). Sec-
ond, the Gal-9 receptor, Tim-3, is dysregulated on T-cells iso-
lated from the circulation of MS patients, thereby rendering the
T-cells less susceptible to the immunoregulatory outcomes
after Gal-9 ligation (15). Third, MS patients receiving either
IEN-B or glatiramer acetate treatment display partial restora-

2 The abbreviations used are: MS, multiple sclerosis; Gal-9, Galectin-9; TNFR1,
TNF-a receptor 1; EAE, encephalomyelitis; MBP, myelin basic protein; NS,
nonspecific; Th1, T-helper 1; EGFP, enhanced GFP; GFAP, glial fibrillary
acidic protein.

VOLUME 288+NUMBER 33-AUGUST 16,2013



tion of Tim-3 function, strongly suggesting that the Tim-3/
Gal-9 pathway is a potential target for therapeutic intervention
in MS (15). Finally, treatment of mice with a Tim-3-specific
antibody before induction of experimental autoimmune
encephalomyelitis (EAE), an animal model of MS, results in
exacerbated disease as characterized by increased clinical
symptoms and neuroinflammation (12). Interestingly, the acti-
vation of this pathway in monocytes, dendritic cells, and likely
microglial cells, potentiates innate immune responses (13) and
thus may potentially modulate CNS inflammation. However,
the mechanism underlying Gal-9 up-regulation in the CNS and
the consequences of its up-regulation remain elusive.

In this study we identified the molecular mechanism by
which Gal-9 is up-regulated in primary astrocytes. We found
that Gal-9 was up-regulated in astrocytes after stimulation with
the proinflammatory cytokines IL-18, IFN-v, and particularly
TNF but not with anti-inflammatory cytokines IL-6, [L-10, and
IL-13. TNF-induced up-regulation of Gal-9 was mediated
through the activation of TNFR1, JNK, and c-Jun. Conditioned
media from TNF-stimulated Gal-9"/* but not Gal-9~ /™ astro-
cytes promoted apoptosis of encephalitogenic T-cells in vitro.
Together, our data reveal a potentially important role for astro-
cytes in negatively regulating T-cell responses and concurrently
implicate a mechanism by which Gal-9 may contribute to the
resolution of adaptive immunity within the CNS.

EXPERIMENTAL PROCEDURES

Mice and Rats—Primary cells (mono-, co-, and mixed glial
cultures) were isolated from P1-2 Sprague-Dawley rat pups
(Harlan, Houston TX). Mouse cells (mono- and co-cultures)
were isolated from wild type (C57BL/6]) or TNFR1 /"~ mice
(The Jackson Laboratory, Bar Harbor, ME). Lgals9 mutant
(Gal-9~ /) mice were obtained from the Consortium for Func-
tional Glycomics and had been backcrossed four times to
C57BL/6 background. The Gal-9 EGFP mice (Lgals9-EGFP)
JF66Gsat/Mmucd strain) were reconstituted from MMRRC.
Splenocytes were isolated from SJL mice (Harlan). All animals
were housed under constant 12-h light/dark cycles in covered
cages and fed with a standard rodent diet ad libitum. The
experimental procedures described herein were approved by
the Institutional Animal Care and Use Committee and were
performed in accordance with guidelines of the National Insti-
tutes of Health.

Cell Cultures—Astrocytes, microglia, oligodendrocytes, and
mixed glia were prepared by the differential shaking method as
described previously (16, 17). In brief, forebrains of 1-2-day-
old Sprague-Dawley rats or mice were aseptically dissected.
After removal of meninges the brains were minced then incu-
bated at 37 °C for 15 min in Hanks’ balanced salt solution con-
taining DNase I (10 ug/ml) and trypsin (0.01%). The cells were
washed twice with Dulbecco’s modified Eagle’s medium con-
taining 10% heat-inactivated fetal bovine serum (FBS) and 1%
penicillin-streptomycin (D10S) and then filtered through a
70-um sieve. Cells were plated onto poly-p-lysine-coated T75
flasks or 24-well plates and grown for 7-10 days with media
changed every other day. Subsequently, flasks were placed on a
rotary shaker, and microglia were isolated after shaking at 200
rpm for 1 h. After the removal of microglia the flasks were
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shaken again overnight to separate oligodendrocytes from the
astrocyte layer. Oligodendrocytes were enriched from residual
microglia by pre-plating the cell suspension onto Petri dishes
and cultured with serum-free Basal Defined Medium (DMEM
containing 0.1% bovine serum albumin, 50 ug/ml human apo-
transferrin, 5 wg/mlinsulin, 30 nM sodium selenite, 10 nm D-bi-
otin, and 10 nm hydrocortisone) supplemented with 10 ng/ml
FGEF-basic and 10 ng/ml PDGF-AA (PeproTech). Astrocytes
were further enriched by subculturing 1-2 times and contained
less than 2 and 9% contaminating microglia for rat and mouse
cultures, respectively.

Neurons were isolated from embryonic day 16 rat brains as
described previously (18). Briefly, meninges were removed
from fetal forebrains, and the tissue was digested with papain
(20 unit/ml) in Hanks” balanced salt solution containing 1%
penicillin-streptomycin, 10 mm HEPES, 0.8 mg/ml L-cysteine,
pH 7.4, for 6 min at 37 °C. After washing, cell suspension was
passed through a 70-um sieve and plated at a density of 1.2 X
10° cells per cm? in NBB27 medium (Neurobasal medium with
2% B27, 1 mm glutamine, and 1% penicillin/streptomycin) con-
taining 25 uM glutamic acid. On day in vitro 4, the medium was
changed to NBB27 without glutamic acid. For highly enriched
neurons, mitotic inhibitor 5-fluorodeoxyuridine (10 um) was
added at day in vitro 2 to inhibit glial cell proliferation. Two
days later the medium was changed back to NBB27. The neuron
cultures underwent a total of 3 cycles of 5-fluorodeoxyuridine
treatment and were cultured in NBB27 medium for 2—-3 weeks.
The purity of our primary cultures was characterized previ-
ously (16, 19, 20) and assessed again from two independent
experiments in this study by immunohistochemistry using anti-
bodies specific for astrocytes (GFAP), microglia (Iba-1), oligo-
dendrocytes (O4), and neurons (MAP2) and DAPI counter-
stain. Astrocyte cultures were greater than 94% GFAP™,
oligodendrocytes were greater than 92% O4", and microglia
cultures were greater than 95% Iba-1". Because of the 5-fluo-
rodeoxyuridine treatment to kill mitotic glial cells, the neuron
cultures contained much DAPI+ debris. None of nuclei debris
was positive for Iba-1 or O4. The only contaminating live cells
found in the neuronal cultures were a few type II astrocytes,
and the neuron cultures were consistently greater than 90%
MAP2™".

Encephalitogenic T-cell Clone—LNC-8 cells are a myelin
basic protein (MBP)-specific T-cell clone that was derived from
the popliteal lymph nodes of an SJL mouse immunized with
porcine MBP and capable of inducing EAE upon passive trans-
fer (22). LNC-8 cells were cultured in RPMI 1640 medium con-
taining 10% FBS, 4 mm L-glutamine, and 1 mMm sodium pyruvate,
50 uMm B-mercaptoethanol, and 1% penicillin and streptomycin.
Upon thawing, cells were fed 20 units/ml IL-2 (eBioscience, San
Diego, CA). After 5 days of culture, irradiated syngeneic feeder
cells were added, and cells were stimulated with bovine MBP
(20 ug/ml; Sigma) and IL-2 (20 units/ml; eBioscience). Cells
were subsequently given IL-2 once per week and stimulated
with antigen and feeders biweekly.

Cytokine Stimulation and Cell Viability Assay—For tran-
scriptional analysis, astrocytes were stimulated with increasing
concentrations of species-specific recombinant TNF, IL-1p,
IEN-v, IL-6, IL-10, or IL-13 (R&D Systems, Minneapolis, MN)
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for 7 h at 37 °C. Where indicated, cell viability after cytokine
stimulation was determined by measuring lactate dehydrogen-
ase activity from culture supernatants according to the manu-
facturer’s instructions (Roche Applied Science).

Oxygen Glucose Deprivation—Mixed glial cultures were
washed three times with Basal Defined Medium media devoid
of glucose, placed in a hypoxia chamber (Billups-Rothenberg,
Del Mar, CA), and subjected to hypoxic conditions (95% N, and
5% CO,) for 2 h at 37 °C. Sister cultures in the normoxia group
were washed with normal Basal Defined Medium medium.
After 2 h cells from both conditions were either left untreated
or were stimulated with LPS (1.0 ug/ml; O111:B4, Sigma) for at
least 12 h. Supernatants were sampled and stored at —80 °C
until TNF levels could be determined by ELISA. RNA was iso-
lated to examine Gal-9 expression determined by RT-PCR.

RNA Extraction and RT-PCR—RNA extraction and RT-PCR
was conducted as described previously (17) with slight modifi-
cations. In brief, RNA was extracted using Qiagen RNeasy kits
(Qiagen; Valencia, CA); contaminating DNA was removed by
digestion with DNase I, and RNA was reverse-transcribed using
a Promega AMV kit according to the manufacturer’s instruc-
tions (Promega, Madison, WI). To ensure no residual DNA was
present, samples that were reverse-transcribed in the absence
of reverse transcriptase were then tested for amplification.
Galectin-9 was amplified from 100 ng of cDNA using the fol-
lowing primers: rat Gal-9, forward (GGCATACCCCAC-
CCCAGCCT) and reverse (CAGGCAGGCTTCGCTCCTCG);
mouse Gal-9 forward (GCAGAACGGACAGTGGGGGC) and
reverse (GCAGCCGGAGACAGCGATGG); B-actin, forward
(AGACTTCGAGCAGGAGATGQG) and reverse (CCATCAT-
GAAGTGTGACGTTG). For quantitative PCR, 40 ng of cDNA
per reaction was amplified using SYBR Green according to the
manufacturer’s instructions using a 7500 Real-Time PCR Sys-
tem (Applied Biosystems, Carlsbad, CA). All samples were run
in duplicate or triplicate. Gene expression was normalized to
B-actin, and -fold expression was calculated using the formula
0 —AACE

Western Blot—The activation of p38 MAPK, ERK1/2, and
JNK pathways after cell treatments was determined by Western
blot. Briefly, cells were lysed on ice in lysis buffer (1% Triton
X-100, 20 mm Tris, pH 7.5, 150 mm NaCl, 1 mm EDTA, 1 mm
EGTA, 10 mm Na,P,0,, 10 mm NaF, 1 mm Na;VO, 1 mm
PMSEF, proteinase inhibitor mixture I (Roche Applied Science),
and sonicated. Cellular debris was removed by centrifugation at
12,000 X g for 15 min at 4 °C, and protein concentration of the
cell lysates was determined by the Bradford assay. Total protein
(30 png) was separated on 10% polyacrylamide gels by SDS-
PAGE, transferred to PVDF membranes, blocked with TBST
(50 mm Tris-HCI, pH 7.4, 150 mMm NaCl, 0.1% Tween 20) con-
taining 5% nonfat dry milk, and probed with antibodies against
P-p38 MAPK (rabbit, dilution 1/1000), p38 MAPK (rabbit,
1/1000), P-ERK1/2 (rabbit, 1/2000), ERK1/2 (rabbit; 1/1000),
P-JNK (rabbit, 1/1000), JNK (rabbit, 1/1000), P-c-Jun (rabbit,
1/1000), c-Jun (rabbit, 1/1000; all from Cell Signaling Technol-
ogy, Danvers, MA) or anti-3-actin (mouse 1/8000; Sigma) over-
night at 4 °C. Galectin-9 expression was also determined by
Western blot. Tissue samples isolated from Gal-9-EGFP, Gal-
9%/ Gal-9"'~, or Gal-9~/~ mice were homogenized on ice in
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1 ml of lysis buffer. After sonication, the cellular debris was
removed by centrifugation, and total protein was quantitated
and separated as above. After transfer, the PVDF membranes
were blocked with TBST containing 5% horse serum, and galec-
tin-9 expression was determined by probing with anti-GFP
(chicken, 1/1000, Invitrogen) or anti-Gal-9 (goat, 1/1000, R&D
Systems) overnight at 4 °C. After washing, membranes were
incubated for 1 h with HRP-conjugated secondary antibodies
and visualized by chemiluminescence using the West Pico ECL
reagent (Thermo Scientific, Rockford, IL). Western blot images
were acquired with a Bio-Rad Chemidoc XRS gel documenta-
tion system and quantified with Quantity One software.
Small Interfering RNA— Astrocytes were seeded into poly-D-
lysine-coated 6-well plates at a density of 2 X 10° per well. After
reaching 60% confluency, the culture media (D10S) was
changed to one devoid of antibiotics. The following day astro-
cytes were transfected with a nonspecific (NS) siRNA control
(20 nM; Ambion; catalog no. 4390843) or target-specific siRNAs
(c-Jun, 20 nM; sense (GGCACAGCUUAAACAGAAALt) and
antisense (UUUCUGUUUAAGCUGUGCCac); p38 MAPK, 20
nM sense (GGACCUCCUUAUAGACGAALtt) and antisense
(UUCGUCUAUAAGGAGGUCCct); Ambion, Austin, TX)
using Lipofectamine 2000 in Opti-MEM medium according to
the manufacturer’s instructions (Invitrogen). After incubating
for 6 h at 37 °C, the medium was changed to normal growth
medium (D10S), and the cells were cultured for an additional
48 h. The astrocytes were then treated with or without TNF
(0-50 ng/ml) for 7 h and total RNA extracted to examine Gal-9
expression as described above. Sister cultures were treated in
parallel and subjected to Western blot analysis to determine the
efficiency of siRNA knockdown of specific targets.
ELISA—Levels of secreted IFN-vy, TNF, and IL-18 from
supernatants were determined using species-specific ELISA
kits according to the manufacturer’s instructions (eBioscience).
Astrocyte-conditioned Media and T-cell Co-culture Experiments—
Mouse astrocytes were obtained from various genotypes and
plated into poly-p-lysine coated 6-well plates at a density of
5.0 X 10° cells per well. After reaching 80% confluency, the
astrocytes were treated with or without recombinant mouse
TNF (100 ng/ml) for 24 h in a total volume of 700 ul. TNF in
empty wells containing only 700 ul of medium served as TNF
alone controls. After the treatment the conditioned media were
immediately transferred to an empty 24-well plate, and 0.5—
1.0 X 10° LCN-8 T-cells were then added to each well contain-
ing either TNF alone or the astrocyte-conditioned medium.
T-cell apoptosis was determined 72 h later by flow cytometry.
In co-culture experiments, astrocytes were plated into poly-p-
lysine-coated 96-well plates at a density of 5.0 X 10* cells per
well. After 48 h, 1 X 10° T-cells were added and stimulated with
recombinant mouse TNF (0-100 ng/ml) for 24 h. The culture
was then fixed with 4% paraformaldehyde in PBS at room tem-
perature for 10 min. Cells were then blocked and permeabilized
with PBST (PBS containing 0.1%Triton X-100) and 5% goat
serum for 1 h at room temperature and immunostained for
CD3 (1/100, clone 17A2; eBioscience) overnight at 4 °C. After
washing three times with PBS-Tween, the cells were incubated
with Alexa Fluor594-conjugated goat anti-rat antibody
(1/1000, Invitrogen). Fluorescence images were acquired with
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FIGURE 1. Proinflammatory cytokines TNF, IL-13, and IFN-y up-regulate Gal-9 in astrocytes. A-E, primary rat astrocytes were stimulated with recombinant
cytokines for 7 h, and Gal-9 up-regulation was determined by quantitative real-time-PCR. A, shown is induction of Gal-9 after stimulation with recombinant TNF,
IL-1B, IFN-v, IL-6, IL-10, and IL-13 (50 ng/ml each). Results are the combined means =+ S.E. from 3-5 independent experiments. B-D, stimulation of astrocytes
with 0-50 ng/ml recombinant IFN-vy (B), IL-18 (C), or TNF (D) dose-dependently increased Gal-9 transcription. Results are the means = S.E. of duplicate samples
and are representative of 3-5 independent experiments for each cytokine. E, shown is the time-dependent increase in Gal-9 transcription after stimulation of
astrocytes with TNF (5 ng/ml). F, mixed glial cultures were subjected to oxygen/glucose deprivation (OGD) for 2 h then stimulated with or without LPS (1.0
rg/ml) for 7 h. The effects of oxygen/glucose deprivation on Gal-9 expression (top) as determined by quantitative real-time-PCR as well as TNF production as
determined by ELISA (bottom) are shown. Results are the combined means of triplicate wells and are representative of two independent experiments. *, p <

0.05; ***, p < 0.001.

an Olympus DP70 digital camera mounted on an Olympus
IX71 microscope. The number of CD3™ cells from three repre-
sentative 20X fields per well (nine fields per condition) was
determined.

Flow Cytometry—Tim-3 expression on LNC-8 encephalito-
genic T-cells was determined by flow cytometry as described
previously (23). Briefly, 1 X 10° cells were blocked on ice for 20
min with anti-CD16/CD32 in staining buffer (clone 93) and
were stained for 1 h at 4 °C with anti-CD4 (clone GK1.5; FITC)
and anti-Tim-3 (clone RMT3-23; phycoerythrin) or an isotype
control (all from eBioscience). For cell viability determination,
T-cells were stained with antibodies for 30 min on ice as
described above in annexin-V binding buffer and then with
annexin V-FITC (eBioscience). 7-Aminoactinomycin D was
added immediately before flow cytometric analysis. The per-
centages of cells were analyzed using a FACSCalibur flow
cytometer (BD Biosciences) and FlowJo software (TreeStar,
Inc., Ashland, OR). For each condition the percent cell death
was determined by subtracting the percentage of cell death
observed after stimulation with control-conditioned media
(containing no TNF) from those observed after stimulation
with conditioned media containing TNF.

Statistics—All data are presented as the means * S.E. Data
were analyzed using two-tailed Student’s ¢ tests for compari-
sons between two groups. When analyzing differences between
multiple groups, multiple level analysis of variance followed by
Bonferroni’s post hoc test was employed using GraphPad Prism
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4 (GraphPad Software, San Diego, CA). Differences were con-
sidered significant when p < 0.05.

RESULTS

Proinflammatory but Not Anti-inflammatory Cytokines Pro-
mote Gal-9 Production in Astrocytes—Human astrocytes have
been reported to express Gal-9 after stimulation with IL-13
(24), an inflammatory cytokine that is produced by reactive
microglia/macrophages. To determine if other inflammatory
cytokines were capable of inducing Gal-9 in astrocyte cultures,
we stimulated primary rat astrocytes with recombinant cyto-
kines that are known to be prevalent in MS. We found that both
IL-18 and TNF robustly up-regulated Gal-9 expression,
whereas IFN-v, a potent inducer of Gal-9 expression in human
endothelial cells, only modestly increased Gal-9 expression in
astrocytes (Fig. 1A4). In contrast, IL-6, IL-10, and IL-13 failed to
induce Gal-9 transcription (Fig. 14). As with IL-18 and IFN-v,
TNF triggered Gal-9 transcription in a concentration-depen-
dent fashion (Fig. 1, B-D). Of the cytokines examined, TNF
appeared to be the most potent Gal-9 inducer in astrocytes and
caused Gal-9 up-regulation in a time-dependent manner (Fig.
1E). It should be noted that stimulation of astrocytes with TNF,
even at high concentrations, was not toxic and did not result in
detectible IL-1p secretion as determined by ELISA (data not
shown). Moreover, hypoxia coupled with glucose deprivation
also failed to increase Gal-9 expression in mixed glial cultures,
although LPS stimulation readily induced Gal-9 expression as
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Astrocytes Neurons OLs Microglia

GFAP

FIGURE 2. TNF induces Gal-9 transcription in cultured astrocytes. Enriched
primary cultures of astrocytes, neurons, oligodendrocytes (OLs), and micro-
glia were stimulated with or without TNF (5 ng/ml) for 7 h, and induction of
Gal-9 mRNA was determined by RT-PCR. Phase contrast and immunocyto-
chemistry images of representative cell cultures immunostained for cell-spe-
cific marker GFAP (Astrocytes (Ast)), MAP2 (Neurons), 04 (OLs), or Iba-1 (Micro-
glia) are shown. Scale bars, 50 um. Results are representative of two-three
independent experiments.

well as TNF secretion (Fig. 1F), indicating that Gal-9 up-regu-
lation is tightly controlled and is not just a stress-associated
response.

To determine whether TNF induces Gal-9 in other cells of
the CNS, we prepared highly enriched neuron, oligodendro-
cyte, and microglia cultures and challenged them with TNF.
Unstimulated astrocytes, neurons, and oligodendrocytes con-
tained negligible Gal-9 mRNA, and microglia appeared to con-
stitutively transcribe Gal-9 as determined by RT-PCR (Fig. 2).
However, in stark contrast to the robust induction of Gal-9 in
astrocytes, TNF did not induce Gal-9 transcription in neurons,
oligodendrocytes, or microglia despite that these cells are
known to possess TNF receptors (Fig. 2).

TNFR1 Activation of the JNK Pathway Is Required for TNF-
induced Gal-9 Expression—To investigate the mechanism by
which TNF induces Gal-9 in astrocytes, we first determined
whether TNFR1 was required. Astrocytes were isolated from
C567BL/6 (WT)and TNFR1/~ mice and were stimulated with
TNF or IFN-v (positive control). In WT astrocytes both TNF
and IFN-vy increased Gal-9 expression (Fig. 34). However, only
IFN-v induced Gal-9 expression in TNFR1 ™/~ astrocytes, indi-
cating that TNFRI1 is essential for Gal-9 induction after TNF
stimulation (Fig. 3A4).

Next, we examined the intracellular signaling pathways
required for TNF/TNFR1-dependent Gal-9 up-regulation. As
TNEF is capable of activating all three MAPK kinases pathways,
we first examined the kinetics of TNF-induced activation of
JNK, p38, and ERK1/2. Stimulation of astrocytes with TNF
caused transient phosphorylation of JNK and its downstream
substrate c-Jun (Fig. 3, B and C) and activation of ERK1/2 and
p38 (Fig. 3, E and F). We then utilized a pharmacological
approach to delineate the signaling pathway required for TNE-
induced Gal-9 up-regulation. Pretreatment of astrocytes with
the JNK-specific inhibitor SP600125 before TNF stimulation
markedly prevented JNK phosphorylation (Fig. 3D) and subse-
quent induction of Gal-9 (Fig. 3G). In contrast, the p38 MAPK
inhibitor SB203580 and the MEK inhibitor PD98059 had min-
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imal effect on TNF-induced Gal-9 expression despite that
PD98059 completely blocked ERK1/2 activation (Fig. 3, E-I),
suggesting that the MEK and p38 MARK pathways are dispen-
sable for TNF-induced Gal-9 expression. Because the p38
inhibitor SB203580 inhibits p38 catalytic activity (25) instead of
the phosphorylation status of p38 MAPK (Fig. 3E), to confirm
the above result with this inhibitor, we specifically knocked
down p38 and found that deletion of p38 had no effect on TNEF-
induced Gal-9 transcription (Fig. 4F). Together, these results
demonstrate that the activation of the JNK pathway is required
for TNF-induced Gal-9 expression.

¢-Jun Activation Mediates TNF-induced Gal-9 Expression in
Astrocytes—Consistent with the time-dependent activation of
JNK signaling pathway in TNF-stimulated astrocytes, c-Jun was
activated/phosphorylated in a similar time-dependent fashion
(Fig. 4, A-C). TNF-induced phosphorylation of c-Jun was
markedly blocked by the JNK inhibitor SP600125, which also
prevented Gal-9 induction (Fig. 3G), but not by p38 inhibitor
SB203580 nor by MEK inhibitor PD98059 (Fig. 4, A—C), con-
firming the specificity of the inhibitors used. To definitively
determine whether c-Jun is indeed the downstream target of
the INK activation that induces Gal-9 transcription, we specif-
ically knocked down c-Jun in astrocytes. Transfection with
c-Jun-specific siRNA resulted in ~70% down-regulation of
total c-Jun protein levels compared with NS siRNA controls
and significantly abolished TNF-induced Gal-9 up-regulation
(Fig. 4, D and E). In contrast, neither nonspecific siRNA nor
p38-specific siRNA prevented TNF-induced Gal-9 transcrip-
tion (Fig. 4F). These data demonstrate that the activation of
c-Jun is needed for Gal-9 transcription in astrocytes after TNF
stimulation.

To determine whether Gal-9 is also up-regulated at the pro-
tein level, we first validated a commercially available Gal-9 anti-
body using Gal-9-EGFP reporter mice that express EGFP under
the control of the endogenous Gal-9 promoter. Consistent with
a previous report on Gal-9 mRNA expression in multiple tis-
sues but not in the brain (10), similar Gal-9 expression patterns
were found in the EGFP reporter mice (Fig. 54). Western blot
analysis confirmed that GFP expression was low in the nervous
system but prominent in the intestine, lung, liver, and thymus
(Fig. 5B). Probing the same membrane with the Gal-9 antibody
demonstrated a good correlation between activation of Gal-9
transcription as judged by GFP co-expression and Gal-9 pro-
tein production in most tissues except the intestine, which
expresses a different isoform of Gal-9 (long isoform) (10).

The specificity of the Gal-9 antibody was further validated
with brain and thymus tissue homogenates from Gal-9 EGFP
and Gal-9 mutant mice (Fig. 5C). As expected, GFP expression
was low in the brain and abundant in the thymus of Gal-9 EGFP
mice. Although a few nonspecific bands were observed, the
Gal-9 antibody specifically detected the expected 34-kDa Gal-9
band that was completely absent in Gal-9 knock-out samples
(Fig. 5C, middle).

Using enriched mouse astrocytes and the validated antibody,
we then determined if Gal-9 protein level was increased after
stimulation with proinflammatory cytokines. Consistent with
the above quantitative PCR analyses (Fig. 1), TNF and IL-1
prominently increased Gal-9 protein levels, whereas IFN-vy had
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FIGURE 3. TNFR1/JNK pathway activation mediates Gal-9 up-regulation in astrocytes. A, TNF failed to induce Gal-9 in TNFR1-deficient astrocytes. Astro-
cytes isolated from WT or TNFR1 ™/~ mice were stimulated with recombinant mouse TNF (100 ng/ml) or IFN-vy (100 ng/ml) for 7 h, and Gal-9 up-regulation was
determined by RT-PCR. Results are representative of three independent experiments. Ctl, control. B-F, TNF transiently activated the MAPK pathways in
astrocytes. Rat astrocytes were stimulated with TNF (50 ng/ml), and activation of the JNK, p38, and MEK pathways were determined by Western blot. TNF
stimulation caused a transient phosphorylation of both JNK (B and D) and c-Jun (C) as well as p38 MAPK (E) and ERK1/2 (F). D-I, the JNK-specific inhibitor, but
not p38- or MEK-specific inhibitors, abolished TNF-induced Gal-9 in astrocytes. Astrocytes were pretreated with JNK inhibitor SP600125 (20 um), p38 MAPK
inhibitor SB203580 (20 M), or MEK1/2 inhibitor PD98059 (20 wm) for 1 h followed by TNF stimulation. Pretreatment with SP600125 (D) or PD98059 (F)
significantly inhibited TNF-induced phosphorylation of JNK or ERK1/2, respectively, at all time points. Pretreatment with SB203580 had no effect on p38 MAPK
phosphorylation. Nearly identical effects were observed with 5 ng/ml TNF. Results are representative of three independent experiments. Densitometry results
in D-F are the combined means = S.E. of three independent experiments. G-/, astrocytes were pretreated with JNK (SP600125; 20 um) (G)-, p38 MAPK
(SB203580; 20 M) (H)-, or MEK1/2 (PD98059; 20 M) (/)-specific inhibitors for 1 h and subsequently stimulated with TNF (5 ng/ml) for 7 h. The effect of each

inhibitor on Gal-9 expression was determined by quantitative real-time-PCR. Results are the combined means * S.E. from 4-7 independent experiments.

limited effect (Fig. 5D). Similar to its inhibitory effect on TNF-
induced Gal-9 transcription, SP600125 also abolished TNF-in-
duced up-regulation of Gal-9 protein, indicating that the JNK
pathway is required for up-regulation of Gal-9 at both tran-
scription and translational levels.

TNF-stimulated Gal-9""* but Not Gal-9~'~ Astrocytes
Decrease Viability of LNC-8 T-cells—Tim-3 was first cloned in
an effort to obtain a T-helper 1 (Th1) cell surface marker and
has since been assigned an immunoregulatory role. Binding of
Gal-9 to Tim-3-expressing Th1 cells results in T-cell apoptosis
and suppression of Th1 immunity, whereas abolition of Tim-3
has been shown to enhance the pathology of T-cell-mediated
autoimmunity (12). LNC-8 T-cells are an MBP-specific clone
that when passively transferred to naive mice induces EAE by a
mechanism that is dependent on the production of the Thl
cytokines Lt and TNF (22). We first confirmed a dose-depen-
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dent production of IFN-vy (Fig. 6A) and TNF (Fig. 6B) by these
encephalitogenic T-cells after antigenic stimulation with MBP
in the presence of syngeneic irradiated splenocytes as antigen-
presenting cells (22). The production of Lte,, TNF, and IFN-y
after MBP stimulation demonstrates that these cells are Thl
cells. Moreover, flow cytometry analysis confirmed surface
expression of Tim-3 on ~90% of these LNC-8 T-cells (Fig. 6C).

To determine the functional consequence of astrocyte-de-
rived Gal-9, we collected conditioned media from vehicle- and
TNF-treated Gal-9"/*, Gal-9"/~, or Gal-9~ /™ astrocytes, incu-
bated LNC-8 T-cells with the conditioned media, and exam-
ined Tim-3" T-cell viability by flow cytometry (Fig. 6D).
Although TNF alone had little effect on Tim-3" T-cell viability,
conditioned media from TNF-stimulated Gal-9"'* or Gal-
9%/~ astrocytes caused a significant increase in the percentage
of apoptotic T-cells (Fig. 6E). In contrast, conditioned media
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independent experiments in triplicate. **, p < 0.01.

from TNF-activated Gal-9 /™ astrocytes induced significantly
less T-cell apoptosis (Fig. 6E). Furthermore, TNF stimulation of
Gal-9"'" astrocyte/T-cell co-cultures caused a moderate
decrease in T-cell number, whereas at the same time the num-
ber of T-cells in Gal-9 ™/~ astrocyte co-cultures were increased
(Fig. 6, F and G). Consistently, TNF appeared to increase the
number of T-cells undergoing mitosis in Gal-9 /" astrocyte
co-cultures (Fig. 6, F and H). Collectively, these results indicate
that TNF-activated astrocytes release factors such as Gal-9 that
promote apoptosis of Tim-3" Thl cells and that suppress
T-cell proliferation.

DISSUSSION

In this study we demonstrate that the proinflammatory cyto-
kines TNF, IL-1f3, and IFN-v, but not the anti-inflammatory
cytokines IL-6, IL-10, and IL-13, are capable of inducing galec-
tin-9 expression in primary astrocyte cultures. To our knowl-
edge this represents the first report to demonstrate that TNF
promotes the up-regulation of Gal-9. TNF-mediated Gal-9 pro-
duction in astrocytes is dependent on TNFR1 and activation of
JNK and c-Jun, a finding that is further supported by the pres-
ence of c-Jun recognition sequences within the Gal-9 promoter
(26). Consistent with the known function of Gal-9 in regulating
type 1 immunity, we found that conditioned medium from
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TNF-activated Gal-9*/" and Gal-9"/~ but not Gal-9~ /™ astro-
cytes is capable of decreasing cell viability and inducing apopto-
sis of LNC-8 encephalitogenic T-cells. Together these data
indicate that astrocytes are capable of sensing inflammatory
events and can respond in an immunoregulatory fashion in part
through the production of Gal-9.

To date, little is known about the transcriptional regulation
of Gal-9. Although a few studies have focused on the mecha-
nisms governing Gal-9 up-regulation in endothelial cells (27—
31), essentially none has investigated the signaling mechanisms
underlying Gal-9 up-regulation in other cell types. In IFN-y-
stimulated human umbilical vein endothelial cells, expression
of Gal-9 is regulated by histone deacetylase 3 and PI3K-medi-
ated IRF3 phosphorylation (27, 31). Similar mechanisms may
control Gal-9 up-regulation after stimulation with the RNA
viral mimic poly(I:C) or infection with Dengue virus in these
cells (28-30). In addition, the PI3K pathway has also been
implicated in Gal-9 up-regulation in human nasal polyp fibro-
blast (32). The presence of a partial IRF3 consensus sequence
within the mouse Gal-9 promoter adds further support for a
role of IRF3 in facilitating Gal-9 transcription (26). However,
unlike previous studies our data demonstrate that after TNF
stimulation of astrocytes, but not oligodendrocytes, neurons, or

VOLUME 288+NUMBER 33-AUGUST 16,2013



TNF Up-regulates Galectin-9 in Astrocytes

C Brain Thymus
GFP WT Het KO GFP WT Het KO
GFP -
Gal-9 - -

D Astrocytes
TNF+
CTL SP TNF SP IL-1B IFNy
",
Gal-9 - :» o — r -—

B-actin e — - —

0.4+
B . . S 0.34
Br SC Int. Kid. Lung Thyr. Spl. Liv. Thym. Hrt. =
5 .
o
GFP - — g % 0.2
;
©
Gal-9 - Sseaaes O o1
B-actin ue— S ——— 0.0-

CTL TNF

TNF+SP

FIGURE 5. Blockade of the JNK pathway prevents increased production of Gal-9 protein in TNF-stimulated astrocytes. A-C, shown is validation of the
Gal-9-specific antibody. A, shown is a gross examination of individual organs after dissection of Gal-9-EGFP mouse under UV light. B, dissected tissues (Br, brain;
SC, spinal cord; Int, intestine; Kid, kidney; Thyr, thyroid; Spl, spleen; Liv, liver; Thym, thymus; Hrt, heart) were homogenized and subjected to Western blot analysis
with GFP (top)-, Gal-9 (middle)-, or B-actin (bottom)-specific antibodies. Results were obtained from two adult mice. C, Western blot analyses of brain and
thymus tissue homogenates from Gal-9-EGFP (GFP), Gal-9*/* (WT), Gal-9™/~ (Het), or Gal-9~/~ (KO) mice with GFP-, Gal-9-, or B-actin-specific antibodies. Het,
heterozygous. D, TNF-induced production of Gal-9 protein in astrocytes was abolished by JNK inhibitor. Mouse astrocyte monocultures were treated with the
JNK inhibitor SP600125 (20 um), TNF (100 ng/ml), TNF and SP600125, IL-13 (100 ng/ml), or IFN-y (100 ng/ml) for 24 h and subjected to Western blot analysis.

Results are the means = S.E. of two independent experiments.

microglia, Gal-9 is up-regulated by a mechanism that is distinct
from that of the IFN-y/PI3K/IRF3 pathway and requires the
activation of the JNK/c-Jun pathway.

The notion that astrocytes have the capacity to restrict T-cell
access into the CNS has been clearly demonstrated by studies
that utilized transgenic mice to conditionally ablate astrogliosis
after injury (33) or during inflammatory demyelination (34).
Transgenic mice in which proliferating, reactive astrocytes
were selectively ablated exhibited exacerbated EAE with seem-
ingly unrestricted infiltration of peripheral cells (monocytes/
macrophages, T-cells, and neutrophils) into the parenchyma
(34). Although the mechanism(s) of the restriction has not been
entirely elucidated, astrocyte-derived factors likely contribute
to the process and modulate the CNS immune responses.
CD95L expressed by astrocytes has been previously shown to
induce apoptosis of Th1 and Th2 cells in vitro (35). Although
TNF stimulation increases both CD95 (Fas) and CD95L (FasL)
expression, the in vivo role of this pathway in contributing to
the resolution of CNS inflammation is dampened by the fact
that FasL.~/~ mice develop EAE with similar kinetics compared
with controls (36). Aside from FasL, astrocytes, through a yet to
be identified secreted factor, can promote CTLA-4 expression
on T-cells, thereby limiting T-cell proliferation and cytokine
production (37). In addition, conditioned medium from IFN-vy
stimulated astrocytes was shown to suppress T-cell prolifera-
tion and activation (38). More recently, it has been shown that
IEN-vy induces the expression of a protein termed astrocyte-
derived immune-suppressor factor (AdiF), which can also pro-
mote apoptosis of T-cells (39). Finally, the idea that proinflam-
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matory cytokine production can mitigate ongoing CNS
inflammation is also more generally supported by the fact that
mice deficient in IFN-+y (40, 41) or IEN-y receptor (42) develop
atypical EAE characterized by a more aggressive phenotype.
Our finding that astrocyte-derived Gal-9 increases Thl cell
apoptosis suggests that Gal-9 produced by astrocytes in
response to proinflammatory cytokines could potentially act as
one of the negative feedback signals to dampen the Th1 immu-
nity in the CNS.

Although we cannot definitively conclude that the T-cells
used in this experiment underwent apoptosis in a manner
dependent on secreted Gal-9 and Tim-3 ligation, the loss of
T-cell viability was nevertheless Gal-9-dependent, as demon-
strated by the conditioned medium and astrocyte/T-cell co-
culture experiments. The results from both sets of experiments
suggest that TNF stimulation of astrocytes induces Gal-9-de-
pendent toxicity to LNC-8 T-cells. Interestingly, our data also
indicate that TNF-induced astroglial Gal-9 may inhibit T-cell
proliferation as demonstrated by increased numbers of CD3™"
cells undergoing mitosis in co-cultures containing Gal-9~/~
astrocytes, although it is difficult to ascertain whether this
effect is also attributable to cell death. Although Gal-9 does not
contain a conventional secretion sequence, it can be released
into the extracellular space via exosomes (43), and Gal-9-con-
taining exosomes are in fact capable of inducing apoptosis of
Epstein-Barr virus-specific T-cells (44). Furthermore, astro-
cytes are capable of exosome secretion (45, 46), making exo-
somal transport of astrocyte-derived Gal-9 a plausible means of
export. Nevertheless, it remains possible that secreted Gal-9 is
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supernatants was determined by ELISA. Results are the means = S.E. of triplicate samples and are representative of two independent experiments. C, LNC-8
T-cells express Tim-3. LNC-8 cells were stained with fluorophore-conjugated anti-CD4 and anti-Tim-3 antibodies and were analyzed by flow cytometry. Top
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astrocytes for 72 h, stained for Tim-3-phycoerythrin, annexin-V-FITC, and 7-aminoactinomycin D (7-AAD), and analyzed by flow cytometry. Shown are percent-
age increases in apoptotic Tim-3" LNC-8 cells after treatment with conditioned media from TNF-stimulated versus vehicle-treated astrocytes. Data represent
the means + S.E. of three independent experiments. *, p < 0.05; **, p < 0.01. F-H, LNC-8 T-cells were cultured with Gal-9™/* (WT) or Gal-9 ™/~ astrocytes in the
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* p < 0.05;* p < 0.01; ** p < 0.001.

not the only factor responsible for T-cell apoptosis, and intra-
cellular Gal-9-dependent secretion of other immunoregulatory
molecules may act on the T-cells.

Given the results of the current study;, it is interesting to note
that both TNF/~ and TNFR1™/~ mice exhibit reduced
inflammation and 50% fewer apoptotic T-cells during myelin
oligodendrocyte glycoprotein-induced EAE (36, 47). Although
the effects of Gal-9 on infiltrating T-cells during acute EAE
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remain to be established, studies thus far support for such an
immunoregulatory mechanism to be in place and potentially
activated within the inflamed CNS. In this scheme TNF ligation
onto TNFR1 would promote the production of pro-apoptotic
Gal-9 from astrocytes, which then functions to alleviate ongo-
ing T-cell responses in the CNS. It is thus tempting to speculate
that this pathway may contribute to the limitation of T-cell
infiltration into the CNS in MS, a hypothesis that is indirectly
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supported by two strong pieces of evidence. First, anti-TNF
therapy has paradoxically resulted in the exacerbation of MS
symptoms (48, 49) and has been associated with the onset of
demyelination (50, 51); second, treatment of MS patients with
either IFN- or glatiramer acetate restores the susceptibility of
T-cells derived from the peripheral blood to Tim-3-mediated
responses (15).

It should be emphasized that the current study was con-
cerned with the mechanism of Gal-9 up-regulation and the
apoptotic functions of astrocyte-derived Gal-9. Recent evi-
dence also points to a role for Gal-9 in regulating T-cell
responses directly by inducing a state of exhaustion (52—55) or
indirectly by promoting the polarization of regulatory T-cells
(21, 56 -58). To date the immunoregulatory capacity of glial-
derived Gal-9 has not been elucidated and is the subject of
ongoing investigation. Nevertheless, given the relative immune
privilege status of the CNS, it is most likely that glial-derived
Gal-9 acts directly on infiltrating T-cells, whereas peripherally
produced Gal-9 in the secondary lymphoid tissue influences
T-cell polarization.

Comprehending the function of glial involvement in either
the promotion or inhibition of innate and adaptive immunity
within the central nervous system is of great importance and is
at the center of understanding the pathogenesis of CNS infec-
tion as well as autoimmunity. Determining the negative feed-
back loops that are in place to maintain CNS homeostasis or
promote repair are also pertinent to understanding many other
neurodegenerative diseases that are associated with aberrant
inflammation. In this study we have demonstrated that astro-
cytes express Gal-9 after TNF stimulation via the TNFR1/JNK/
c-Jun signaling pathway. Uncovering the molecular mechanism
that governs differential induction of Gal-9 in resident CNS
cells as well as establishing the functional outcomes of such
up-regulation, both in response to infection and autoimmunity,
represents the next crucial step needed to understand the role
of Gal-9 in neuroinflammation.
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