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Abstract
Astrocytes play a number of important physiological roles in Central Nervous System (CNS)
homeostasis. Inflammation stimulates astrocytes to secrete cytokines and chemokines that guide
macrophages/microglia and T-cells to sites of injury/inflammation, and herein we describe how these
processes are controlled by the Suppressor Of Cytokine Signaling (SOCS) proteins, a family of
proteins that negatively regulate adaptive and innate immune responses. In this study, we describe
that the immunomodulatory cytokine IFN-β induces SOCS-1 and SOCS-3 expression in primary
astrocytes at the transcriptional level. SOCS-1 and SOCS-3 transcriptional activity is induced by
IFN-β through GAS elements within their promoters. Studies in STAT-1α deficient astrocytes
indicate that STAT-1α is required for IFN-β-induced SOCS-1 expression, while STAT-3 siRNA
studies demonstrate that IFN-β-induced SOCS-3 expression relies on STAT-3 activation. Specific
siRNA inhibition of IFN-β-inducible SOCS-1 and SOCS-3 in astrocytes enhances their pro-
inflammatory responses to IFN-β stimulation, such as heightened expression of the chemokines
CCL2 (MCP-1), CCL3 (MIP-1α), CCL4 (MIP-1β), CCL5 (RANTES) and CXCL10 (IP-10), and
promoting chemotaxis of macrophages and CD4+ T-cells. These results indicate that IFN-β induces
SOCS-1 and SOCS-3 in primary astrocytes in order to attenuate its own chemokine-related
inflammation in the CNS.

INTRODUCTION
Astrocytes are the major glial cell type within the CNS and are critical for CNS homeostasis
(1–3). Astrocytes regulate neuronal function by releasing neurotrophic factors, guiding
neuronal development, and contributing to neurotransmitter metabolism (4,5). Astrocytes also
participate in synaptic plasticity and influence the formation of the blood-brain-barrier (BBB)
(1,4). Chemokines produced by astrocytes, such as MCP-1, MIP-1α and IP-10, attract
macrophages/microglia and T-cells to CNS inflammatory sites (3,4,6,7). Aberrant expression
of chemokines accompanies CNS disorders such as Multiple Sclerosis (MS), Alzheimer’s
Disease, HIV-1-Associated Dementia and brain injury/trauma (3). Astrocytes are involved in
these disorders, but to date, mechanisms by which astrocytes modulate inflammation within
the CNS remain sketchy.

Type I Interferons (IFNs) elicit anti-viral, anti-proliferative and immunomodulatory responses
upon interaction with their receptors (8,9). IFN-β primarily signals through the tyrosine kinases
JAK1 and TYK2 to activate Signal Transducers and Activators of Transcription-1α
(STAT-1α) and STAT-2, which associate with IRF-9 to form the Interferon-Stimulated Gene
Factor-3 (ISGF-3) complex. ISGF-3 upregulates IFN-responsive genes by interacting with
interferon-responsive sequence elements (ISRE) in their promoters (8). Less frequently, IFN-
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β induces STAT-1α to form homodimers that bind to IFN-γ Activation Site (GAS) elements
(8). IFN-β also activates STAT-3, and the resulting STAT-1/STAT-3 heterodimers or STAT-3
homodimers bind to GAS elements to induce gene expression (10,11). IFN-β-deficient mice
develop a more severe form of experimental autoimmune encephalomyelitis (EAE) than wild-
type littermates, suggesting IFN-β may inhibit CNS inflammation (12,13).

Inflammatory infiltrates in demyelinating lesions consist primarily of infiltrating macrophages
and resident microglia, as well as infiltrating T-cells (7). Chemokines, particularly IP-10,
MCP-1, RANTES and MIP-1α, play important roles in the initial recruitment of inflammatory
cells to the CNS (7,14–16). Studies in MCP-1-deficient mice indicate that MCP-1 has a
nonredundant role in modulating monocyte and T-cell infiltration during inflammation (17).
MCP-1 has also been shown to attract neural progenitors to sites of neuroinflammation (18).
IP-10 also participates in leukocyte recruitment to CNS inflammatory sites, and blocking IP-10
with neutralizing antibodies markedly diminished the severity of EAE and reduced the levels
of inflammatory T-cells in the CNS (19). Astrocytes are also a source of RANTES, which
functions as a chemoattractant and activator of T cells and monocytes, and induces cytokine
and chemokine expression, suggesting that it can promote inflammatory cascades in the brain
(20,21).

Suppressors Of Cytokine Signaling (SOCS) proteins (SOCS-1–7 and CIS) negatively regulate
cytokine signaling pathways (22–24). The inducible SOCS-1 and SOCS-3 proteins inhibit the
JAK-STAT pathway in a negative feedback loop, utilizing a variety of mechanisms (25).
Targeted deletion of SOCS-3 in macrophages results in markedly enhanced IL-6-induced
STAT-3 activation (26). Mice deficient in SOCS-3 in hematopoietic and endothelial cells
demonstrate exacerbated IL-1 dependent arthritis (27), while forced expression of SOCS-3 in
mouse arthritis models suppressed the induction and/or development of disease (22,28).
Administration of a cell-penetrating SOCS-3 suppressed cytokine-mediated signal
transduction associated with acute inflammation (29). Studies from the EAE animal model and
MS patients suggest that lower levels of SOCS-3 are associated with relapsing EAE and MS
(30,31). Treatment with a mimetic of SOCS-1 (TKip) inhibited STAT-1 activation, and had a
protective effect on EAE disease, suggesting SOCS-1 exerts a beneficial effect in the EAE
model (32). We previously demonstrated that IFN-β induces SOCS-1 expression in
macrophages/microglia, which attenuates IFN-β-induced expression of the costimulatory
protein CD40 (33). Similarly, LPS induces SOCS-3 expression in macrophages/microglia
(34), and overexpression of SOCS-3 attenuates LPS-induced gene expression in these cells
(35). These finding indicate that SOCS-1 and SOCS-3 inhibit inflammatory responses in
macrophages/microglia.

Elucidating the function of SOCS-1 and SOCS-3 in astrocytes, and how they are expressed, is
critical for understanding how astrocytes regulate inflammation in the CNS. Results from this
study indicate that in primary murine astrocytes, IFN-β-mediated activation of STAT-1 and
STAT-3 are responsible for SOCS-1 and SOCS-3 induction, respectively. Studies using
astrocytes transfected with SOCS-1 or SOCS-3 siRNA revealed that SOCS-1 and SOCS-3
inhibit IFN-β-induced expression of chemokines such as MCP-1, MIP-1α, MIP-1β, RANTES
and IP-10, and inhibit chemotaxis of macrophages and T-cells. These findings connect SOCS-1
and SOCS-3 induction in astrocytes with negative regulation of CNS inflammation.

MATERIALS AND METHODS
Recombinant Proteins and Reagents

Recombinant murine IFN-β was from R&D Systems (Minneapolis, MN). Antibodies against
phospho-STAT-1Tyr701, phospho-STAT-2Tyr690 and phospho-STAT-3Tyr705 were from Cell
Signaling Technology (Beverly, MA). Antibodies against STAT-1, STAT-2, STAT-3 and actin
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were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against SOCS-1 and
SOCS-3 were from Invitrogen Corporation (Carlsbad, CA).

Primary Astrocyte Cultures, Generation of Bone Marrow Derived Macrophages (BMDM) and
CD4+ T-Cell Isolation

All animal studies were approved by the Animal Studies Committee at the University of
Alabama at Birmingham (Birmingham, AL). Primary astrocyte cultures from C57BL/6J mice
(The Jackson Laboratory, Bar Harbor, ME) and WT and STAT-1α deficient mice on the 129S6/
SvEv background (Taconic, Germantown, NY) were established from neonatal mice cerebra
as described previously (36). Cells were monitored for purity by immunofluorescence and were
routinely >97% positive for glial fibrillary acidic protein (36). Bone marrow cells were isolated
by flushing the marrow cavities of mouse femurs from C57BL/6J mice as previously described
(34). Bone marrow cells were cultured for 7 days in the presence of 20 ng/ml of murine M-
CSF. Adherent cells were detached with 1 mM EDTA and purity of the macrophage cultures
was > 95%, as determined by staining for CD11b. Spleens were collected from C57BL/6J mice
and single-cell suspensions prepared by mechanical disruption. CD4+ T-cells were isolated by
magnetic sorting with anti-mouse CD4-magnet beads (BD Pharmingen, San Diego, CA)
according to the manufacturer’s directions (37).

RNA Isolation, Riboprobes, and Ribonuclease Protection Assay (RPA)
Total cellular RNA was isolated from unstimulated or IFN-β-treated astrocytes. Riboprobes
for murine SOCS-1, SOCS-3, MCP-1, MIP-1α, MIP-1β, RANTES, IP-10, and GAPDH were
prepared as described previously (35), and the riboprobes were hybridized with 20 μg of total
RNA at 42°C overnight. The hybridized mixture was treated with RNase A/T1 (1:200) and
analyzed by 5% denaturing (8 M urea) polyacrylamide gel electrophoresis. Values for SOCS-1,
SOCS-3, MCP-1, MIP-1α, MIP-1β, RANTES, and IP-10 mRNA expression levels were
normalized to GAPDH mRNA levels for each experimental condition.

Immunoblotting
Proteins (30 μg) in cell lysates were separated on 8% SDS-PAGE and probed with phospho-
STAT-1, phospho-STAT-2, or phospho-STAT-3 antibodies as described previously (35).
Membranes were stripped and reprobed for total STAT-1, STAT-2, STAT-3, or actin. SOCS-1
and SOCS-3 protein expression was analyzed using 15% SDS-PAGE, followed by transfer of
proteins to PDVF membranes and immunoblotting (35).

SOCS-1 and SOCS-3 Promoter Constructs, Transient Transfection, and Luciferase Assays
Primary astrocytes were seeded in 6-well plates (5 × 105 cells/well) and transiently transfected
using Lipofectamine Plus as described previously (36). Cells received the 1478-bp (−1380 to
+98 bp) murine SOCS-1 promoter, the 1619-bp (−1492 to +127 bp) murine SOCS-3 promoter,
or serial deletion mutants (see Figure 2). Transfected cells were treated with medium or IFN-
β for 12 h, and luciferase activity of each sample normalized to the total protein concentration
in each well. Luciferase activity from the untreated sample was arbitrarily set at 1 for
calculation of fold induction.

RNA Interference
RNA interference followed a protocol provided by Dharmacon (Lafayette, CO), with
previously described modifications (33). DharmaFECT™ 1 siRNA transfection reagent,
SMARTpool small interfering RNAs (siRNAs) specific for murine STAT-3, STAT-2,
SOCS-1, or SOCS-3, and CONTROL nontargeting siRNA were purchased from Dharmacon.
Primary astrocytes (5 × 105 cells/well in six-well plates) were transfected with 100 nM of
CONTROL or one of the specific siRNAs using the DharmaFECT™ 1 reagent. Cells were
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analyzed after 48 h of transfection as follows: 30 μg of cell lysate was immunoblotted to
determine STAT-3 and STAT-2 expression and phosphorylation levels, or 5 μg of RNA was
subjected to RPA to determine SOCS-1 or SOCS-3 mRNA expression.

ELISA
Supernatants were collected from unstimulated or IFN-β-stimulated primary astrocytes and
assayed for IP-10 secretion using ELISA (R&D Systems, Inc., Minneapolis, MN). IP-10 levels
were normalized to total protein levels.

Chemotaxis Assay
Primary astrocytes were transfected with control, SOCS-1, or SOCS-3 siRNA for 48 h, and
then cultured with medium or IFN-β for 16 and 24 h. Chemotaxis assays were performed in a
Transwell system (5-μm pore size; Costar, Corning, NY) as described previously (38). Briefly,
single-cell suspensions of primary macrophages or CD4+ T-cells (1 × 106) were loaded into
the upper well inserts of a Transwell system, and supernatants from the transfected primary
astrocyte cultures loaded into the bottom chambers. After incubation for 4 h at 37°C, cells that
had migrated to the lower chamber were collected and counted by flow cytometry (38). The
chemotaxis index was calculated as the number of cells that migrated in response to factors in
the IFN-β-treated astrocyte supernatant, divided by the number of cells that migrated in
response to untreated astrocyte supernatant.

Statistical Analysis
All experiments were repeated a minimum of three times. For comparisons between samples,
levels of significance were determined by Student’s t test distribution. P values of ≤0.05 were
considered to be statistically significant.

RESULTS
IFN-β Induces SOCS-1 and SOCS-3 Expression in Primary Astrocytes

It is clear from previous work that IFN-β can function as a neuroprotective agent by modulating
the inflammatory responses of astrocytes (3,15), but specific elements of the underlying
mechanism remain unclear. To determine whether IFN-β affected the inflammatory potential
of astrocytes through the SOCS proteins, we began by analyzing whether IFN-β regulated
SOCS-1 and SOCS-3 gene expression in primary astrocytes. IFN-β induced SOCS-1 and
SOCS-3 expression after 30 minutes of treatment. SOCS-1 mRNA levels peaked at 4 h of IFN-
β treatment (13.5-fold induction), and diminished afterward (Figure 1A). SOCS-3 mRNA
expression peaked at 2 h (10.3-fold induction), and diminished at 4 h (Figure 1A). In accordance
with the increases in mRNA levels, SOCS-1 and SOCS-3 proteins were detected after IFN-β
stimulation. SOCS-1 protein levels peaked at 4 – 8 h, and were still elevated at 16 h (Figure
1B), while SOCS-3 protein expression was detectable 30 min after IFN-β stimulation, peaked
at 4 h, and returned to basal levels at 24 h (Figure 1B).

IFN-β Induction of SOCS-1 and SOCS-3 Promoter Activity Requires Functional GAS Elements
Since IFN-β induced SOCS-1 and SOCS-3 expression, we sought to define which cis-acting
regulatory elements in their promoters were necessary for this induction. The SOCS-1 promoter
(−1380 to +98 bp) contains multiple regulatory elements: three GAS elements (designated as
GAS#1, GAS#2, and GAS#3), one GATA-1 site, one AP-1 site, two Sp1 sites, one AP-2 site,
and one C/EBP element (Figure 2A). We generated luciferase reporter-based constructs that
sequentially deleted regulatory elements from the 5′ end of the SOCS-1 promoter. The reporter
constructs were transiently transfected into primary astrocytes and treated with medium or
IFN-β for 12 h. A luciferase construct containing the full-length SOCS-1 promotor served as
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a positive control. Our results indicate that IFN-β stimulated a 6.1-fold increase in WT SOCS-1
promoter activity. Deletion of the GATA-1, AP-1, Sp1, AP-2, GAS#1, and C/EBP elements
(Δ1) did not significantly affect IFN-β-induced SOCS-1 promoter activity (Figure 2A).
Deletion of the GAS#2 site (Δ2) reduced IFN-β-induced SOCS-1 promoter activity by ~48%
compared to Δ1 (Figure 2A). In construct Δ3, deletion of both GAS#2 and GAS#3 abrogated
IFN-β-induced SOCS-1 promoter activity (Figure 2A). To further define the relative
contributions of the GAS#2 and GAS#3 elements, assays were performed using constructs of
the murine SOCS-1 promoter that specifically mutated these elements, but left the rest of the
promoter intact (mGAS#2 and mGAS#3; Figure 2A). Mutation of the GAS#2 element led to
a ~53% inhibition of SOCS-1 promoter activity compared to the WT promoter, while mutation
of the GAS#2 element inhibited IFN-β activation of the SOCS-1 promoter by ~67% (Figure
2A). These results indicated that of all the potential cis-acting regulatory elements within the
SOCS-1 promoter, these two GAS elements (GAS#2 and GAS#3) made the most important
contributions to IFN-β-induced promoter activity in astrocytes.

The 1619 bp (−1492 – +127 bp) murine SOCS-3 promoter also contains many cis-regulatory
targets: three AP-1 sites, one C/EBP site, one GATA-1 site, two Sp1 sites, one NF-κB site, and
two GAS elements (GAS#1 and GAS#2). To ascertain the functional roles of these elements,
we generated luciferase reporter-based deletion constructs from the 5′ end of the SOCS-3
promoter (35) (Figure 2B). The WT SOCS-3 promoter or one of the deletion constructs were
transiently transfected into astrocytes and treated with IFN-β for 12 h prior to assaying for
luciferase activity. IFN-β stimulation mediated a 7.9-fold induction of WT SOCS-3 promoter
activity. Deletion of the distal and medial AP-1 elements, the C/EBP element, the GATA-1
element, the NF-κB binding site, and the two Sp1 elements (Δ1) did not affect IFN-β-induced
SOCS-3 promoter activity (Figure 2B). Similarly, deletion of the proximal AP-1 element
(Δ2) did not affect IFN-β-induced SOCS-3 promoter activity (Figure 2B). In contrast, deletion
of the distal GAS element (GAS#1; Δ3) reduced IFN-β-induced SOCS-3 promoter activity by
47% compared to Δ2. Deletion of both the GAS elements (GAS#1 and GAS#2; Δ4) abolished
IFN-β-induced SOCS-3 promoter activity (Figure 2B). Site-directed mutagenesis was used to
individually mutate each GAS element in the murine SOCS-3 promoter (Figure 2B). Mutation
of the distal GAS#1 or the proximal GAS#2 element reduced IFN-β-induced SOCS-3 promoter
activity by ~80% or 82%, respectively, compared to the Δ1 construct (Figure 2B). These data
indicated that among the proximal regulatory elements in the SOCS-3 promoter, the two GAS
elements were most important for IFN-β-induced SOCS-3 promoter activity in astrocytes.

STAT-1α is Important for IFN-β-induced SOCS-1, but not SOCS-3, Expression in Primary
Astrocytes

In T-cells and macrophages, numerous stimuli, including IFN-γ, IFN-β, IL-6, IL-10 and
Growth Hormone, are capable of inducing SOCS-1 and SOCS-3 expression by activating
various STAT proteins (22,28). To investigate the activation of STATs by IFN-β in primary
astrocytes, the cells were treated in the absence or presence of IFN-β for up to 4 h, then protein
lysates analyzed to detect the phosphorylation status of STAT-1α and STAT-3 (Figure 3A).
STAT-1αTyr701 was strongly phosphorylated after 0.25–2 h of IFN-β treatment, which
diminished at 4 h. Similarly, phosphorylation of STAT-3Tyr705 was detected at 0.25 h of IFN-
β treatment, peaked between 0.5 and 1 h, then diminished at 2–4 h. These results indicate that
IFN-β activates the STAT-1/STAT-3 signaling pathways in primary astrocytes.

To determine whether STAT-1α was involved in IFN-β-induced SOCS-1 and SOCS-3
expression in astrocytes, we examined primary astrocytes from STAT-1α-deficient mice. After
stimulation with IFN-β, these astrocytes did not express SOCS-1 mRNA, but SOCS-3 mRNA
expression was much stronger than in WT astrocytes (Figure 3B). These experiments
demonstrated that IFN-β-mediated induction of SOCS-1 expression occurred in a STAT-1α-
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dependent manner, but IFN-β induction of SOCS-3 expression did not involve STAT-1α. In
fact, the stronger SOCS-3 expression in STAT-1α-deficient astrocytes suggest that STAT-1α
may negatively regulate SOCS-3 expression.

We next examined IFN-β activation of STAT-1α and STAT-3 in WT and STAT-1α-deficient
primary astrocytes. In WT astrocytes, IFN-β induced strong and sustained STAT-1α tyrosine
phosphorylation, while STAT-3 phosphorylation was much weaker (Figure 3C). It should be
noted that the STAT-3 phosphorylation status in WT astrocytes from 129s6/SVEV mice is
reduced (Figure 3C) compared to that from astrocytes from C57BL/6J mice (Figure 3A). IFN-
β-induced STAT-3 phosphorylation was much stronger and prolonged in STAT-1α-deficient
astrocytes than in WT cells (Figure 3C). This further supports the idea that STAT-1α negatively
regulates STAT-3, and suggests that enhanced STAT-3 signaling in the absence of STAT-1α
may have contributed to SOCS-3 expression.

STAT-3 is Important for IFN-β-induced SOCS-3, but not SOCS-1, Expression in Primary
Astrocytes

IFN-β induced the activation of both STAT-1 and STAT-3 in primary astrocytes, but the
absence of STAT-1α enhanced STAT-3 activation and IFN-β-induced SOCS-3 mRNA
(Figures 3B and 3C). Therefore, we investigated whether activation of STAT-3 was required
for IFN-β to induce SOCS-3 gene expression. Using primary astrocytes from WT and
STAT-1α deficient mice, STAT-3 expression was inhibited by transfecting cells with a
STAT-3-specific siRNA construct (or siRNA control) for 48 h. This inhibited constitutive
STAT-3 protein levels in WT astrocytes by ~90% (Figure 4A, compare lanes 1–3 to lanes 4–
6) and IFN-β-induced STAT-3 phosphorylation by ~85% (Figure 4A, compare lanes 2–3 to
lanes 5–6). Similar inhibition was achieved for STAT-3 protein expression and STAT-3
phosphorylation in STAT-1α deficient astrocytes (Figure 4A, compare lanes 7–9 to lanes 10–
12). Furthermore, STAT-3 siRNA did not affect constitutive STAT-1 protein levels or IFN-
β-induced STAT-1α activation in WT astrocytes (Figure 4A, lanes 1–6).

We next examined whether inhibition of STAT-3 affected IFN-β-induced SOCS-3 expression.
Primary astrocytes from WT or STAT-1α-deficient mice were incubated with STAT-3-specific
or control siRNA for 48 h, then IFN-β added for 1 or 2 h to induce SOCS-1 and SOCS-3 mRNA
expression. IFN-β-induced SOCS-3 expression was higher in STAT-1α-deficient astrocytes
than in WT cells (Figure 4B, compare lanes 2–3 to lanes 8–9). In WT astrocytes, STAT-3
knockdown inhibited IFN-β-induced SOCS-3 expression by ~65% (Figure 4B, compare lanes
2–3 to lanes 5–6), and the STAT-3 siRNA effect was more pronounced in STAT-1α −/−
astrocytes (~82% inhibition of SOCS-3 expression; Figure 4B, compare lanes 8–9 to lanes 11–
12). IFN-β-induced SOCS-1 mRNA induction was abolished in STAT-1α-deficient cells
(Figure 4B), and STAT-3 siRNA did not significantly affect IFN-β-induced SOCS-1 mRNA
expression in WT astrocytes (Figure 4B, compare lanes 2–3 to lanes 5–6). These results
collectively indicate that STAT-3 activation plays a critical role in IFN-β-induced SOCS-3
gene expression, but that it is dispensable for SOCS-1 expression.

STAT-2 is not Critical for IFN-β Induction of SOCS-1 and SOCS-3 Expression
IFN-β primarily signals through the STAT-1/STAT-2/IRF-9 heterotrimer (8). Our data
strongly implicated STAT-1 in IFN-β-mediated SOCS-1 expression, and since STAT-2 is also
a component of the ISGF-3 complex, we sought to determine whether STAT-2 was involved
in IFN-β-induced SOCS-1 gene expression. By transfecting primary astrocytes with siRNA
against STAT-2, constitutive STAT-2 protein expression was suppressed by ~95% (Figure 4C,
compare lanes 1–3 and 4–6), without affecting STAT-1 or STAT-3 expression. STAT-2 siRNA
also inhibited IFN-β-induced STAT-2 phosphorylation by ~90% (Figure 4C) without affecting
IFN-β-induced STAT-1α and STAT-3 activation (Figure 4C, compare lanes 2–3 vs. lanes 5–
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6). Upon evaluating SOCS-1 and SOCS-3 mRNA expression levels following IFN-β
stimulation of STAT-2-depleted primary astrocytes, we found that SOCS-1 mRNA was
slightly decreased (~30%) compared to siRNA control treated cells, and expression of SOCS-3
mRNA was actually enhanced 1.9 fold by STAT-2 knockdown (Figure 4D). These results
indicate that IFN-β-induced SOCS-1 and SOCS-3 gene expression were moderately but not
critically influenced by the STAT-2 transcription factor.

IFN-β Induces Expression of CCL2/MCP-1, CCL3/MIP-1α, CCL4/MIP-1β, CCL5/RANTES, and
CXCL10/IP-10 in Primary Astrocytes

Chemokines are 8–14 kDa proteins responsible for the maturation and trafficking of
leukocytes, particularly during inflammation (6,7). We examined the effect of IFN-β on
expression of several chemokines with essential roles in neuroinflammation. IFN-β induced
expression of MCP-1, MIP-1α, MIP-1β, RANTES, and IP-10, although the kinetics differed
among the chemokines (Figure 5A). We observed MCP-1, MIP-1α, MIP-1β, and IP-10 mRNA
after 1 h of IFN-β treatment; expression peaked between 2 and 4 h and decreased after 8 h
(Figure 5A). Although the astrocytes constitutively expressed RANTES, IFN-β enhanced
RANTES mRNA expression after 2 h of treatment, and RANTES expression continued to
increase over time (Figure 5A). These data indicate that in primary astrocytes, IFN-β rapidly
induces the expression of several chemokines that are relevant to the inflammatory process.

To determine whether STAT-1 is involved in IFN-β-induced chemokine expression, primary
astrocytes from STAT-1α deficient mice were examined. The absence of STAT-1α abrogated
IFN-β induction of MCP-1, MIP-1α, MIP-1β and RANTES mRNA expression (Figure 5B).
IFN-β induction of IP-10 was partially inhibited in STAT-1 deficient astrocytes compared to
WT mice (Figure 5B). These experiments demonstrate that IFN-β induction of chemokine
expression occurred in a STAT-1α dependent manner.

SOCS-1 and SOCS-3 Influence IFN-β-induced Chemokine Expression in Primary Astrocytes
To determine whether SOCS-1 and/or SOCS-3 contribute to the regulation of these chemokines
during IFN-β signaling, chemokine mRNA expression was evaluated in astrocytes transfected
with SOCS-1 or SOCS-3 siRNA. Following a 48 h transfection, cells were treated in the
absence or presence of IFN-β for up to 8 h and analyzed for SOCS-1, SOCS-3 and chemokine
mRNA expression. Both targeting siRNA constructs effectively attenuated induction of the
SOCS mRNA by IFN-β. SOCS-1 siRNA inhibited SOCS-1 induction by 57%, 86%, and 70%
at 1, 2, and 4 h of IFN-β treatment, respectively (Figure 6A, compare lanes 3–5 to lanes 9–11).
SOCS-3 siRNA inhibited SOCS-3 induction by ~60% (1 h) and ~66% (2 h) (Figure 6A,
compare lanes 3–4 to lanes 15–16). Compared to astrocytes expressing siRNA-Control, we
observed enhanced IFN-β-induced SOCS-3 mRNA induction in the astrocytes transfected with
SOCS-1 siRNA (Figure 6A, compare lanes 3–4 to lanes 9–10) and stronger SOCS-1 mRNA
expression in cells harboring SOCS-3 siRNA (Figure 6A, compare lanes 3–5 to lanes 15–17).
These results indicate that SOCS-1 negatively regulates the expression of SOCS-3, and vice
versa.

We next examined the effect of SOCS-1 and SOCS-3 knockdown on induction of chemokine
expression by IFN-β. Primary astrocytes transfected with SOCS-1 siRNA (Figure 6B, middle
panel) exhibited more robust IFN-β-mediated chemokine induction (accompanied by slightly
altered kinetics in some cases) than cells transfected with non-targeting siRNA (left panel).
Throughout the IFN-β stimulation period, SOCS-1 inhibition enhanced CCL2/MCP-1, CCL4/
MIP-1β, CCL5/RANTES, and CXCL10/IP-10 expression compared to siRNA control
astrocytes. In addition, SOCS-1 inhibition substantially enhanced the marginal CCL3/
MIP-1α induction after a 1 to 2 h IFN-β treatment. For all chemokines, we observed similar
but less pronounced results in astrocytes expressing SOCS-3 siRNA (Figure 6B, right panel).
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Figure 6C summarizes the effect of SOCS-1 or SOCS-3 knockdown on chemokine mRNA
expression. We chose one chemokine (IP-10) to analyze at the protein level. A significant
enhancement of IFN-β-induced IP-10 expression was observed in SOCS-1 siRNA or SOCS-3
siRNA astrocytes compared to astrocytes with control siRNA (Figure 6D). These results
indicate that both SOCS-1 and SOCS-3 negatively regulate IFN-β-mediated induction of
chemokines that are relevant to neuroinflammation.

Knockdown of SOCS-1 and SOCS-3 Enhances Chemotaxis of Macrophages and T-cells to
Supernatants from IFN-β-treated Astrocytes

Astrocytic chemokine expression contributes to proinflammatory responses within the CNS
by attracting resident microglia and infiltrating macrophages, and by promoting the infiltration
of T-cells into the CNS (7,39–41). Our data demonstrate that SOCS-1 and SOCS-3 attenuate
the induction of several chemokines in response to IFN-β. Therefore, we investigated whether
this negative regulation was functionally significant; specifically, whether SOCS-1 or SOCS-3
levels negatively affected chemoattraction of immune cells following IFN-β stimulation in
primary astrocytes. In these experiments, we examined the ability of bone marrow derived
primary macrophages or spleen CD4+ T-cells to migrate toward supernatants from IFN-β-
stimulated astrocytes that were depleted in either SOCS-1 or SOCS-3. After transfecting
primary astrocytes with SOCS-1 siRNA, SOCS-3 siRNA, or control siRNA for 48 h, cells
were treated with medium or IFN-β for 16 and 24 h. Supernatants from the astrocytes were
utilized in Transwell chemotaxis assays. Consistent with enhanced chemokine induction in the
absence of SOCS proteins (Figure 6), we observed significant enhancement of macrophage
chemotaxis toward supernatants from SOCS-1 siRNA or SOCS-3 siRNA transfected
astrocytes compared to control siRNA-transfected cells (Figure 7A). The same effect was
observed for CD4+ T-cell chemotaxis (Figure 7B). These results indicate that enhanced
chemokine expression in SOCS-1- and SOCS-3-depleted astrocytes enhances their
chemoattractant properties for macrophages and CD4+ T-cells.

DISCUSSION
IFN-β is one of the most successful MS therapies because it decreases exacerbation rates and
delays disease progression (42–44). In addition, IFN-β treatment diminishes the clinical signs
of EAE due to reduced cellular infiltration in the CNS (14,45). IFN-β functions as an
immunosuppressive agent by inhibiting class II MHC, MMP-9 and IL-12 expression, blocking
Th1 development, inducing expression of the anti-inflammatory cytokines IL-10 and IL-4,
inhibiting the inflammatory responses of macrophages/microglia, and improving BBB
integrity (9,46,47). However, IFN-β also induces expression of chemokines that modulate
inflammatory and immune responses in the CNS (15,21). These chemokines recruit leukocytes
to inflammatory sites, and may participate in regulating cytokine production by naive T helper
cells (48). Thus, IFN-β has both anti- and pro-inflammatory activities (9,49).

In the present study, IFN-β induced the expression of SOCS-1 and SOCS-3 in astrocytes, and
this induction was critical for controlling inflammatory responses in these cells. IFN-β utilizes
distinct STAT proteins for induction of SOCS-1 and SOCS-3. The induction of SOCS-1 is
dependent on STAT-1, while SOCS-3 induction relies on STAT-3 (Figure 8). In support of
STAT involvement, the results from analysis of the SOCS-1 and SOCS-3 promoters reveal
that GAS elements are critical for IFN-β induced SOCS-1 and SOCS-3 expression in
astrocytes. We have recently shown that Oncostatin M, an IL-6 family member, induces
SOCS-3 expression in a manner dependent on STAT-3, ERK1/2 and JNK in astrocytes (50).
In primary astrocytes, SOCS-1 and SOCS-3 expression is induced by IFN-γ (51), and also by
PPAR-γ agonists such as 15d-PGJ2 and rosiglitazone (52). PPAR-γ agonist induction of
SOCS-1 and SOCS-3 occurs in a STAT-1 independent manner, with the possible involvement
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of PKA and PKC (52). Thus, STAT-dependent and independent pathways lead to SOCS-1 and
SOCS-3 expression in astrocytes in a stimulus-specific manner. Furthermore, there are CNS
cell-type specific responses to IFN-β with respect to SOCS expression. Microglia are induced
to express both SOCS-1 and SOCS-3 in response to IFN-β, similar to astrocytes, while in
primary neurons, IFN-β induces SOCS-3, but not SOCS-1 expression (unpublished
observation, H.Q. and E.N.B.).

Studies in which the abundance of SOCS-1 and SOCS-3 have been enhanced or abrogated
have established that these proteins are negative regulators of adaptive and innate immune
responses (23,24). SOCS-1 is a key regulator of IFN-γ signaling by its inhibitory effects on
STAT-1 activation (53–55). As well, SOCS-1 inhibits other signaling pathways including those
activated by IFN-α/β, LPS, IL-2 and insulin (33,53,56–59). Conditional gene-targeting has
been used to elucidate the function of SOCS-3, given that SOCS-3 deficiency is embryonic
lethal (60). The major function of SOCS-3 is to regulate signaling by the IL-6 family of
cytokines by inhibiting STAT-3 activation (61,62). Targeted deletion of SOCS-3 in
macrophages results in an enhancement of IL-6-induced STAT-3 activation (26). In addition,
SOCS-3 inhibits signal transduction induced by LPS, IL-12, IL-4 and IFN-α/β (63–71).
Furthermore, SOCS-3 has a broad range of actions as it inhibits the NF-κB pathway (72),
antagonizes cAMP-mediated signaling (73), and enhances signaling through the ERK/MAPK
pathways (74). The results from our study indicate that in astrocytes, SOCS-1 and SOCS-3
function as negative regulators of the IFN-β signaling pathway. Reducing IFN-β-induced
SOCS-1 and SOCS-3 expression levels in astrocytes with siRNA significantly enhanced IFN-
β-induced expression of chemokines, including MCP-1, MIP-1α, MIP-1β, RANTES and IP-10.
This translated to functional effects as demonstrated by enhanced chemotaxis of primary T-
cells and macrophages to supernatants from SOCS-1 and SOCS-3 knockdown astrocytes,
compared to those with intact SOCS-1 or SOCS-3. Thus, IFN-β induction of SOCS-1 and
SOCS-3 negatively regulates IFN-β-induced expression of chemokines such as MCP-1,
MIP-1α, MIP-1β, RANTES and IP-10, which likely is the result of attenuation of STAT-1,
STAT-2 and STAT-3 activation (Figure 8). Through these functions, SOCS proteins may
modulate disease-related inflammation in the CNS, particularly leukocyte migration.

In addition to inhibiting chemokine expression, SOCS proteins, particularly SOCS-3, inhibit
chemokine-mediated chemotaxis in a variety of cell types, including T-cells (75). This is due
to the ability of SOCS-3 to bind to chemokine receptors, which then attenuates the chemotactic
response. Thus, it will be of interest to determine whether the induction of SOCS-3 in glial
cells (astrocytes, microglia) attenuates chemokine-mediated chemotaxis of these cells.
Furthermore, this is an illustration of signaling cross-talk between cytokine and chemokine
responses that impact a multiple of neuroinflammatory responses (7).

Polizzotto et al., (76) examined the temporal expression of SOCS-1 and SOCS-3 mRNA in
the developing and adult nervous system, and observed maximal expression from embryonic
day 14 to postnatal day 8, which declined thereafter. During a variety of CNS disease states,
both SOCS-1 and SOCS-3 are expressed. In the EAE model, SOCS-1 and SOCS-3 mRNA
expression increased significantly in the cerebellum and spinal cord at the peak of disease
activity, and then declined (77). In a comparison of two models of EAE: SJL mice with
relapsing-remitting EAE, and B6 mice with chronic EAE without complete remission, both
SOCS-1 and SOCS-3 mRNA were elevated during active disease in both strains, although the
B6 mice expressed less SOCS-3 (30). The failure of B6 mice to completely recover may be
due to the lower levels of SOCS-3. Monocytes from relapsing remitting (RR) MS patients
constitutively express higher levels of activated STAT-3 than cells from MS patients in
remission. This was associated with decreased levels of SOCS-3 in RR patients compared to
those in remission (31), suggesting an association of decreased SOCS-3 expression with MS
relapses. In this regard, a recent study demonstrated that Simvastatin increased SOCS-3
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expression in monocytes from RR MS patients, which was associated with decreased STAT-3
phosphorylation, and inhibition of IL-6 and IL-23 expression (78). Thus, the induction of
SOCS-3 expression by statins may be of therapeutic efficacy in MS. SOCS-1 exerts a beneficial
effect in the EAE model (32). Treatment with a mimetic of SOCS-1 (TKip) inhibited STAT-1
activation, and had a protective effect on EAE disease. This was associated with lower Myelin
Basic Protein (MBP) antibody titers, suppression of MBP-induced splenocyte proliferation,
and reduction of TNF-α production. Therefore, SOCS-1 and SOCS-3 proteins are possible
therapeutic targets for ameliorating pathological inflammation within the CNS.

Cell-type specific expression of SOCS-1 or SOCS-3 reveals complexity in SOCS function.
Targeted expression of SOCS-1 in developing oligodendrocytes protects against the
detrimental effects of IFN-γ (79). In a transgenic mouse line, PLP/SOCS-1, in which SOCS-1
is expressed in oligodendrocytes, EAE development occurs with an accelerated onset
associated with early inflammation and increased oligodendrocyte apoptosis (80). In this
model, IFN-γ exerts a protective effect on mature oligodendrocytes, which is abrogated upon
SOCS-1 expression. Thus, SOCS-1 has differing effects on oligodendrocytes, dependent on
their state of maturation. SOCS-1 inhibits inflammatory responses in macrophages/microglia
(81,82), and as shown in this study, inhibits chemokine expression in astrocytes. SOCS-3 also
has beneficial and detrimental functions in cells of the CNS. Conditional deletion of SOCS-3
in astrocytes, in the context of a spinal cord injury, enhanced migration of astrocytes and
formation of glial scars (83). This resulted in less infiltration of inflammatory cells, sparing of
myelin and oligodendrocytes, and improved functional recovery (83). These results imply that
SOCS-3 represses the ability of reactive astrocytes to promote healing after spinal cord injury.
Mice with conditional deletion of SOCS-3 in oligodendrocytes are protected against cuprizone-
induced oligodendrocyte loss (84). SOCS-3 deletion allows LIF to inhibit myelin loss, thus
modulating SOCS-3 levels may serve as a therapeutic strategy for demyelinating diseases.
However, in the context of stroke, SOCS-3 has a neuroprotective effect, as antisense
knockdown of SOCS-3 increased the severity of stroke symptoms (85). Previous findings from
our laboratory indicated that SOCS-3 attenuates inflammatory events in macrophages/
microglia (35), and this study revealed that SOCS-3 in astrocytes exerts an inhibitory effect
on chemokine expression. Because both SOCS-1 and SOCS-3 modify responses in microglia,
astrocytes and oligodendrocytes, understanding how SOCS expression is regulated in different
CNS cell types will be clinically important. Studies to manipulate levels of SOCS expression
in the CNS will aid in developing therapeutic strategies against neuroinflammatory diseases.
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Figure 1. IFN-β induces SOCS-1 and SOCS-3 gene expression in primary astrocytes
The images shown are representative of at least three experiments. (A) To measure IFN-β-
induced increases in SOCS mRNA levels, primary astrocytes were treated with medium (UN)
or IFN-β (100 U/ml) for up to 12 h, and total RNA analyzed by RPA to measure SOCS-1,
SOCS-3, and GAPDH mRNA levels. mRNA levels in the untreated sample were set at 1.0,
and results are expressed as fold induction over these control levels. (B) To determine the IFN-
β-induced increases in SOCS protein levels, primary astrocytes were treated with IFN-β for
up to 24 h and cell lysates immunoblotted with anti-SOCS-1 or anti-SOCS-3. The blots were
stripped and reprobed with anti-actin as a loading control.
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Figure 2. IFN-β-induced activation of the murine SOCS-1 and SOCS-3 promoters requires GAS
elements
Serial deletion and mutagenesis constructs of the SOCS-1 (A) and SOCS-3 (B) promoters are
represented by line diagrams. Primary astrocytes were transiently transfected with 0.2 μg of
the indicated SOCS-1 or SOCS-3 promoter constructs, allowed to recover for 4 h, treated with
medium or IFN-β (100 U/ml) for 12 h, and analyzed for luciferase activity. Values were
normalized to total protein levels, and the fold inductions shown are the IFN-β treatment values
divided by untreated values. Data are the mean ± S.D. of three experiments.
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Figure 3. STAT-1α is important for IFN-β-induced SOCS-1, but not SOCS-3, expression in primary
astrocytes
Images shown are representative of at least three experiments. (A) To evaluate STAT activation
in response to IFN-β treatment, astrocytes were incubated with IFN-β for up to 4 h, then cell
lysates immunoblotted with anti-phospho-Tyr-STAT-1α or anti-phospho-Tyr-STAT-3. The
membranes were stripped and reprobed with anti-STAT-1α, anti-STAT-3 or anti-actin as a
loading control. (B) Primary astrocytes from WT- and STAT-1α-deficient mice were treated
with IFN-β (100 U/ml) for up to 2 h. Total cellular mRNA was analyzed for SOCS-1, SOCS-3,
and GAPDH mRNA expression by RPA. Basal levels in the untreated sample were set at 1.0,
and results are expressed as fold induction over these control levels. (C) To evaluate STAT
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activation levels in response to IFN-β, primary astrocytes from WT and STAT-1α deficient
mice were treated with IFN-β for up to 2 h, and cell lysates immunoblotted with anti-phospho-
Tyr-STAT-1 or anti-phospho-Tyr-STAT-3. The membranes were stripped and reprobed with
anti-STAT-1, anti-STAT-3 or anti-actin as a loading control.
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Figure 4. STAT-3 is important for IFN-β-induced SOCS-3, but not SOCS-1, expression in primary
astrocytes
Images shown are representative of at least three experiments. (A) Primary astrocytes from
WT and STAT-1-deficient mice were transfected with STAT-3 siRNA (SMARTpool) or an
siRNA control (100 nM) for 48 h. Transfected cells were then treated with medium (UN) or
IFN-β for 1 or 2 h and cell lysates immunoblotted with anti-STAT-3, anti-phospho-Tyr-
STAT-3, anti-STAT-1, anti-phospho-Tyr-STAT-1 or anti-actin. (B) Using astrocytes treated
as in (A), total RNA was analyzed for SOCS-1, SOCS-3, and GAPDH mRNA expression using
RPA. Basal levels in the untreated sample were set at 1.0, and results are expressed as fold
induction over these control levels. (C) To determine the effects of STAT-2 inhibition, primary

Qin et al. Page 20

J Immunol. Author manuscript; available in PMC 2010 March 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



astrocytes were transfected with STAT-2 siRNA (SMARTpool) or an siRNA control (100 nM).
Cell lysates were immunoblotted with anti-phospho-Tyr-STAT-1, anti-phospho-Tyr-STAT-2,
anti-phospho-Tyr-STAT-3, anti-STAT-1, anti-STAT-2, anti-STAT-3, and anti-actin, where
indicated. (D) Total RNA from cells treated as in (C) was analyzed for SOCS-1, SOCS-3, and
GAPDH mRNA using RPA. Basal levels in the untreated sample were set at 1.0, and results
are expressed as fold induction over these control levels.
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Figure 5. IFN-β induces CCL2/MCP-1, CCL3/MIP-1α, CCL4/MIP-1β, CCL5/RANTES, and
CXCL10/IP-10 expression in primary astrocytes
Images shown are representative of at least three experiments. (A) Primary astrocytes were
treated with medium (UN) or IFN-β for up to 8 h, then total RNA was assayed by RPA to
determine mRNA expression levels of MCP-1, MIP-1α, MIP-1β, RANTES, IP-10, and
GAPDH. Basal levels in the untreated sample were set at 1.0, and results are expressed as fold
induction over these control levels. (B) Primary astrocytes from WT and STAT-1α deficient
mice were treated with medium (UN) or IFN-β for up to 8 h, and then mRNA was analyzed
by RPA for MCP-1, MIP-1α, MIP-1β, RANTES, IP-10, and GAPDH expression. The basal
level of the untreated sample was set at 1.0, and fold induction upon IFN-β treatment compared
to that.
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Figure 6. SOCS-1 and SOCS-3 negatively influence IFN-β-induced chemokine expression in
primary astrocytes
Images shown are representative of at least three experiments. (A) After transfecting primary
astrocytes with siRNA Control, SOCS-1 siRNA or SOCS-3 siRNA (100 nM) for 48 h, cells
were treated with medium (UN) or IFN-β for up to 8 h. RPA was used to analyze SOCS-1,
SOCS-3 and GAPDH mRNA levels. Basal levels in the untreated sample were set at 1.0, and
results are expressed as fold induction over these control levels. (B) RNA from astrocytes
transfected as in (A) was analyzed for MCP-1, MIP-1α, MIP-1β, RANTES, IP-10, and GAPDH
mRNA levels. Basal levels in the untreated sample were set at 1.0, and results are expressed
as fold induction over these control levels. (C) represents a tabulation of the data in (B). Each
arrow indicates an increase of at least 100% in cells harboring SOCS-1 or SOCS-3 siRNA
compared to cells with control siRNA. (D) Astrocytes transfected as in (A) were treated with
medium (UN) or IFN-β for up to 36 h, and supernatants were analyzed for IP-10 protein using
ELISA. Data are the mean ± S.D. of three experiments. *P ≤ 0.05.
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Figure 7. SOCS-1 and SOCS-3 negatively regulate IFN-β-induced macrophage and CD4+ T-cell
chemotaxis
(A)Astrocytes transfected as in Figure 6A were treated with medium (UN) or IFN-β for 16 or
24 h, and their supernatants used in a chemotactic assay with bone marrow derived primary
macrophages in a Transwell migration chamber. Data are the mean ± S.D. of three experiments.
*P ≤ 0.05. (B) The same supernatants were used in a chemotactic assay with spleen CD4+ T-
cells in a Transwell migration chamber. Data are the mean ± S.D. of three experiments. *P ≤
0.05 and **P ≤ 0.001.
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Figure 8. Proposed model of inhibitory function of SOCS-1 and SOCS-3 on chemokine expression
in astrocytes
IFN-β activates STAT-1 and STAT-3, which then induce SOCS-1 and SOCS-3 expression,
respectively. IFN-β induces SOCS-1 gene expression in a STAT-1-dependent manner and
SOCS-3 gene expression in a STAT-3-dependent manner. Induction of the chemokines CCL2,
CCL3, CCL4 and CCL5 upon IFN-β treatment occurs in a STAT-1-dependent manner. IFN-
β-induced CXCL10 expression is partially dependent on STAT-1. SOCS-1 and SOCS-3 inhibit
IFN-β-induced chemokine expression in a negative feedback regulatory manner. See text for
details.
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