
Innate and adaptive immune responses regulated by glycogen
synthase kinase-3 (GSK3)

Eléonore Beurel1, Suzanne M. Michalek2, and Richard S. Jope1
1Departments of Cell Biology and Psychiatry, University of Alabama at Birmingham, Birmingham,
AL 35294-0017, USA
2Department of Microbiology, University of Alabama at Birmingham, Birmingham, AL 35294-0017,
USA

Abstract
In just a few years, glycogen synthase kinase-3 (GSK3) has transformed from an obscure enzyme
seldom encountered in the immune literature to one implicated in an improbably large number of
roles. GSK3 is a crucial regulator of the balance between pro- and anti-inflammatory cytokine
production in both the periphery and the central nervous system, endowing GSK3 inhibitors such as
lithium with the capacity to diminish inflammation. T cell proliferation, differentiation, and survival
are influenced by GSK3. Many effects stem from GSK3 regulation of critical transcription factors,
such as NF-κB, NFAT and STATs. These discoveries led to the rapid application of GSK3 inhibitors
to animal models of sepsis, arthritis, colitis, multiple sclerosis, and others that demonstrated their
potential for therapeutic interventions.

Introductory overview
The innate and adaptive immune systems are crucial for sustaining life but can also contribute
to a host of debilitating diseases. Investigators have wrestled with numerous strategies to
maintain or restore a healthy balance in the activities of these systems. During the last few
years, the ubiquitous serine/threonine kinase glycogen synthase kinase-3 (GSK3) was
identified as a regulator of many components of the immune system, suggesting it may be a
plausible therapeutic target in inflammatory and autoimmune diseases. Although unobtrusively
named due to its initial identification as an enzyme phosphorylating glycogen synthase, GSK3
has since been found to be a point of convergence of many signaling pathways and to regulate
many cellular functions through its capacity to phosphorylate over 50 substrates [1]. The
complexity of actions of GSK3 is mirrored by the complex mechanisms that regulate its actions
(Box 1). Ironically, GSK3 is inhibited by the cation lithium, the simplest of all drugs used
therapeutically in humans [2]. Lithium is the classic therapeutic treatment for bipolar disorder
(previously called manic-depression), and exerts a broad range of effects on immune cells (Box
2). The complexities of GSK3 regulation offer multiple strategies to control GSK3, for example
by regulating individual kinases that phosphorylate GSK3 or the association of proteins with
GSK3 in complexes that are specific for individual signaling pathways, and the availability of
an inhibitor approved for human use promises rapid application for new intervention
objectives. Here we review current knowledge about the roles of GSK3 in innate and adaptive
immunity and summarize preliminary animal testing using GSK3 inhibitors in animal models
of a rapidly expanding number of diseases.
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The mammalian innate immune system activates defensive mechanisms within minutes of
microbial invasion, followed by a slower antigen-specific response mounted by the adaptive
immune system. Innate immune cells use pathogen recognition receptors (PRRs), such as Toll-
like receptors (TLRs), to recognize pathogen-associated molecular patterns (PAMPs) of
microbes. Activation of PRRs upregulates the expression of the major histocompatibility
complexes (MHC I and II) and co-stimulatory molecules and stimulates inflammatory cytokine
secretion, which help guide the subsequent activation of the adaptive immune response. The
activated adaptive immune cells further promote actions on the innate immune system, for
instance type I T helper (Th1) cells secrete interferon-γ (IFNγ) to activate macrophages,
cytokines secreted by Th2 cells activate eosinophils, and IL-17 secreted by Th17 cells, along
with IL-23 secreted by APCs, are suspected of driving autoimmune inflammation in the central
nervous system (CNS). Thus, innate and adaptive immune cells are sequentially activated and
mutually regulate one another. As summarized below, GSK3 exerts powerful influences on
both of these arms of the immune system, and GSK3-dependent actions are associated with
the development of a broad range of diseases.

GSK3 regulates innate immunity
The crucial role of GSK3 in inflammation was established by the finding that active GSK3 is
necessary for pro-inflammatory cytokine production following stimulation of TLRs [3]. For
example, GSK3 deficiency induced pharmacologically with lithium or other GSK3 inhibitors
or by molecular manipulations reduced by 67-90% the production of proinflammatory
interleukin-6 (IL-6), IL-1β, IL-12p40, IFNγ and tumor necrosis factor (TNF) by TLR-
stimulated monocytes [3]. IFNγ amplifies lipopolysaccharide (LPS)-induced inflammatory
cytokine production, and this amplification is dependent on active GSK3 through mechanisms
involving inhibition of IL-10 production [4] and activation of the transcription factor STAT3
[5]. IFNγ-induced STAT1 activation was reported to be initially independent of GSK3, but
persistent STAT1 activation and expression of the proinflammatory mediators TNFα,
RANTES, and iNOS were diminished by inhibiting GSK3 in RAW264.7 macrophages [6].
Remarkably, GSK3 can differentially regulate monocyte production of the anti-inflammatory
cytokine IL-10 [3,7,8]. Inhibition of GSK3 increases LPS-induced IL-10 production by
regulating transcription factors (Figure 1), and increases production of the anti-inflammatory
IL-1 receptor antagonist by regulating mitogen activated protein (MAP) kinases [9]. GSK3
inhibition also promotes LPS-stimulated IFNβ production via its ability to regulate c-Jun
activity [10]. Cytokine regulation by GSK3 also occurs in cell types other than monocytes,
such as natural killer (NK) cells [11], macrophage-derived RAW264.7 cells [5], and dendritic
cells (DC) [12,13], where GSK3 regulation of IL-12 expression can control the Th1/Th2
balance [12], as well as in cells of the CNS as discussed below. Much of this regulation by
GSK3 is mediated by its control of transcription factors that activate cytokine expression
(Figures 1 and 2). Thus, it is now evident that GSK3 inhibitors are powerful tools that are able
to shift the balance of cytokines from pro-inflammatory to anti-inflammatory, which may have
therapeutic applications for inflammatory conditions.

Although GSK3 predominantly abets inflammatory signaling, exceptions have been reported.
For example, activation of the IL-17 receptor inhibits GSK3, and GSK3 inhibitors promote
IL-17-induced IL-6 production [14], LPS-induced TNFα expression in cardiomyocytes [15],
and TNF-induced IL-6 expression in endothelial cells [16]. These paradoxical pro-
inflammatory actions of GSK3 inhibitors are likely attributable to complex interactions of
multiple transcription factors that contribute to inflammatory signals that are differentially
regulated by GSK3 dependent on the context of cell type and stimulus.

Other inflammatory molecules are also regulated by GSK3. Lipid mediators, such as
prostaglandin E2 (PGE2), are generated from arachidonic acid by cyclooxygenases (COX) and
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PGE synthases. PGE2 exerts anti-inflammatory actions on macrophages and T cells,
profoundly influencing T cell differentiation toward Th2 by inhibiting the production of
IL-12p70, TNFα, IL-6, and the chemokines CCL3, and CCL4, and promoting IL-10
production, these actions are all associated with PGE2-induced inhibition of GSK3 [17].
PGD2-induced inhibition of GSK3 also may modulate Th2-mediated cytokine production and
chemotaxis [18]. These and other findings indicate that inhibition of GSK3 induced by
prostaglandins is critical for several cellular effects. The production of nitric oxide (NO),
synthesized from L-arginine by NO synthase, also is dependent on GSK3 [19], and NO
influences the production of cytokines by macrophages [4,20]. Other regulatory actions of
GSK3 on the innate immune system have begun to be identified, although they have not been
as extensively investigated as cytokine production.

The adaptive immune response depends on successful antigen presentation by MHC and MHC-
like molecules, and recent findings raise the possibility that GSK3 is involved in antigen
presentation by antigen-presenting cells. Stable expression of MHC I or II on the cell surface
involves antigen-presenting cells, such as dendritic cells, displaying peptides in association
with MHC I molecules for presentation to CD8+ T cells, while MHC II molecules present
antigenic peptides derived from exogenous proteins to CD4+ T cells. GSK3 is essential for the
expression of the NK cell ligands MHC I-related chain A (MICA) and B (MICB) expression
on cancer cells [21]. Further, the major histocompatibility class II transactivator (CIITA), a
master regulator of MHC II expression, is a substrate of GSK3 [22]. GSK3 also profoundly
influences DC differentiation and maturation by suppressing spontaneous maturation and
enhancing cytokine production after CD40L- or E. coli-dependent activation [13]. GSK3
phosphorylates the adhesion-associated protein paxillin after LPS stimulation of RAW264.7
macrophages [23], which suggests that GSK3 may regulate migration of innate immune cells,
as it does many other cell types [as reviewed in [24]], an action potentially critical for focusing
inflammatory molecule production at a site of infection.

Taken together, GSK3 regulates many functions of the innate immune system that will be
further clarified in the near future, and could be exploited to develop therapies for diseases
involving inflammation.

GSK3 regulates adaptive immunity
GSK3 modulates both of the key aspects of adaptive immunity, i.e., specificity and clonal
expansion, by direct actions on proliferation and survival, and indirectly by modifying the
repertoire of cytokines produced and influencing differentiation and anergy.

The antigen-specific response of the adaptive immune system is delayed relative to the innate
response. T cell activation is induced by ligation of the antigen-receptor complex (T cell
receptor (TCR)/CD3). Stimulation of co-receptors, such as CD28, provides maximal and
sustained activation and proliferation of T cells, influences the response to T cell-dependent
antigens, prevents anergy, and supports cell survival. Stimulation of CD28 inhibits GSK3 by
increased inhibitory serine-phosphorylation mediated by the phosphatidylinositol 3-kinase
(PI3K) pathway but independently of guanine nucleotide exchange factor Vav-1 [25]. By
inhibiting GSK3, CD28 relieves the inhibition on NFAT, therefore providing a mechanism for
cells to monitor receptor occupancy to maintain T cell responses [25-28]. Drug-induced
inhibition of GSK3 in vitro mimics the CD28 costimulatory signal, at least partially substituting
for T cell costimulation [26,29]. Maintenance of GSK3 inhibition is critical for CD4+ and
CD8+ T cell survival after activation [30]. However, memory CD4+ T cells are less dependent
than naïve CD4+ T cells on inhibition of GSK3 for proliferative responses [27]. Expression of
constitutively active GSK3β decreased proliferation of CD8+ T cells and suppressed TCR-
induced IL-2 production [31], whereas inhibition of GSK3 increased IL-2 production in both
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CD4+ and CD8+ T cells [27,31]. Similar to the innate immune system, GSK3 inhibition reduced
the production of several proinflammatory cytokines by splenocytes stimulated by myelin
oligodendrocyte glycoprotein peptide (MOG33-55) after isolation from experimental
autoimmune encephalitis (EAE)-induced mice [32] and increased the production of anti-
inflammatory IL-10 by memory CD4+ T cells [27] and by B cells [33]. T cell migration across
endothelial cell barriers separating blood from tissue is critical for accessing targets, and failure
to clear pathogens can result from blocked migration, e.g., due to the lack of necessary
recognition molecules. T cell motility is promoted by the chemokine CXCL12 which inhibits
GSK3-mediated phosphorylation of CRMP2 [34], and by GSK3 inhibition by Wnt signaling,
which induces expression of metalloproteinases that remodel the extracellular matrix [35].
Thus, in the last few years, investigators have found several critical T cell processes that are
regulated by GSK3, and identified actions of GSK3 in the adaptive immune system that will
undoubtedly expand as this topic receives more attention.

Although it is clear that active GSK3 impairs T cell proliferation, differentiation, survival, and
several other functions, the targets phosphorylated by GSK3 to cause these effects remain to
be clearly established. However, several transcription factors have been shown to be critical
for the regulation of T cell function by GSK3. As described in Figures 1 and 2, the transcription
factors NF-κB, CREB, AP-1, STATs, NFAT, Smads, and β-catenin are each regulated by
GSK3 to influence immune responses. For example, Wnt-induced dissociation of GSK3 from
the β-catenin destruction complex leads to β-catenin activation that promotes survival,
proliferation, and differentiation of T lymphocyte progenitors [36,37]. β-catenin also enhances
Treg and CD8+ memory T cell survival, providing a potential mechanism by which inhibitors
of GSK3 could down-modulate T cell-mediated immune responses [38,39]. GSK3 also
impedes T cell proliferation by stabilizing the cyclin-dependent kinase inhibitor p27kip1 [26,
27]. Furthermore, mitogenic stimulation of T lymphocytes causes a rapid activation of protein
synthesis, in part due to increased expression of many translational components such as the
initiation factor eIF2B. eIF2B is phosphorylated by GSK3, which inhibits nucleotide exchange,
and this inhibition is released by TCR activation-induced inhibition of GSK3 [40]. Further
mechanistic studies are likely to identify additional substrates of GSK3, including transcription
factors and other proteins that mediate its functional effects on adaptive immune responses.

GSK3 regulates neuroinflammation
Neuroinflammation refers to inflammatory events in the CNS that may include infiltration of
cells (e.g., macrophages, lymphocytes), as well as increased inflammatory molecules that are
generated centrally or peripherally and subsequently in the CNS. Neuroinflammation is evident
in trauma and many neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s
disease, and multiple sclerosis and likely contributes to psychiatric diseases, such as major
depression, and during pregnancy or early postnatal periods it appears to contribute to
developmental disorders, such as autism and schizophrenia [41,42]. Inflammation exacerbates
neuronal damage induced by ischemia, which is lessened in TLR4 knockout mice that exhibit
inhibited GSK3 in the hippocampus [43], and GSK3 inhibitors provide significant neuronal
protection from ischemia [44]. Inflammation is an important pathological component of
diabetes that might be controlled by GSK3 inhibitors [24] and treatment with insulin, which
causes inhibition of GSK3, or a selective GSK3 inhibitor reduced ischemia/reperfusion-
induced inflammation and infarct volume in diabetic rats [45]. In the CNS, inflammatory
molecules can be produced by both microglia (often called the “macrophages of the CNS”)
and astrocytes. Similar to peripheral cells, GSK3 in astrocytes and microglia promotes the
production of several proinflammatory cytokines (IL-6, TNF), chemokines (IL-8, RANTES,
CXCL10), and NO [19,46-48], whereas production of the anti-inflammatory cytokine IL-10
is inhibited by GSK3 [48]. GSK3 promotes astrocyte activation, which is characterized by
upregulation of GFAP (glial fibrillary acidic protein) expression, and migration [46,49], and
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microglia migration and activation [19]. Inhibition of GSK3 is critical for promoting survival
of microglia during oxygen-glucose deprivation [50], and induced by erythropoietin [51],
which is thought to be critical for effective tissue repair and reorganization necessary for
avoiding permanent CNS damage. Furthermore, GSK3 inhibitors provide protection from
inflammation-induced neuronal toxicity [19]. These findings indicate that GSK3 inhibitors that
can enter the CNS, such as lithium, may provide protection from the deleterious effects of
neuroinflammation occurring after trauma and infection, as well as the neuroinflammation that
is associated with neurodegenerative and psychiatric diseases.

Rodent models of disease: amelioration of symptoms by GSK3 inhibitors
Endotoxic shock, commonly known as sepsis and its sequela septic shock, is a challenging
inflammatory condition because it involves a massive production of cytokines and other
inflammatory mediators that cause high mortality. Strikingly, in vivo administration of GSK3
inhibitors provided protection from endotoxic shock sufficiently enough to allow survival of
70% of mice from an otherwise 100% lethal LPS dose [3]. GSK3 inhibitor-induced survival
was accompanied by reduced pro-inflammatory and increased anti-inflammatory cytokine
production. These findings showed for the first time the powerful ability of GSK3 inhibitors
to shift the balance of an in vivo pro-inflammatory response to an anti-inflammatory one, and
revealed the therapeutic potential for these drugs in inflammatory conditions [3].

Application of GSK3 inhibitors to control inflammation rapidly expanded to other conditions,
often resulting in large, “clinically” significant outcomes. Collagen-induced arthritis was
ameliorated by in vivo administration of GSK3 inhibitors, with ~80% reduction of joint
swelling [8] and diminished histologically-graded damage [52]. GSK3 inhibitor administration
counteracted TLR2-dependent peritonitis in mice, reducing peritoneal cells by ~60% [8]. In
other rodent models, GSK3 inhibitors reduced by ~75% the systemic inflammation, renal
dysfunction, and hepatotoxicity in endotoxemia [53], attenuated asthma [54], diminished
sepsis-associated muscle protein degradation [55], reduced inflammation in experimentally-
induced colitis [56], and reduced by 67-84% inflammation-induced organ injury caused by
hemorrhage and resuscitation [57]. GSK3 inhibitors reduced inflammation associated with the
injury of several organs, including airway [58], heart [59], and kidney [60]. The GSK3 inhibitor
lithium also promoted the survival of lupus-prone mice [61] and of mice challenged with a
lethal dose of the bacteria Francisella tularensis [62]. Thus, in vivo administration of GSK3
inhibitors provides a new strategy to reduce inflammation and has proven effective in a wide
range of peripheral inflammatory conditions in rodent models.

Administration of GSK3 inhibitors also has been shown to control neuroinflammation in the
CNS. Treatment with GSK3 inhibitors reduced the development of inflammation and tissue
injury associated with spinal cord trauma, significantly blocking the development of hind limb
motor impairments [63]. Administration of the GSK3 inhibitor lithium was remarkably
effective in treating EAE, which models in mice some of the clinical, immunological, and
neuropathological features of multiple sclerosis [32]. Multiple sclerosis is the most common
inflammatory demyelinating disease of the CNS and is widely thought to be an autoimmune
disease involving proinflammatory Th1 and Th17 cells that infiltrate the CNS [64]. EAE is
induced in susceptible mice by eliciting immune responses to myelin antigens. The initial
response encompasses activation of the immune system, resulting in the production of many
inflammatory molecules, such as the cytokines IL-6 and IL-17. Both infiltrating immune cells
and CNS-resident glia produce multiple cytokines and other inflammatory molecules to
amplify neuroinflammation and cause demyelination and axonal damage. Pretreatment with
the GSK3 inhibitor lithium in vivo suppressed clinical symptoms of EAE, demyelination,
microglia activation, and leukocyte infiltration in the spinal cord of mice [32]. In relapsing/
remitting EAE, lithium administered after the first relapse episode maintained long-term
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protection, and after lithium withdrawal the disease rapidly relapsed. In vitro, lithium
suppressed MOG35-55-induced IFNγ, IL-6 and IL-17 production by splenocytes isolated from
MOG35-55-immunized mice [32]. These findings demonstrate that lithium suppresses EAE and
may be useful for therapeutic intervention for neuroinflammatory conditions, such as multiple
sclerosis.

Conclusions
During the last few years, GSK3 leapt from being an obscure metabolic kinase to being
recognized as profoundly regulating many components of the innate and adaptive immune
systems, and to be considered as a valid therapeutic target in a rapidly growing number of
diseases. Inhibitors of GSK3 greatly influence the cytokine and chemokine repertoire induced
by inflammatory stimuli, generally promoting anti-inflammatory outcomes. Being
constitutively active, GSK3 possesses an optimal characteristic for contributing to rapid innate
responses to PAMPs since no intermediary steps are required for its activation. This logical
utilization of GSK3 in the innate immune system provides a therapeutic opportunity to dampen
such responses by diminishing the activity of GSK3 via pharmacological or molecular
approaches during conditions of persistent or excessive inflammation, including conditions
involving neuroinflammation. It is already evident that GSK3 inhibitors can have therapeutic
effects in a number of animal models of inflammatory conditions. It is also evident that GSK3
modulates aspects of the adaptive immune system, particularly at the level of antigen-
presenting cells and T cells. The broad array of immune actions affected by GSK3 is partly,
but not entirely, attributable to the remarkable number of crucial transcription factors regulated
by GSK3. Since lithium is already clinically approved and effective, its use in human
inflammatory and autoimmune diseases could be taken up rapidly. Also, many new selective
inhibitors of GSK3 have been developed in the last few years that might prove useful for
controlling inflammatory diseases, although only one GSK-3 inhibitor called NP12, has
advanced to trials in human patients [65]. It appears that the field is only at the initial cusp of
understanding the roles of GSK3 in immune responses and the potential application of GSK3-
modifying interventions for therapies. Many questions remain unanswered, such as identifying
potential differential sensitivities of immune responses to GSK3 inhibition and the impact on
therapeutic applications, the extent of GSK3 inhibition that will be necessary to be effective
clinically, and if this inhibition is tolerated, that should be addressed in the near future.

Box 1. Regulation of GSK3

“GSK3” designates two isoforms, GSK3α and GSK3β, that are ubiquitously expressed,
highly homologous, and usually have equivalent actions. GSK3 is different from most
kinases in that it is constitutively partially active, and the most common regulatory
mechanism is inhibition by phosphorylation on serine21-GSK3α and serine9-GSK3β. This
inhibitory phosphorylation can be mediated by several kinases, such as Akt/protein kinase
B (PKB), protein kinase C (PKC), and protein kinase A (PKA). Thus, many signaling
pathways converge on GSK3 to inhibit its activity via serine21/9-phosphorylation.
Additionally, the activity of GSK3 is optimal when phosphorylated on the regulatory
tyrosine279-GSK3α and tyrosine216-GSK3β. GSK3 is known to phosphorylate more than
50 substrates, so precise regulation is needed to direct or inhibit its phosphorylation of
specific substrates. Substrate-selective actions of GSK3 can be regulated by three other
mechanisms: (1) by the dynamic association of GSK3 in protein complexes; (2) by the
dynamic regulation of the subcellular localization of GSK3 or localized regulation of its
inhibitory serine-phosphorylation, such as regulated nuclear transport of GSK3 or
regulation of its phosphorylation in mitochondria; and (3) by the phosphorylation state of
its substrate. Most substrates of GSK3 must be ‘primed’, i.e., pre-phosphorylated at a
residue 4-amino acids C-terminal to the GSK3 phosphorylation site. This necessitates
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temporal coordination of the activity of the priming kinase along with GSK3 activity for
GSK3 to phosphorylate the primed substrate.

Lithium has been used in human patients as a mood stabilizer for the treatment of bipolar
disorder for over 50 years [76]. Lithium is a direct inhibitor of GSK3 [2] and also increases
the inhibitory serine-phosphorylation of GSK3 [77]. During the last decade, much evidence
indicates that inhibition of GSK3 by lithium is important for its therapeutic mood stabilizing
action. Thus, lithium is a valuable experimental tool for inhibiting GSK3 in vivo and it
provides a feasible therapeutic intervention for conditions requiring GSK3 inhibition, such
as inflammation. GSK3 is also inhibited by other drugs currently used therapeutically, such
as valproate acid, by new selective inhibitors developed during the last decade, and by a
number of hormones (e.g., insulin) and neurotrophins (e.g., brain-derived neurotrophic
factor) that may influence inflammation in part by controlling the activity of GSK3 [65,
78,79].

Box 1 figure.
The activity of the GSK3 isoforms α and β are regulated by phosphorylation of serine 21
and 9 respectively. Lithium is the best characterized pharmacological inhibitor of GSK3
activity.

Box 2. Effects of the GSK3 inhibitor lithium on inflammation and immune cells

Inflammation and aberrant immune responses have long been suspected of contributing to
certain psychiatric diseases (reviewed in [40,41]). Since psychiatric patients often are
treated with lithium (see Box 1), many investigators have examined whether lithium alters
immune cells or inflammatory factors in these patient populations. Lithium treatment causes
leukocytosis (increased white blood cells derived from hematopoietic stem cells),
particularly granulocytosis and neutrophilia, which led to its use to treat multiple causes of
neutropenia (neutrophil depletion). This is partially mediated by lithium eliciting
granulocyte colony-stimulating factor (G-CSF) production which increases hematopoietic
stem cells (reviewed in [80,81]). Lithium also causes lymphopenia, with a reduction in
CD4+, but not CD8+ T cells, possibly due to the differentiation of stem cells into
granulocytes instead of lymphocytes, however lithium increases IL-2 production and
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lymphocyte proliferation during in vitro stimulation (reviewed in [80,82]). Wnt signaling
or β-catenin accumulation caused by GSK3 inhibitors arrested CD8+ T cell development
into effector cells and promoted the generation of self-renewing multipotent CD8+ memory
cells, and promoted the survival of T regulatory (Treg) cells [38,39]. In vivo and in vitro
studies of lithium on cytokine production have produced mixed results, likely due to the
complexity and diversity of the patient populations, the many factors that influence cytokine
production, and variations in experimental protocols (reviewed in [81-83]). However, an
extensive study reported an inflammatory signature associated with bipolar disorder and
broad anti-inflammatory effects of in vivo lithium treatment [84]. Elegant studies have
demonstrated that lithium reduces the pro-inflammatory enzyme phospholipase A2 and the
turnover of its product arachidonate [85]. Several dermatological effects of lithium, such
as acne, rash, exfoliative dermatitis, and psoriasis, may be linked to its regulation of
inflammatory and immune responses (reviewed in [86]). In retrospect, inhibition of GSK3
may underlie many of these lithium effects, but GSK3 was not examined because many
studies were conducted in vivo or before GSK3 was identified as a target of lithium. Also,
some of these effects of lithium may be due to its inhibition of other enzymes, which include
phosphoglucomutase, inositol monophosphatase, and bisphosphate 3′-nucleotidase 1 [78,
87]. Thus, while lithium clearly inhibits GSK3 and this is likely critical for its therapeutic
actions in psychiatric diseases, GSK3 has yet to be identified as the target in many of the
effects of lithium on immune cells and inflammatory processes.
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Figure 1.
NF-κB, CREB, and AP-1 transcription factor regulation by GSK3. GSK3 regulates the
activities of over 20 transcription factors, including several that are important for immune
function. NF-κB is a key inflammatory transcription factor, but the GSK3 regulatory influences
on NF-κB are complex due to cell-selective, stimulus-selective, and promoter-selective
interactions that can be stimulatory or inhibitory (reviewed in [66]). GSK3 is required for NF-
κB-mediated expression of several proinflammatory cytokines [3,16]. Promoter-selective
regulation of NF-κB has been demonstrated wherein GSK3 is required for expression of IL-6
and monocyte chemoattractant protein-1 (MCP-1/CCL2), but not of IκBα and macrophage
inflammatory protein-2 (MIP-2/CXCL2) [67]. In certain conditions, GSK3 can also inhibit
NF-κB [68], and GSK3-mediated phosphorylation of p65-NF-κB promotes the docking of
Nurr1 and the CoREST corepressor complex to reduce stimulated NF-κB transcriptional
activity to the basal level [69]. Thus, the effects of GSK3 on NF-κB are context-specific, and
involve both activation and subsequent feedback inhibition of NF-κB activity. GSK3 dampens
the production of anti-inflammatory IL-10 by suppressing transcriptional activity of CREB
and AP-1, both of which contribute to IL-10 expression [3,8]. The opposing effects of GSK3
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on pro- and anti-inflammatory cytokines are at least partially mediated by competition between
NF-κB and CREB for the co-activator CREB-binding protein (CBP), which is well-known to
be present in limited amounts and for which transcription factors compete. Red arrows signify
actions regulated by GSK3.
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Figure 2.
GSK3 regulation of STATs, Smads, β-catenin, and NFAT. Among the signal transducer and
activator of transcription (STAT) family of transcription factors that are critical mediators of
responses to cytokines and growth factors, GSK3 selectively promotes STAT3 and STAT5
activation [5,46,49]. Thus, regulation of transcription factors by GSK3 modulates both the
expression of inflammatory molecules and cellular responses stimulated by cytokines. GSK3
also regulates Smad transcription factors that transduce signals generated by TGF-β and other
stimulants of cell surface receptors to regulate gene expression [70-72]. The transcriptional co-
activator β-catenin is phosphorylated by GSK3 in the Wnt signaling pathway, which targets
β-catenin for proteosomal degradation. Inhibitors of GSK3 or activation of Wnt signaling
induce stabilization of β-catenin that leads to its nuclear transport and accumulation to promote
Tcf/LEF-mediated transcription. β-catenin also modulates activities of other transcription
factors. For example, β-catenin negatively regulates bacteria-induced inflammation by
inhibiting NF-κB [73], providing an indirect mechanism for GSK3 to promote NF-κB activity
by down-regulating β-catenin. Increased β-catenin activity often contributes to the proliferation
and survival of immune cells. β-catenin levels are low in unstimulated B cells, but B cell
receptor activation triggers accumulation of β-catenin after inducing inhibition of GSK3 [74].
The T cell receptor (TCR) activates the NFATc (nuclear factor of activated T cells) family of
transcription factors that promote antigenic and tolerogenic genetic programs. TCR signals
induce nuclear localization of NFAT and GSK3 inactivates NFATc by phosphorylation-
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dependent stimulation of NFATc nuclear export [75]. Therefore, inhibition of GSK3 keeps
NFATc active, mimicking the CD28 costimulatory signal for T cell proliferation [26,29,31].
Red arrows signify actions regulated by GSK3.
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