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Abstract

In the decade following their initial discovery, the suppressor of cytokine signaling (SOCS) proteins
have been studied for their potential use as immunomodulators in disease. SOCS proteins, especially
SOCS1 and SOCS3, are expressed by immune cells and cells of the central nervous system (CNS)
and have the potential to impact immune processes within the CNS, including inflammatory cytokine
and chemokine production, activation of microglia, macrophages and astrocytes, immune cell
infiltration and autoimmunity. We describe CNS-relevant in vitro and in vivo studies that have
examined the function of SOCS1 or SOCS3 under various neuroinflammatory or neuropathological
conditions, including exposure of CNS cells to inflammatory cytokines or bacterial infection,
demyelinating insults, stroke, spinal cord injury, multiple sclerosis and glioblastoma multiforme.

The SOCS family

Suppressor of cytokine signaling (SOCS) proteins are intracellular, cytokine-inducible proteins
that inhibit cytokine signaling in numerous cell types, including cells of the immune and central
nervous systems (CNS). The SOCS family is composed of eight members: cytokine inducible
SRC homology 2 (SH2)-domain-containing protein (CIS) and SOCS1 to SOCS7 [1,2]. To
exert their function, SOCS proteins associate with phosphorylated tyrosine residues on Janus
kinases (JAKSs) and/or cytokine receptor subunits through a central SH2 domain. A C-terminal
SOCS hox then interacts with components of the ubiquitin ligase machinery and mediates
proteosomal degradation of associated proteins [3]. In addition, the N-terminus of SOCS1 and
SOCS3, specifically, contains a kinase-inhibitory region (KIR) (Figure 1), which acts as a
pseudosubstrate for JAKs, conferring inhibition of JAK kinase activity [1]. Through these
interactions, SOCS proteins attenuate responses to cytokines and growth factors. Because
studies of SOCS family members have established SOCS1 and SOCS3 as the most important
in regulating innate and adaptive immune responses, they are the focus of this review. There
is limited information regarding the role of other SOCS family members in CNS immunity.
Therefore, they are not discussed here.

SOCS regulation of JAK/STAT signaling

Signal transduction through the JAK/signal transducer and activator of transcription (STAT)
signaling pathway is a crucial mediator of inflammatory and immune responses in the CNS
[4]. Activation of the JAK/STAT pathway is achieved by cytokines binding to their associated
cell-surface receptors, leading to a series of phosphorylation events, culminating in
phosphorylation of the STAT transcription factors (Figure 2). Activated STATS promote
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expression of immune molecules by binding to cis-elements in the promoters of target genes
and activating transcription. Along with many proinflammatory targets, STATS also induce
SOCS1 and SOCS3, which feed back to negatively regulate JAK/STAT signaling (Figure 2).
Expression of SOCS1 and SOCS3 is regulated primarily by activation of STAT1 and STAT3,
respectively, although their expression can be mediated through other signaling cascades,
including the mitogen activated protein kinase (MAPK) and nuclear factor-kappa B (NF-kB)
pathways. SOCS1 and SOCS3 have short half-lives (1-2 h) and their stability can be regulated
by phosphorylation or association with other proteins, including the serine and threonine kinase
PIM1 and ubiquitin [5-9]. Other regulatory mechanisms probably exist but have not been
characterized. Due to their rapid induction and quick turnover, SOCS proteins present a robust
and self-regulated mechanism to modulate cytokine signaling in various disease states of the
CNS.

SOCS1 and SOCS3 expression is cell-type- and stimulus-specific. In CNS cells, such as
astrocytes, microglia, oligodendrocytes and neurons, SOCS1 and SOCS3 expression is induced
by stimuli such as IL-4, -6, -10, interferon (IFN)-B, -y and lipopolysaccharide (LPS). SOCS
proteins are also inducibly expressed in immune cells, including dendritic cells (DCs), T cells
and macrophages, which are recruited to the CNS under inflammatory conditions (Tables 1
and 2). As we discuss later, the effects of SOCS1 and SOCS3 on immune responses and
neurological outcomes vary greatly depending on the neuroinflammatory context. However,
these outcomes are linked in that they are a result of SOCS1 or SOCS3 inhibition of the JAK/
STAT pathway.

SOCS1 functions most classically to inhibit IFN signaling by interacting with the IFN-a
receptor 1 (IFNAR1) and IFN-y receptor (IFNGR) subunits, limiting IFN-activation of STATS
(namely STATL, STAT2 and STAT3) [10,11]. However, SOCS1 has more recently been
shown to disrupt a broader range of signaling pathways by facilitating degradation of p65
[12], a crucial component of the NF-kB pathway, and ASK1, a kinase upstream of the JINK
and p38 pathways [13]. SOCS1-deficient mice (SOCS17/") develop multi-organ failure and
death within 3 weeks of birth, owing to a hyper-responsiveness to IFN-y [14-16]. During this
time, however, heightened IFN responses also render SOCS1 ™/~ mice resistant to viral and
parasitic infections. Accordingly, overexpression of SOCS1 results in reduced responsiveness
to IFN-a, -p and -y in many cell types [10,17-21]. Additionally, macrophages, DCs and
fibroblasts from SOCS1~/~ mice are hypersensitive to LPS and other Toll-like receptor ligands,
as measured by increased production of proinflammatory cytokines, including TNF-a, IL-6,
IL-12 and IFN-y (Table 3) [22,23]. Clearly, SOCS1 is a powerful attenuator of IFN- and Toll-
like receptor-mediated responses in immune cells.

In vitro effects of SOCS1 in cells of the CNS

Several in vitro studies have highlighted important functions of SOCS1 in cells of the CNS.
For example, negative feedback by SOCS1 in astrocytes might limit chemokine-induced
migration of immune cells within the brain. IFN-f treatment of astrocyte cultures induces
robust expression of chemokines, such as CCL2 (monocyte chemotactic protein-1; MCP-1),
CCL3 (macrophage inflammatory protein 1 o; MIP-1a)), CCL4 (macrophage inflammatory
protein 1 B; MIP-1B), CCL5 (regulated upon activation, normal T cell expressed and secreted;
RANTES) and CXCL10 (interferon-inducible protein 10; IP-10) [24]. However, this
expression is self-regulated by concurrent IFN-B-induced expression of SOCS1, as shown by
increased production of these chemokines when SOCS1 is experimentally depleted using small
interfering RNA (siRNA). Functionally, this increase in chemokine expression correlates with
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enhanced migration of macrophages and CD4* T cells in an in vitro assay, indicating that
SOCS1 might limit inflammatory cell migration within the CNS.

SOCS1 also inhibits expression of crucial immune molecules on the cell surface, including
MHC class I, class Il and CD40. MHC class | mediates the presentation of intracellular
pathogens to the immune system and its expression is enhanced following IFN-y stimulation.
Interestingly, dorsal root ganglia (DRG) neurons of the adult mouse, which unlike most cell
types do not express MHC class I, express high levels of SOCS1 [25]. However, in
SOCS17/~ DRG neurons, stimulation with IFN-y induces strong MHC class | expression
[26]. By contrast, myelinating cells of the nervous system do express MHC class | in response
to IFN-y. However, SOCS1 overexpression in both Schwann cells and oligodendrocytes
inhibits this expression [26,27]. Therefore, SOCS1 inhibits IFN-y-induced MHC class |
expression in CNS cells and its expression represents a mechanism whereby intracellular
pathogens could evade detection by the immune system. SOCS1 also inhibits IFN-y-induced
expression of MHC class Il in macrophages and microglia by inhibiting STAT1-mediated
expression of the transcription factor CIITA [18]. In addition, by blocking STAT1 activation,
SOCSL inhibits IFN-y-induced CD40 expression in macrophages [19] and IFN-B-induced
CDA40 expression in macrophages and microglia [28]. Thus, SOCS1 inhibits surface expression
of crucial immune molecules on CNS cells, promoting a general dampening of T-cell activation
and immune responses in the brain.

SOCS1 in pathogenic diseases of the CNS

IFNs serve as the first line of defense against pathogen invasion [29]. Recently, it has been
shown that several CNS pathogens can induce SOCS proteins as a method of evading IFN-
mediated innate immune responses. Toxoplasma gondii, an intracellular parasite that causes
encephalitis, induces SOCSL1 directly in macrophages [30]. This expression correlates with a
reduction in IFN-y-stimulated target genes, which is rescued by SOCS1 deletion. However,
CNS pathogen-induced SOCS proteins are also beneficial for the host. Borrelia burgdorferi,
the pathogen that causes Lyme disease, inflicts widespread damage to the joints, heart and CNS
following massive induction of inflammatory cytokines in these tissues [31]. Concurrently,
host macrophages are induced to express both SOCS1 and SOCS3 proteins directly in response
to this pathogen, resulting in diminished production of inflammatory cytokines, including
IL-1B, IL-6 and TNF-a 31, Therefore, pathogen-induced SOCS1 can strongly influence
inflammatory responses within the CNS during infection.

SOCS1 in demyelinating diseases

Multiple sclerosis (MS) is an autoimmune disease of the CNS that is characterized by regions
of inflammation and demyelination of axons, in addition to neuron and oligodendrocyte cell
loss [32]. Several experimental observations suggest that IFN-y might have an important role
in the pathogenesis of this disease. Increased levels of IFN-y are observed in MS lesions and
cerebrospinal fluid (CSF) levels of IFN-y correlate with disease severity [33]. In vitro, exposure
of oligodendrocytes to IFN-y results in cell death [33,34]. During mouse development,
overexpression of IFN-y in the CNS results in motor tremors, hypomyelination and
oligodendrocyte loss, effects similar to those seen in MS [27,35,36]. Not surprisingly, SOCS1
dampens the effects of IFN-y in demyelinating disease in mice. For instance, CNS-IFN-y
overexpressors are protected against demyelination by concurrent overexpression of SOCS1
in oligodendrocytes [27]. In the context of experimental autoimmune encephalomyelitis
(EAE), a mouse model of MS, the early CNS presence of IFN-y provides protection to
oligodendrocytes but IFN-y expression later in disease is harmful [37]. SOCS1 overexpression
in oligodendrocytes suppresses the early, protective effects of IFN-y on oligodendrocytes, but
also blocks its later, deleterious actions in EAE [38]. Finally, in several studies, administration
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of the SOCS1 mimetic, tyrosine kinase-inhibitor peptide (Tkip), prevents EAE. Tkip binds to
the JAK2 autophosphorylation site, preventing JAK2-mediated phosphorylation of STAT1
and STATS3, and functionally blocking STAT1-mediated IFN-y and TNF-a signaling, in
addition to STAT3-mediated IL-6 signaling [39]. Administration of this peptide before EAE
induction in NZW mice prevents acute EAE [40]. In SJL/J mice, administration of Tkip blocks
the acute and relapse phases of EAE, even when given after the establishment of disease
[40]. This protection correlates with decreased expression of IL-2, IL-5, TNF-a and IFN-y in
the CNS of Tkip-treated mice. These findings collectively indicate that SOCS1 can attenuate
neuroinflammatory responses and might therefore have therapeutic value in MS.

SOCS1 in CNS malignancy

A therapeutic role for SOCS1 might also be found in CNS malignancy. In glioblastoma
multiforme (GBM), a highly aggressive and fatal brain tumor, SOCS1 might function as a
tumor suppressor. The SOCS1 promoter is hypermethylated in ~25% of brain tumors and in
many glioma cell lines [41,42], which corresponds to a fivefold reduction in SOCS1 mRNA
expression. However, reintroduction of SOCS1 into glioma cells sensitizes them to radiation-
induced destruction [41].

SOCS1 might also be protective in the context of CNS metastasis of melanoma. Injection of
melanoma cells into the carotid artery results in metastasis to the brain in 100% of cases,
whereas injection of melanoma cells overexpressing SOCS1 leads to metastasis in only 39%
of cases [43]. SOCS1 overexpressing melanoma cells have decreased activation of STAT3 and
lower expression of matrix metalloproteinase 2 (MMP-2) and vascular endothelial growth
factor (VEGF), molecules important for invasion and angiogenesis, respectively [43].
Therefore, in the context of CNS malignancy, SOCS1 expression might have therapeutic value
in CNS malignancy by sensitizing glioma cells to radiation and inhibiting expression of tumor-
promoting genes.

SOCS1 summary

SOCS3

SOCS1 is a powerful attenuator of JAK/STAT signaling, most notably when initiated by IFNSs.
As has been reviewed, however, this discrete action of SOCS1 has diverse effects throughout
the CNS depending on the inflammatory microenvironment or disease context. SOCS1 can
limit inflammation by dampening expression of cytokines and chemokines, suppress surface
expression of molecules that mediate immune responses, accommodate pathogen infiltration
or protect against demyelination and CNS malignancy, depending on the context of its
expression. SOCS1 has a crucial role in modulating cytokine responses and might hold promise
as a therapeutic modulator in CNS disease states.

The predominant function of SOCS3 is inhibition of signaling by the 1L-6 family of cytokines
(Figure 2) [2]. SOCS3 accomplishes this by interacting with the common receptor subunit of
this family, gp130, through its SH2 domain, inhibiting receptor-associated JAK activity
through its KIR and targeting JAKSs for degradation via the SOCS box [44—46]. Together, these
actions prevent JAK-mediated activation of STAT3. However, SOCS3 exerts a much broader
effect on immune responses by inhibiting signaling of additional immune molecules, such as
LPS, the type I and type Il IFNs, IL-2 and IL-12 [24,47-49]. Furthermore, SOCS3 inhibits the
NF-kB pathway [50], antagonizes cAMP-mediated signaling [51] and enhances signaling
through the MAPK pathway [52]. Given this broad range of effects, it is not surprising that
SOCS3-deficient mice are embryonic lethal. Embryos exhibit dysregulated signaling by
leukemia inhibitory factor (LIF), an IL-6 family member, and demonstrate extensive
erythrocytosis [53].

Trends Immunol. Author manuscript; available in PMC 2010 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baker et al. Page 5

In vitro effects of SOCS3 in cells of the CNS

As would be expected from the broad impact of SOCS3 on cytokine signaling, SOCS3 can
exert several effects on CNS and immune cells. IFN-B induces the expression of SOCS3 in
astrocytes in a STAT3 activation-dependent manner [24]. Disruption of SOCS3 expression
enhances the production of chemokines by IFN-B, promoting the migration of microglia and
T cells. Thus, astrocyte production of chemokines is inhibited by SOCS3, decreasing immune-
cell migration within the CNS. Studies involving the manipulation of astrocyte-derived SOCS3
expression must be performed to determine if SOCS3 has a functional role in immune-cell
trafficking into the brain in vivo.

In neurons, however, the effects of SOCS3 expression are very different. For example, in
human neuroblastoma cells, overexpression of SOCS3 reverses the STAT3-mediated
protective effects of insulin-like growth factor (IGF-1) against TNF-a-induced cell death
[54]. In cultures of DRG neurons, lentiviral expression of SOCS3 significantly decreases
STAT3-mediated neurite outgrowth, whereas lentiviral expression of a dominant-negative
SOCS3 construct increases the median neurite length [55]. Similarly, neuronal SOCS3
expression following sciatic nerve transection in rats is thought to hamper the beneficial effects
of STAT3 activation in neurons. Thus, activation of STAT3 by growth factors, such as IGF-1,
or following nerve injury might support neuron viability, which is opposed by the expression
of SOCS3.

In macrophages and microglia, SOCS3 meditates the anti-inflammatory effects of IL-10. LPS
induces CD40 expression, which is inhibited by co-incubation with IL-10 [47]. LPS and IL-10
synergistically induce SOCS3 and overexpression of SOCS3 inhibits LPS-induced CD40
expression. These data suggest that one mechanism by which I1L-10 exerts its anti-
inflammatory properties in macrophages and microglia is through the induction of SOCS3.

SOCS3 in pathogenic diseases of the CNS

In addition to SOCS1, CNS pathogens also induce SOCS3 in an attempt to evade immune
defenses. Persistent infection of macrophages with Listeria monocytogenes, an intracellular
bacterium that causes meningitis, results in robust expression of SOCS3 [56]. L.
monocytogenes induction of SOCS3 is both direct and indirect, partially relying on an
unidentified pathogen-secreted protein for maximal induction. This expression correlates with
decreased STAT-1 tyrosine phosphorylation, STAT-1 dimerization and STAT-1-mediated
transcriptional activity in response to IFN-y stimulation, impairing the antiviral host response
[56].

SOCS3 in traumatic brain and spinal cord insults

Acute spinal cord injury (SCI) causes death of neurons, oligodendrocytes and astrocytes and
the interruption of ascending and descending axonal tracts. An inflammatory component
develops within the spinal cord secondary to the initial trauma, consisting of neutrophil,
microglia, macrophage and T-cell infiltration, in addition to the production of proinflammatory
molecules, which contribute to further tissue damage [57]. STAT3 is activated in astrocytes,
neurons and other cell types during the first several days after SCI [58,59]. STAT3 activation
is crucial for astrocyte migration and glial-scar formation, which limits infiltration of
inflammatory cells and subsequent neuron and oligodendrocyte death. Mice with conditionally
deleted SOCS3 expression in nestin-expressing cells have increased STAT3 activation, thereby
limiting infiltration of inflammatory cells and subsequent neuron and oligodendrocyte death
[58]. This leads to improved functional recovery after SCI. By contrast, CNS deletion of
STAT3 in this SCI model delays glial-scar formation, enhances infiltration of inflammatory
cells, increases demyelination and impairs functional recovery. Similarly, compared with wild-
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type mice, those lacking STATS3 in astrocytes exhibit decreased SCI-induced expression of
glial fibrillary acidic protein (GFAP) and vimentin, two important markers of astrogliosis
[59]. Glial-scar formation and organization is also severely disrupted in mice with STAT3-
deficient astrocytes. Phenotypically, these mice have larger lesions, increased numbers of
inflammatory cells in the lesion and surrounding brain parenchyma and impaired motor
function compared with WT mice. Therefore, SOCS3 expression following SCI might be
detrimental because STAT3 activation is crucial for limiting the death of oligodendrocytes and
neurons and improving functional recovery.

Alterations in SOCS3 expression have also been noted in other models of neuronal injury.
Expression of SOCS3 is increased in rat cerebral cortex following a cortical impact injury and
in the hippocampus following lithium-pilocarpine-induced seizure [60,61]. Unfortunately, the
functional importance of SOCS3 expression in these models was not studied. In addition,
SOCS3 expression is upregulated after middle cerebral-artery occlusion (MCAO) in the rat
[62,63]. Infusion of antisense SOCS3 into the ventricle before MCAO increases lesion volumes
and worsens neurological outcomes compared with control-infused mice [62], suggesting that
upregulation of SOCS3 in this model of stroke is neuroprotective. Clearly, SOCS3 regulation
of neuronal recovery is complex and differs depending on the type of neurological insult.

SOCS3 in demyelinating diseases

The IL-6 family member, LIF, is an endogenous survival factor for oligodendrocytes [64].
Therefore, its function has been evaluated in multiple models of demyelination [65,66]. In an
EAE model of demyelination, LIF administration reduces oligodendrocyte apoptosis and
disease severity. Similarly, in a cuprizone model of demyelination, LIF expression is induced
in the corpus callossum region of the brain and cuprizone induces greater oligodendrocyte loss
in LIF~ mice compared with WT mice. [67]. However, LIF, in turn, induces SOCS3
expression in oligodendrocytes, which dampens its protective effects. Mice lacking SOCS3 in
oligodendrocytes display less oligodendrocyte loss after cuprizone exposure compared with
WT mice [67]. Therefore, SOCS3 expression in oligodendrocytes in the cuprizone model limits
the protective effect of LIF on oligodendrocytes and inhibition of SOCS3 in the context of
demyelination might enable greater LIF-mediated protection. Ciliary neurotrophic factor
(CNTF), IGF-1 and neurotrophin (NT)-3 are also trophic factors for oligodendrocytes, and
SOCS3, as an inhibitor of signaling by these cytokines, might also limit their protective effects
in the context of demyelination.

However, the effects of SOCS3 in demyelinating disease are not straightforward because
SOCS3 is also protective. Injection of SOCS3-expressing DCs at EAE induction or at disease
onset reduces the clinical severity of EAE compared with injection with control DCs [68]. The
splenocytes from mice injected with SOCS3-overexpressing DCs express reduced amounts of
IFN-y and IL-17 but more IL-4 compared with control DC-injected mice. Thus, SOCS3
expression in DCs has the capacity to limit T-cell differentiation into Th1 and Th17 cells,
promoting Th2 differentiation and providing protection in EAE. Also in the context of EAE,
loss of STAT3 in CD4* T cells promotes resistance to CNS inflammation [69]. STAT3 is
required for IL-17 production by Th17 cells and for T-cell trafficking into the CNS. Because
SOCS3 functions as an attenuator of STAT3 activation, SOCS3 expression in T cells will
probably result in the same phenotypic outcome as deletion of STAT3in T cells.

SOCS3 in human disease

Multiple sclerosis

Monocytes, CD4* and CD8" T cells from patients with a relapsing-remitting (RR) form of MS
express less SOCS3 during relapse than do cells from MS patients in remission [70]. This
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correlates, during relapse, with increased levels of activated STAT3, suggesting an association
among decreased SOCS3 expression, increased STAT3 activation and MS relapse [70,71]. In
addition to activated STATS3, the hormone leptin has been implicated in MS relapses [72].
Leptin is increased in MS lesions and CSF of MS patients [73,74] and autoreactive T cells
isolated from MS patients upregulate leptin and the leptin receptor on activation [74]. Leptin
also induces TNF-a, IL-6 and 1L-10 expression in monocytes from relapsing patients but not
in cells from patients with stable disease [72]. Because SOCS3 inhibits leptin signaling robustly
[75], lower expression of SOCS3 during relapses might account for enhanced leptin-mediated
cytokine expression. Indeed, basal and leptin-induced STAT3 activation is much higher in
monocytes from relapsing MS patients than those in remission [70]. As such, SOCS3 might
be an important regulator of STAT3- and leptin-mediated inflammatory responses in MS.

Statins, best known as reducers of cholesterol synthesis, have been studied, more recently, for
theirimmunomodulatory and anti-inflammatory effects [76]. Interestingly, simvastatin induces
SOCS3 expression in monocytes from RR MS patients, which is associated with decreased
activation of STAT1 and STAT3, and diminished production of IL-6 and IL-23, cytokines
which drive Th17-cell development [77]. This decrease in IL-6 and IL-23 production leads to
suppression of the IL-17 transcription factor RAR-related orphan receptor C (RORC) and
decreased IL-17 production by CD4* T cells in culture. SOCS3 might partially mediate this
effect by suppressing STAT3 activation and blocking IL-6 and IL-23 induction [78]. Thus,
simvastatin-induced SOCS3 expression in monocytes blocks the development of Th17 cells
and might be protective in autoimmune diseases, such as MS. Currently, statins are being tested
in clinical trials in MS patients [79].

Glioblastoma

A hallmark of GBMs and other tumors is the presence of activated STATS3, as indicated by
tyrosine and serine phosphorylation of STAT3 [80]. Because SOCS3 is a negative regulator
of STAT3 activation, it was assumed initially that SOCS3 might function as a tumor suppressor
and its expression might be repressed in GBM tissues. The tumor-suppressing function of
SOCS3 was suggested by reports describing the hypermethylation of the SOCS3 promoter,
subsequent loss of expression and worse patient outcomes in GBM [42]. This defective
expression of SOCS3, with the loss of feedback inhibition of STAT3 activation, might therefore
contribute to tumor progression. However, overexpression of SOCS3 has also been observed
in GBM tissues [41,80]. This aberrant expression of SOCS3 correlates with enhanced GBM-
cell growth and survival, in addition to radioresistance [41]. Because SOCS3 is a transcriptional
target of activated STATS3, the parallel, elevated expression of both activated STAT3 and
SOCS3 in GBM is plausible and might contribute to the anti-apoptotic and radio-resistant
phenotype of GBMs. More comprehensive studies are needed to definitively determine the
status and function of SOCS3 in GBM.

Use of a small-molecule inhibitor of STAT3 (WP1066) reverses immunosuppression of
macrophages and microglia isolated from peripheral blood or glioma tissue from GBM patients
[81]. Specifically, expression of the co-stimulatory molecules CD80 and CD86 is increased,
in addition to phosphorylation of Syk and ZAP-70, which are important molecules for
monocyte and T-cell activation, respectively. WP1066 treatment also enhances expression of
immunostimulatory molecules, such as IL-2, IL-4 and IL-12, and WP1066-treated peripheral
blood mononuclear cells (PBMCs) isolated from GBM patients exhibit enhanced T-cell
proliferation responses. Although the function of SOCS3 was not examined directly, these
results implicate SOCS3 as a potential immunomodulatory molecule that can promote immune
responses in GBM patients whose CNS immune responses are suppressed.
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SOCS3 summary

SOCS3 therefore regulates numerous disease states through inhibition of the JAK/STAT
pathway. However, because this pathway is a key mediator of signaling in response to a broad
range of CNS ligands, generalized SOCS3 expression or repression can lead to competing
effects within a single disease state. For instance, in the context of SCI, SOCS3 might limit
inflammation by suppressing cytokine and chemokine production, but also might inhibit
recovery by decreasing neurite outgrowth and blocking glial-scar formation. In the context of
MS, SOCS3 inhibits protective LIF signaling in oligodendrocytes, but also inhibits detrimental
leptin signaling. Likewise, in CNS malignancy, SOCS3 expression has been reported to have
both protective and deleterious effects. Therefore, although strong evidence exists to support
SOCS3 as a crucial regulator of many disease processes, further studies are needed to elucidate
its overall function within each disease state.

Conclusions and perspectives

To date, there are a limited number of studies that have examined the role of SOCS1 or SOCS3
in the regulation of human neuroinflammatory diseases (Table 4). However, these studies, in
conjunction with in vitro data, highlight the potential clinical importance of SOCS1 and SOCS3
in CNS diseases. SOCS1, owing to its potent regulation of IFN responses, is likely to be crucial
in governing CNS responses to infection. To our knowledge, studies involving SOCS1
regulation of CNS responses to viral or bacterial infection in vivo have not been conducted.
This is an exciting area of future research because the ability to suppress viral replication and
bacterial infection in the CNS is of great importance. As an inhibitor of IFN-y signaling, SOCS1
might also confer some protection in autoimmune diseases, such as MS, by blocking expression
of MHC class Il and CD40 on immune cells and by also inhibiting production of
proinflammatory cytokines and chemokines. However, blocking responses to IFN-y, a Thl
cytokine, might promote the development of Th2 and/or Th17 T cells, which might, conversely,
have negative implications in the context of MS. In addition to better defining the role of SOCS1
in MS, the functions of SOCS1 in SCI and stroke need to be explored.

Studies examining SOCS3 suggest perhaps an even broader potential for clinical application
in the CNS. However, in light of conflicting functional effects of SOCS3, much work is needed
to clarify SOCS3 function in different neurological insults. In the context of SCI, SOCS3
inhibits growth factor signaling, promotes inflammatory cell infiltration and appears refractory
to repair. By contrast, SOCS3 is protective in a model of stroke. Thus, the function of SOCS3
varies depending on the neurological insult. SOCS3, as a negative regulator of 1L-6 cytokines,
might be detrimental in the context of MS because signaling by LIF and CNTF is protective
for oligodendrocytes. However, SOCS3 might exert protective effects by blocking
development of Th17 cells. Therefore, more studies are needed to determine the function of
SOCS3 in MS. Finally, the function of SOCS proteins in GBM remains to be clarified.
Conflicting reports have described SOCS3 loss or overexpression. Large-scale, systematic
studies are necessary to categorize the status of SOCS3 in GBM subtypes and elucidate the
function of SOCS3 in GBM progression.

Precise regulation of STAT activation is crucial for mediating proper growth signals and
immune responses within the CNS. As regulators of many cytokines that signal through the
JAK/STAT pathway, SOCS proteins have powerful roles in both health and disease and have
great potential as therapeutic targets in many CNS diseases. It is important to note, however,
that although the prevailing and most well-studied function of SOCS1 and SOCS3 proteins is
to inhibit JAK/STAT signaling, additional signaling pathways, such as the MAPK and NF-
kB pathways, are also modulated by these proteins. Therefore, future studies will need to
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examine the function of SOCS1 and SOCS3 in regulating these pathways to develop a better
understanding of these proteins in CNS diseases.
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Figure 1.

Domain structure of SOCS1 and SOCS3. SOCS1 and SOCS3 proteins are comprised of an N-
terminal variable region, a 12-amino acid (aa) kinase-inhibitory region (KIR), a 12-aa extended
SH2 subdomain (ESS), a classical SH2 domain and a C-terminal SOCS box. Four residues of
the KIR (F56, F59, D64 and Y65) are crucial for inhibiting the kinase activity of JAK2. The
168 and L75 residues of the ESS region are crucial for interaction with pY1007 of JAK2. The
SOCS hox associates with elongins C and B, which interact with components of the ubiquitin-
ligase machinery, to target SOCS1, SOCS3 and associated proteins for degradation by the
proteosome.
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Figure 2.

Cytokine signaling through the JAK/STAT pathway. Cytokines, including IFNs -a, -p and -
v, IL-6 and LIF, signal through receptor complexes (see inset) that activate the JAK/STAT
pathway. Activation of STAT transcription factors, particularly STAT1 and STATS3, induces
SOCS1 and SOCS3 gene expression. Both SOCS1 and SOCS3 inhibit JAK activity through
their KIR. However, SOCSL1 binds primarily to phosphorylated, receptor-associated JAK
proteins through its SH2 domain, whereas the SH2 domain of SOCS3 binds to phosphorylated
tyrosine residues in the cytoplasmic domain of receptors. In some cases, however, SOCSL1 can
bind to phosphorylated receptors and SOCS3 can interact directly with JAKs. All of these
interactions terminate STAT activation and suppress downstream gene expression.
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Table 1

Cells of the CNS and their functions

Cell type

Microglia

Astrocytes

Neurons

Oligodendrocytes

Macrophages

Dendritic cells

T cells

Function

Resident macrophages within the brain parenchyma that actively survey the extracellular
environment for damage or infection. Under neuroinflammatory conditions, they have
phagocytic capacity, secrete numerous cytokines and chemokines and present CNS antigens to
T cells.

Control local blood flow (oxygen and glucose) to active brain regions, regulate formation and
activity of synapses, induce formation of the blood-brain barrier and secrete many pro- and
anti-inflammatory cytokines under neuroinflammatory conditions.

Communicate information through the generation of action potentials and release of
neurotransmitters. Axons in white matter are wrapped in myelin by oligodendrocytes which is
essential for proper conduction of action potentials. Neurodegenerative disease, such as MS,
cause demyelination of axons, impairing conduction of action potentials.

Cells of the CNS that insulate axons by wrapping them in layers of myelin. These cells are
targets in MS, wherein myelin is destroyed and oligodendrocytes are lost.

Phagocytic immune cell of myeloid lineage that can infiltrate the CNS under inflammatory
conditions. They engulf pathogens and cellular debris, process and present foreign antigens to
T cells and produce cytokines and chemokines to regulate immune responses.

Professional antigen-presenting cells (APCs) that regulate differentiation and maturation of T
cells through secretion of cytokines. DCs can traffic into the CNS under neuroinflammatory
conditions.

T-cell subsets include Th1, Th2, Th17, T regulatory cells and memory T cells. Engagement of
the T-cell receptor with antigen-bound MHC on APCs activates T cells, leading to cytokine
production by T cells and APCs, inducing T-cell maturation and expansion. T cells also infiltrate
the CNS under inflammatory conditions, where they are implicated in CNS autoimmune
diseases, such as MS.
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Table 2

Mechanism of SOCS1 and SOCS3 expression in CNS cells

Cell type

Microglia

Astrocytes

Neurons

Oligodendrocytes

Macrophages

Dendritic cells

T cells

SOCSI Inducer
IFN-y

IFN-B

LPS

IL-4

15d-PGJ2
Rosiglitazone
IFN-y
IFN-B

OSM

IFN-y

IFN-y
IFN-y
IFN-B
LPS
IL-10
CpG
IL-4
FMLP
IL-8

CpG
1L-21
FMLP
IL-8
IL-6
IL-4
1L-12
IFN-y
IFN-a
Flagellin

Pathway
JAK/STAT
JAK/STATL
?

JAK/STAT

Non-JAK/STAT
Non-JAK/STAT
JAK/STAT
JAK/STAT
JAK/STAT1

JAK/STAT

JAK/STAT
JAK/STAT
JAK/STAT

?

JAK/STAT3
MAPK
JAK/STAT6
Non-JAK/STAT
Non-JAK/STAT

MAPK

?
Non-JAK/STAT
Non-JAK/STAT
JAK/STAT
JAK/STAT1
JAK/STAT
JAK/STAT

5

?

SOCS3 Inducer
IFN-y
IFN-B
LPS

IL-10
HIV-1 Tat
Thrombin
15d-PGJ2
Rosiglitazone
IFN-y
IFN-B
OsSM
CNTF
IGF-1
IL-6

OsSM

LPS

LIF

IFN-y
IFN-B
LPS

IL-10
CpG
HIV-1 Tat
IL-6
TNF-a
IL-21
CpG
IL-21

IL-6
IL-4
IL-12
IFN-y
IFN-a

Pathway

JAK/STAT

JAK/STAT3
IL-10-JAK/STAT3, MAPK
JAK/STAT3

NF-xB

PKC-™

Non-JAK/STAT
Non-JAK/STAT
JAK/STAT

JAK/STAT

JAK/STAT3, MAPK

?

JAK/STAT3

JAK/STAT

JAK/STAT

?

JAK/STAT

JAK/STAT

JAK/STAT
IL-10-JAK/STAT, MAPK
JAK/STAT3

MAPK

NF-xB

JAK/STAT3

MAPK (RNA stabilization)
?

MAPK

?

JAK/STAT

JAK/STAT1
JAK/STAT1
JAK/STAT1

?
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Table 3

Expression and function of molecules involved in regulation of the immune response

Molecule
IFN-a/B

IFN-y

IL-1

IL-2

IL-4

IL-6

IL-8

IL-10

IL-12

IL-17

I1L-23

IL-27

OSM

LIF

CNTF
IGF-1

TGF-B

TNF-a

Secreted by

DCs, M®s, NK cells,
fibroblasts, T cells, B cells,
MG, astrocytes, neurons

NK cells, cytotoxic T cells,
Th1 cells

MG, M®ds, DCs

T cells

Th2 cells, NK cells

Mas, astrocytes, MG,
neurons

Mas, T cells, astrocytes

Th2 cells, CD8*, M®s, B
cells, DCs, astrocytes, MG

DCs, T cells, monocytes,
Ma®s, neutrophils

Th17 cells, astrocytes

DCs, M®s, MG

Mas, DCs, astrocytes
Mas, T cells, DCs,
monocytes

Astrocytes, Mds
oligodendrocytes, neurons

Astrocytes, neurons

Neurons, astrocytes

Astrocytes, regulatory T cells

MG, Mds

Function

Produced in response to viral infection or microbial pathogens, type |
IFNs initiate antiviral responses, including inhibition of cell growth,
regulation of proinflammatory cytokine production, upregulation of
MHC class | expression and activation of NK cells.

Produced in response to mitogenic or antigenic stimuli, IFN-y
promotes Th1-mediated immune responses, upregulates MHC class
11 expression, increases phagocytic activity of macrophages and
induces cytokine and chemokine expression.

Produced in response to inflammatory stimuli, such as
proinflammatory cytokines, B-amyloid, HIV-1, hypoxia and bacterial
infection. IL-1 acts on astrocytes and microglia to induce expression
of itself, IL-6, TNF-a, NO and COX-2 and is thought to promote
astrogliosis, microglial activation, brain inflammation and neuronal
injury.

Produced and secreted by T cells on antigen recognition by a specific
T-cell receptor, leading to clonal expansion of T-cells. IL-2 also
promotes growth and differentiation of B cells, NK cells and M®s,
partially through induction of IFN-y and IL-4.

Promotes Th2 differentiation and is largely anti-inflammatory.

Induced in response to inflammatory cytokines and tissue injury.
Activates NK and cytotoxic T cells and, in conjunction with TGF-$,
promotes development of Th17 cells. IL-6 promotes astrogliosis and
can be neurotoxic or neuroprotective, depending on the disease
context.

Chemokine upregulated by IL-1, TNF-a and IL-17. IL-8 is a potent
chemoattractant for neutrophils and, through distinct mechanisms,
promotes angiogenesis in brain tumors.

Classical Th2 cytokine that inhibits IFN-y production by Th1 cells and
is considered primarily anti- inflammatory. IL-10 inhibits expression
of proinflammatory cytokines and chemokines, MHC class Il and B7.

Promotes proliferation and cytotoxicity of NK cells and T cells
(especially y™ T cells) and has antitumor effects in glioma. Promotes
development of IFN-y-producing Th1 cells.

Upregulates cytokines and chemokines, such as IL-6, 1L-8 and
MCP-1, activates T cells and promotes trafficking of macrophages and
neutrophils. Crucial in autoimmunity.

Stimulates development of Th17 cells, which secrete inflammatory
cytokines, such as IL-17, IL-6 and TNF-a, and is believed to be crucial
inautoimmunity. 1L-23 also recruits neutrophils and macrophages and
protects the host against pathogen infection.

Synergizes with IL-12 to induce IFN-y production and promote Thl
differentiation. Suppresses Th17 effector function.

Proinflammatory cytokine that induces expression of IL-6, TNF-o.and
NOS2.

Promotes astrogliogenesis, oligodendrocyte survival and regulates
neurite outgrowth.

Promotes oligodendrocyte and neuron survival.

Increases proliferation of neural precursor cells during development,
promotes neurite outgrowth and stimulates myelination of axons by
oligodendrocytes.

Inhibits IFN-y and TNF-o production and decreases expression of
MHC class Il and costimulatory molecules. TGFp, in combination
with IL-6, induces Th17 differentiation, whereas co-expression with
IL-2 stimulates development of regulatory T cells.

Increases cytotoxic T-cell development, NK-cell toxicity and MHC
class 11 expression. TNF-a also induces expression of
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Molecule

Secreted by

Function

proinflammatory cytokines, such as IL-1, IL-6, IL-8 and IFN-y, and
induces oligodendrocyte cell death.

Abrreviations: MG, microglia; M®s, macrophages; DC, dendritic cells
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Table 4

Summary of SOCS1 and SOCS3 function in CNS insults

CNS disease
EAE

GBM

SCI

MCAO
MS

SOCs1

Oligodendrocytes — detrimental early and
protective late SOCS1 mimetic is protective

Beneficial by sensitizing glioma cells to
radiation

Unknown

Unknown

Unknown

SOCS3

Oligodendrocytes — detrimental DCs —
beneficial by limiting Th17 development

Controversial — lack of SOCS3 expression might
contribute to tumor progression. Aberrant
SOCS3 expression promotes radioresistance

Astrocytes — detrimental by limiting STAT3
activation

Neuroprotective

Protective - decreased expression associated
with relapses
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