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Glatiramer acetate (GA), an immunomodulator used in multiple
sclerosis (MS) therapy, induces the production of secreted IL-1
receptor antagonist (sIL-1Ra), a natural inhibitor of IL-1β, in human
monocytes, and in turn enhances sIL-1Ra circulating levels in MS
patients. GA is a mixture of peptides with random Glu, Lys, Ala, and
Tyr sequences of high polarity and hydrophilic nature that is unlikely
to cross the blood–brain barrier. In contrast, sIL-1Ra crosses the
blood–brain barrier and, in turn,maymediateGAanti-inflammatory
activities within the CNS by counteracting IL-1β activities. Here
we identify intracellular signaling pathways induced by GA that
control sIL-1Ra expression in human monocytes. By using kinase
knockdown and specific inhibitors, we demonstrate that GA in-
duces sIL-1Ra production via the activation of PI3Kδ, Akt, MEK1/2,
and ERK1/2, demonstrating that both PI3Kδ/Akt and MEK/ERK
pathways rule sIL-1Ra expression in human monocytes. The path-
ways act in parallel upstream glycogen synthase kinase-3α/β
(GSK3α/β), the knockdown of which enhances sIL-1Ra production.
Together, our findings demonstrate the existence of signal trans-
duction triggered by GA, further highlighting the mechanisms of
action of this drug in MS.
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Secreted IL-1 receptor antagonist (sIL-1Ra) is a natural IL-1
inhibitor that competes with the agonist for the binding to IL-

1 type I receptor to which it binds without inducing signal
transduction (1, 2). Because it potently inhibits the various
effects of IL-1, sIL-1Ra is considered an important regulator of
the inflammatory and overall immune response mediated by IL-1
(3, 4). The importance of sIL-1Ra in the maintenance of cyto-
kine homeostasis in humans was recently demonstrated (5). IL-
1β is a pleiotropic proinflammatory cytokine the production of
which is tightly controlled (6). Because IL-1β is expressed by
microglial cells and infiltrating monocyte/macrophages through-
out the white matter in and around the lesions in acute multiple
sclerosis (MS) (7), it is likely to play an important part in MS
pathogenesis. This assertion was confirmed in multiple studies
performed in experimental autoimmune encephalomyelitis (EAE),
i.e., an MS animal model. Indeed, rats treated with sIL-1Ra
develop milder signs of EAE (8). sIL-1Ra delivered by non-
replicative HSV-1 vectors in EAE C57BL/6 mice delays disease
onset and decreases disease severity (9). In addition, IL-1α/β
double deficient mice exhibit significant resistance to EAE in-
duction with reduction in disease severity, although IL-1Ra−/−

mice are highly susceptible to EAE induction in the absence of
pertussis toxin administration (10). These observations demon-
strate that the IL-1/IL-1Ra system is crucial for autoantigen-
specific T-cell induction in mice, and that sIL-1Ra can efficiently
block IL-1β effects and can ameliorate EAE disease course (8–
11). Moreover, IL-1β is essential for the differentiation of human

and mouse IL-17–producing T helper cells (12, 13), corrobo-
rating the reduced production of IL-17 in IL-1−/− EAE mice and
its increase in IL-1Ra−/− EAE mice (10). In both IL-1−/− and IL-
1Ra−/− mice, the production of IFNγ by T cells followed that of
IL-17, suggesting the involvement of the IL-1 system in the po-
larization of both TH1 and TH17 subsets (10). Overall, these
studies suggest that alterations of the IL-1/IL-1Ra system are
implicated in the development of autoimmunity within the CNS.
Glatiramer acetate (GA; Copolymer-1, Copaxone) is a mix-

ture of synthetic peptides of 50–90 amino acid randomly com-
posed of Glu, Lys, Ala, and Tyr. GA is an approved drug for
treatment of relapsing remitting MS (14). However, the mech-
anisms of GA actions are still elusive. Mainly based on studies in
EAE, GA activity was attributed to perturbations in T-cell re-
activity to antigen, thus focusing on its effects on the adaptive
immune response. Nevertheless, increasing number of reports
indicate that GA treatment also exerts immunomodulatory ac-
tivity on cells of the myelo-monocytic lineage, i.e., monocytes/
macrophages and dendritic cells (15–23). These observations
suggest that GA might be useful in autoimmune diseases other
than MS, as suggested by its beneficial effect in animal models of
uveoretinitis (24), inflammatory bowel disease (25), and graft
rejection (26).
Like IFNβ, another immunomodulator used in MS therapy

(27, 28), GA induces sIL-1Ra production in isolated human
monocytes, an activity reflected by the enhancement of sIL-1Ra
levels in the blood of GA-treated MS patients and EAE mice
(29). Thus, both GA and IFNβ, which display comparable ther-
apeutic effects (30), act on sIL-1Ra levels that might be a com-
mon mode of action in MS treatment. The ability of circulating
sIL-1Ra to cross the blood–brain barrier (31) indicates that it
may inhibit the proinflammatory activities of IL-1β into the CNS,
a mechanism particularly important in regard to GA, the high
polarity and hydrophilic nature of which are likely to impede
CNS penetration (32). Therefore, sIL-1Ra might mediate part of
the beneficial antiinflammatory effects of GA into the CNS.
Increasing evidence of the direct effects of GA on monocytes
strengthens the hypothesis that it exerts immunomodulatory
effects mainly in the periphery and not directly in the CNS (32).
The induction of sIL-1Ra by GA in human monocytes suggests

the triggering of intracellular pathways leading to gene tran-
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scription. In monocytes activated under acute/infectious or
chronic/sterile inflammatory conditions, the production of sIL-
1Ra depends on the activation of PI3Kδ (33), highlighting an
important role of this kinase independently of the stimulus. In
addition, both MAPK and glycogen-synthase kinase 3 (GSK3)
were shown to play a part in the control of sIL-1Ra production
(34, 35). Here, we address the question of GA-induced signaling
pathways that lead to sIL-1Ra production in monocytes. The
results show that the induction of sIL-1Ra production by GA
occurs through pathways comprising PI3Kδ, Akt, MEK1/2,
ERK1/2, and GSK3.

Results
GA Triggers PI3K/Akt and MEK/ERK Pathways in Monocytes. PI3Ks
and extracellular signal-regulated kinase-1/2 (ERK1/2) have
been shown to contribute to the induction of sIL-1Ra in mon-
ocytes. To assess whether GA was able to turn on PI3K/Akt and
MAPK pathways, monocytes were activated by an optimal con-
centration of GA (25 μg/mL) that was previously determined
(29). GA induced the phosphorylation of Akt and ERK1/2, i.e.,
downstream elements of PI3Ks and MEK1/2, both kinases being
coordinately phosphorylated, reaching a maximum at 2 h (Fig.
1A). Transduction signals were directly induced by GA, as shown
by the phosphorylation of ERK1/2 after 2 h activation in the
presence or absence of the protein synthesis inhibitor cyclohex-
imide (Fig. 1B). These results suggest that GA, per se, induced
signal transduction in monocytes and did not operate via an
autocrine or paracrine loop.

PI3Kδ Is the PI3K Isoform Involved in the Induction of sIL-1Ra
Production. Because PI3Kδ controls sIL-1Ra induction in mon-
ocytes activated by several stimuli, we first assessed its activation
in response to GA treatment. The catalytic subunit of PI3Kδ was
localized in membrane fraction of monocytes exposed to GA
(Fig. 2A), demonstrating the activation of PI3Kδ by GA. To
ascertain the involvement of PI3Kδ in sIL-1Ra production and
rule out involvement of other class I PI3K isoforms, we assessed
the effects of both specific PI3K knockdown by siRNA and
blockade by pharmacological inhibitors. The PI3K pan-inhibitor
Ly294002 suppressed GA-induced production of sIL-1Ra (Fig.
2B), suggesting that PI3K pathway activation controlled sIL-1Ra
production induced by GA. Specific blockade of PI3Kα, PI3Kβ,
and PI3Kγ activity with optimal doses of inhibitors did not affect
sIL-1Ra production. In contrast, IC87114, a specific inhibitor of
PI3Kδ, reduced GA-induced sIL-1Ra production to basal level
(Fig. 2B), suggesting that PI3Kδ controlled sIL-1Ra production
in response to GA. The results obtained with kinase inhibitors
were confirmed by the silencing of the different class I PI3K

catalytic subunits in monocytes. As previously shown (36), trans-
fection of monocytes with siRNA markedly increased the basal
production of sIL-1Ra, i.e., from 465 ± 239 pg/mL to 1,173 ± 696
pg/mL. However, GA clearly enhanced sIL-1Ra production in
mock-transfected monocytes reaching 1,806 ± 634 pg/mL, i.e.,
a significant 1.54-fold enhancement (P < 0.01). In contrast to
PI3Kα, PI3Kβ, and PI3Kγ silencing (Fig. S1A), the specific
knockdown of PI3Kδ abolished GA-induced production of sIL-
1Ra (Fig. 2C), indicating a major role of this PI3K isoform in
GA-induced sIL-1Ra production. The involvement of PI3Kδ was
further confirmed by the exquisite sensitivity of GA-induced
sIL-1Ra production to Ly294002 and IC87114; the production of
sIL-1Ra reverting to basal levels at 2.5 μM of either inhibitor
(Fig. S1 B and C). To ascertain that PI3Kδ controlled the steady
state levels of sIL-1Ra mRNA, we measured the effect of specific
inhibitors on sIL-1Ra transcript expression in response to GA-
stimulation. Both PI3K pan-inhibitor and PI3Kδ specific in-
hibitor decreased sIL-1Ra mRNA expression to basal level in
GA-treated monocytes (Fig. 2D). Together, these results identify
PI3Kδ as the PI3K isoform controlling sIL-1Ra expression in
GA-activated monocytes.

GA Triggers Production of sIL-1Ra through a PI3Kδ/Akt Pathway. To
assess the contribution of Akt downstream PI3Kδ in the control
of sIL-1Ra production in GA-activated monocytes, the phos-
phorylation of Akt was first ascertained in GA-activated mono-
cytes in the presence of PI3K and PI3Kδ inhibitors. The GA-

Fig. 1. GA triggers both PI3K and MAPK pathways in human monocytes. (A)
Monocytes were stimulated by GA. After the indicated time, cell lysates were
subjected to Western blot analysis with the indicated antibody. (B) Mono-
cytes were preincubated for 30 min in the presence or absence of 10 μM
cycloheximide (CHX) before activation by GA for 2 h. Cell lysates were sub-
jected to Western blot analysis.

Fig. 2. PI3Kδ controls sIL-1Ra induction by GA in human monocytes. (A)
Monocytes were stimulated by GA. Cell membrane and cytoplasm fractions
were analyzed by Western blot. (B) Monocytes were preincubated or not
preincubated with 10 μM Ly294002 (Ly), 5 μM IC87114 (IC), 50 nM PI3Kα
inhibitor, 50 nM PI3Kβ inhibitor, or 500 nM PI3Kγ inhibitor as indicated.
Cells were activated with GA (gray columns) or left unactivated (white col-
umn). Production of sIL-1Ra was measured in supernatants and presented as
percentage of production observed in the absence of inhibitor (no inh. =
100% = 1989 ± 867 pg/mL sIL-1Ra). (C) Monocytes were nucleofected with
stealth siRNA for PI3Kδ or negative control (mock). PI3Kδ silencing was
assessed by Western blot (Lower). PI3Kδ knockdown or mock transfected
monocytes were activated (gray columns; 100% = 1806 ± 634 pg/mL sIL-1Ra)
or not activated (white column; sIL-1Ra concentration = 1173 ± 696 pg/mL)
with GA and sIL-1Ra measured in culture supernatants. (D) Monocytes were
treated with 10 μM Ly294002 (Ly) or 5 μM IC87114 (IC) before activation
(gray columns) by GA or left unactivated (white column). sIL-1Ra mRNA was
analyzed by qPCR and presented as percentage of transcript level induced by
GA in the absence of inhibitor. Results are either representative of three
experiments (Western blots) or mean ± SD of three independent experi-
ments carried out with monocytes isolated from three different individuals.
**P < 0.01, *P < 0.05 as determined by Student t test.
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induced phosphorylation of Akt was inhibited to similar extent
when monocytes were pretreated with the PI3K pan-inhibitor
Ly294002 or the PI3Kδ specific inhibitor IC87114 (Fig. 3A).
These results indicated that PI3Kδ controlled Akt phosphory-
lation in monocytes activated by GA. To confirm the implication
of Akt in the control of sIL-1Ra production, we evaluated the
effect of siRNA specific for Akt1/2 on sIL-1Ra production in-
duced by GA in monocytes. The silencing of Akt knocked down
its expression by 83% (Fig. 3B). Concomitantly, GA-induced
production of sIL-1Ra was reduced to basal level (Fig. 3B).
Collectively, these observations indicate that PI3Kδ/Akt pathway
is mandatory to the induction of sIL-1Ra production by GA-
activated monocytes.

MEK1, MEK2, and ERK1/2 Control GA-Induced sIL-1Ra Production. We
next investigated the role of the MEK/ERK pathway in GA-
induced sIL-1Ra production, as GA induced the phosphorylation
of ERK1/2 in monocytes (Fig. 1). The MEK1 specific inhibitor,
PD980159, and the MEK1 and MEK2 dual inhibitor, U0126, di-
minished sIL-1Ra production induced by GA in a dose–response
manner (Fig. 4A). The inhibition of sIL-1Ra production by U0126
was more pronounced than that observed in the presence of
PD98059 at all doses. More particularly, sIL-1Ra production was
abolished in the presence of 1 μM U0126, whereas basal levels
of sIL-1Ra were hardly reached in the presence of PD98059.
These data suggest that both MEK1 and MEK2 take part in the
control of sIL-1Ra production in response to GA. To optimize
the inhibition of sIL-1Ra production after GA induction, a con-
centration of 5 μMof either inhibitor was used in the experiments
described below (unless otherwise stated). Both MEK1 and
MEK1/2 inhibitors diminished sIL-1Ra mRNA levels (Fig. 4B),
suggesting that these kinases participate in the control of sIL-1Ra
transcript steady state levels in response to GA activation. The
results obtained with the kinase inhibitors were confirmed by si-
lencing MEK1 and MEK2 in monocytes. Transfection of mono-
cytes with MEK1 and MEK2 siRNA significantly diminished
the expression of both kinases, as demonstrated by Western blot

analysis (Fig. 4C). As observed above (Figs. 2C and 3B), the
production of sIL-1Ra was significantly enhanced following
nucleofection of monocytes with siRNA. However, the silencing
of MEK1/2 resulted in the inhibition of sIL-1Ra production in-
duced by GA that reverted to basal levels (Fig. 4C). To address
the involvement of ERK1/2, the canonical substrates of MEK1/2,
in the control of sIL-1Ra production, the kinases were silenced
by specific stealth siRNA. The transfection of monocytes with
ERK1/2 siRNA strongly reduced protein expression of each ki-
nase (Fig. 5). The silencing of ERK1/2 abolished GA-induced

Fig. 3. GA triggers the production of sIL-1Ra through a PI3Kδ/Akt pathway.
(A) Monocytes were preincubated with or without 10 μM Ly294002 (Ly) or 5
μM IC 87114 (IC) before stimulation by GA. Cell lysates were subjected to
Western blot analysis. (B) Monocytes were nucleofected with stealth siRNA
for Akt1/2 or negative control (mock). The efficiency of Akt1/2 silencing was
assessed by Western blot (Lower); a representative experiment out of 3 is
presented. Akt1/2 knockdown or mock transfected monocytes were GA ac-
tivated (gray columns; 100% = 2174 ± 467 pg/mL sIL-1Ra) or left unactivated
(white column; sIL-1Ra concentration = 1,346 ± 467 pg/mL). sIL-1Ra was
measured in culture supernatants and presented as described in legend of
Fig. 2B. Data are mean ± SD of three independent experiments. *P < 0.05 as
determined by Student t test.

Fig. 4. MEK1/2 controls GA-induced sIL-1Ra production. (A) Monocytes
were preincubated in the absence or presence of increasing concentration of
U0126 (○) or PD98059 (●) before the addition of GA. sIL-1Ra production was
measured in supernatants. Results are presented as described in Fig. 2B (no
inh. = 100% = 2177 ± 837 pg/mL sIL-1Ra). (B) Monocytes were treated with 5
μM U0126 (U0) or 5 μM PD98059 (PD) before addition (gray columns) or no
addition (white column) of GA. mRNA was isolated and analyzed by real-
time qPCR. Results are presented as in Fig. 2D. (C) Monocytes were nucleo-
fected with stealth siRNA for MEK1 and MEK2 or negative control (mock).
Efficiency of MEK1/2 silencing was assessed by Western blot (Lower), and sIL-
1Ra production by MEK1/2 knocked-down or mock transfected monocytes
activated (gray columns; 100% = 1933 ± 656 pg/mL sIL-1Ra) or not activated
(white column; sIL-1Ra concentration = 1211 ± 547 pg/mL) by GA was
measured in culture supernatants. Results are presented as mean ± SD of
three independent experiments. **P < 0.01, *P < 0.05 as determined by
Student t test.

Fig. 5. ERK1/2 controls GA-induced sIL-1Ra production. Monocytes were
nucleofected with stealth siRNA for ERK1/2 or negative control (mock). Ef-
ficiency of ERK1/2 silencing was assessed by Western blot (Lower); one rep-
resentative experiment among three is presented. ERK1/2 knocked-down or
mock-transfected monocytes were activated (gray columns; 100% = 2,334 ±
556 pg/mL sIL-1Ra) or not activated (white column; sIL-1Ra concentration =
1,555 ± 767 pg/mL) with GA and sIL-1Ra measured in culture supernatants.
Results are presented as mean ± SD of three independent experiments; *P <
0.05 as determined by Student t test.
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production of sIL-1Ra (Fig. 5). Together the results of Figs. 4 and
5 demonstrate the implication of the MEK/ERK pathway in
sIL-1Ra production downstream GA-activation of monocytes.

PI3Kδ/Akt and MEK/ERK Are Part of Two Parallel Pathways Controlling
sIL-1Ra Production. To determine whether PI3Kδ and MEK1/2
integrated a common pathway to regulate sIL-1Ra production in
response to GA in monocytes, we assessed the effect of inhibitors
in combination or alone. Because signals induced by GA were
exquisitely sensitive to kinase inhibitors, we used suboptimal con-
centrations of inhibitors as determined by dose–response curves
(Fig. S1C and Fig. 4A), i.e., 0.5 μM IC87114 and 0.5 μM U0126.
At such inhibitor concentrations, we observed a decrease of sIL-
1Ra production by 45 ± 5% and 69 ± 6% with PI3Kδ and
MEK1/2 inhibitor, respectively (Fig. 6). When both IC87114 and
U0126 were combined, the GA-induced production of sIL-1Ra
was abolished, reaching basal level. These results suggest that the
PI3Kδ/Akt and the MEK/ERK pathways act in parallel to reg-
ulate sIL-1Ra production in monocytes activated by GA.

PI3Kδ/Akt and MEK/ERK Pathways Converge on GSK3α/β to Control
GA-Induced sIL-1Ra Production.GSK3 is a constitutively active Ser-
Thr kinase, whose phosphorylation downstream PI3K/Akt or
MAPK pathway results in its inhibition (37, 38). To assess the
contribution of GSK3 to GA-induced sIL-1Ra production by
monocytes, the phosphorylation of GSK3 at Ser21 for GSK3α
and Ser9 for GSK3β was first analyzed. Likewise Akt and ERK1/
2 phosphorylation (Fig. 1A), the phosphorylation of GSK3α/β
was induced by GA, reaching a maximum at 2 h (Fig. 7A). To
evaluate the involvement of GSK3 in the control of sIL-1Ra
production, monocytes were pretreated with the GSK3 inhibitor
SB216763 before activation by GA. When monocytes were pre-
treated with SB216763, the production of sIL-1Ra induced by
GA increased 2.15- ± 0.69-fold (Fig. 7B). Concomitantly, pre-
treatment of monocytes with SB216763 enhanced sIL-1Ra
transcript expression in response to GA (Fig. 7C), indicating that
active GSK3α/β repressed sIL-1Ra production in GA-activated
monocytes. To confirm results obtained with the inhibitor, we
examined the effect of siRNA-mediated GSK3α/β silencing on
GA-induced sIL-1Ra production. The silencing of GSK3α/β re-
duced its expression by 46% (Fig. 7D) and further increased the
induction of sIL-1Ra production by 1.95- ± 0.05-fold after
monocyte stimulation by GA (Fig. 7D). To assess whether GSK3
inactivation was controlled by the PI3Kδ/Akt or the MEK/ERK
pathway, we tested the effects of PI3K and MEK inhibitors on
GSK3α/β phosphorylation. Inhibitors of both pathways de-
creased GSK3α/β phosphorylation, whereas the PI3Kγ inhibitor
was ineffective (Fig. 7E). These data demonstrate that activation
of the PI3Kδ/Akt and MEK/ERK pathways by GA converge on
GSK3 and repress its activity to control sIL-1Ra expression
in monocytes.

Discussion
This study demonstrates that GA triggers at least two different
parallel pathways (PI3Kδ/Akt and MEK/ERK) that converge on
GSK3 to promote sIL-1Ra production in human monocytes (Fig.
S2). PI3Kδ is activated in monocytes exposed to GA, as sug-
gested by the recruitment of p110δ catalytic subunit at monocyte
membranes. Our data further indicate that PI3Kδ is the only
PI3K isoform involved in the control of sIL-1Ra production in
monocytes upon GA-activation. PI3Kδ controls sIL-1Ra pro-
duction through the activation of its downstream element, Akt,
which phosphorylates GSK3 and turns off its repressive activity.
In addition, both MEK1 and MEK2 control sIL-1Ra production
through the activation of their canonical substrates ERK1/2 and
GSK3. The PI3Kδ/Akt and MEK/ERK pathways are likely to act
in parallel upstream GSK3, although the present results do not
rule out other cross-talks. The demonstration that GA, which is
a mixture of peptides with different sequences of Glu, Lys, Ala,
and Tyr, induces signal transduction leading to the production of
sIL-1Ra, strongly suggests that monocytes express a specific re-
ceptor/sensor that binds/recognizes GA or a part of its peptides.

Fig. 6. PI3Kδ and MEK1/2 are part of two different pathways controlling
sIL-1Ra production. (A) Monocytes were preincubated in the absence or
presence of 0.5 μM U0126 (U0, MEK1/2 inhibitor), 0.5 μM IC87114 (IC, PI3Kδ
inhibitor) or a mixture of both inhibitors (U0 + IC). Cells were then activated
(gray columns) or not activated (white column) by GA. Production of sIL-1Ra
was measured in harvested supernatants. Results are presented as described
in Fig. 2B (no inh. = 100% = 2720 ± 1726 pg/mL sIL-1Ra). Data are mean ± SD
of three experiments carried out with monocytes prepared from blood of
three different donors. **P < 0.01 as determined by Student t test.

Fig. 7. GSK3α/β controls GA-induced sIL-1Ra production. (A) Monocytes
were stimulated by GA for indicated time, and cell lysates were subjected to
Western blot analysis. (B and C) Monocytes were preincubated for 45 min in
the presence or absence of 10 μM SB216763 (SB) and then cultured in the
absence (white columns) or presence (gray columns) of GA. (B) Production of
sIL-1Ra was measured in harvested supernatants (no inh. = 100% = 2020 ±
636 pg/mL sIL-1Ra) and (C) mRNA analyzed by real-time quantitative PCR;
results are presented as described in Fig. 2 B and D, respectively. (D) Mon-
ocytes were nucleofected with stealth siRNA for GSK3α and GSK3β (siGSK3)
or negative control (mock). Efficiency of GSK3α/β silencing was assessed by
Western blot (Lower). sIL-1Ra was measured in culture supernatants of
GSK3α/β knocked-down or mock-transfected monocytes activated (gray
columns; 100% = 2174 ± 467 pg/mL sIL-1Ra) or not activated (white column;
sIL-1Ra concentration = 1,344 ± 676 pg/mL) by GA. (E) Monocytes were
preincubated in the absence or presence of 10 μM Ly294002 (Ly); 5 μM
IC87114 (IC); 500 nM PI3Kγ inhibitor, 5 μM U0126 (U0), or 5 μM PD98059 (PD)
before activation by GA. Cell lysates were subjected to Western blot analysis.
**P < 0.01 as determined by Student’s t test.
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The existence of a specific GA sensor/receptor in monocytes is
sturdily suggested by our observations demonstrating the in-
duction of signal transduction pathways. In vitro, GA was shown
to interact with empty, recombinant MHC class II molecules,
competing with the binding of myelin basic protein into the
peptide-binding groove (39). GA also interacts promiscuously
with MHC class II molecules at the surface of living APCs (40).
The latter study demonstrates that binding of GA to MHC class
II molecules occurred very rapidly after GA application, i.e., GA
binding at time = 0 (80%) was not different from that at time =
20 h. This contrasts with the present results showing delayed
signal transduction with maximum Akt and ERK1/2 phosphor-
ylation at 2 h. Because signal transduction induced by ligation of
MHC class II molecules by antibodies, their natural ligand
(LAG-3), or superantigens occurs within minutes (41–43), it is
likely that GA signaling is mediated by other receptors/sensors.
Moreover, contrasting with GA effects, IL-1β production is in-
duced in monocytes upon ligation of MHC class II by antibodies,
F(ab) from the latter, and superantigens (42, 44–46). As GA
induces sIL-1Ra but not IL-1β production in human monocytes
(29), it is unlikely that MHC class II molecules may act as GA
receptors to induce sIL-1Ra production. Furthermore, the
demonstration that in MHC class II-deficient mice, GA induces
type II monocyte differentiation favoring the production of anti-
inflammatory cytokines, strongly indicates that GA may affect
monocyte function in the absence of MHC class II molecules
(47). In addition to MHC class II, GA has been shown to interact
with Mac-1 (CD11b/CD18 integrin) (48). Ligation of β2-integrins
by either CD23 or antibodies induces the production of IL-1β in
human monocytes that depends on the early (2–5 min) phos-
phorylation of ERK1/2 (49). Therefore, alike MHC class II
molecules, Mac-1 is unlikely to act as the GA receptor on mono-
cytes involved in sIL-1Ra induction.
Our results further support the premise that PI3Kδ activation is

a key requirement to optimal secretion of sIL-1Ra in monocytes
upon various stimulatory conditions. Indeed, we recently reported
that PI3Kδ accounts for the PI3K-dependent signaling ruling the
production of sIL-1Ra in monocytes activated by lipopolysac-
charides (LPS), i.e., a prototypical stimulus of acute inflam-
mation, and by contact with stimulated T cells, i.e., a stimulus
likely to reflect chronic inflammatory conditions (33). Inter-
estingly, although PI3Kδ activity is required to sIL-1Ra induction
independently of the stimulus, it dampens the production of
proinflammatory cytokines in LPS-activated monocytes, but
induces such production in T-cell contact-activated monocytes
(33). Thus, PI3Kδ is likely to be a key element in the regulation of
inflammatory effector functions of monocytes.
The activation of both MEK1 and MEK2 is required to op-

timal production of sIL-1Ra, which is controlled by their
downstream substrates, ERK1/2. Of note, GA requires the ac-
tivation of PI3Kδ/Akt and MEK/ERK pathways, which act in
parallel to regulate sIL-1Ra production. Indeed, when sub-
optimal doses of inhibitors of either MEK1/2 or PI3Kδ were
used, only 45–69% of inhibition of GA-induced sIL-1Ra pro-
duction was observed. However, when inhibitors were combined,
the induction of sIL-1Ra production was abolished, indicating
that both pathways independently controlled sIL-1Ra following
GA-activation. Because Akt, ERK1/2, and GSK3α/β were
phosphorylated within the same time frame, i.e., 2 h after GA-
activation, the two PI3Kδ/Akt and MEK/ERK pathways are
likely to be concomitantly activated, both leading to GSK3
phosphorylation. Although PI3Kδ is used by other sIL-1Ra
inducers, there are different factors ruling sIL-1Ra production

downstream the different stimuli. In LPS-activated monocytes
the production of sIL-1Ra is regulated via the PI3K pathway by
GSK3, which acts upstream the MEK1/2/ERK1/2 pathway (34).
Our current data are in agreement with these findings, demon-
strating that GSK3 phosphorylation dampens sIL-1Ra pro-
duction in GA-activated monocytes, although we identify GSK3
as a downstream effector of the MEK1/2/ERK1/2 pathway.
GSK3 is a constitutively active Ser-Thr kinase whose phosphor-
ylation downstream PI3K/Akt or MAPK pathway results in its
inhibition (37, 38). GSK3 phosphorylates/inactivates multiple
substrates, including transcription factors that are critical regu-
lators of pro- and antiinflammatory cytokine production (50). In
accordance with the present results, previous studies have
demonstrated that active GSK3β negatively regulates the pro-
duction of antiinflammatory cytokines while concurrently up-
regulating production of proinflammatory cytokines (51).
We previously demonstrated that GA increases the circulating

levels of sIL-1Ra in GA-treated MS patients and EAE mice
(29). This observation corroborates the triggering of sIL-1Ra
production by GA in isolated blood monocytes. Furthermore, in
T-cell contact-activated monocytes, i.e., a mechanism relevant
to chronic inflammation, GA strongly diminishes the expression
of IL-1β and enhances expression of sIL-1Ra, contrasting with
the effect of GA in monocytes activated upon acute inflam-
matory conditions (29). Similar effects were observed on ele-
ments of the IL-1 system in IFNβ-activated monocytes (52).
Taken together, these findings suggest that both immunomo-
dulators used in MS treatment, i.e., GA and IFNβ, affect the IL-
1 system in comparable ways.
To conclude, our results demonstrate that GA signals through

two parallel signaling pathways, i.e., the PI3Kδ/Akt and MEK/
ERK cascades, which activities converge to phosphorylate
GSK3α/β and result in the induction of sIL-1Ra production in
monocytes. In addition to the direct activation of signal trans-
duction by GA, this study strongly suggests the existence of
a specific receptor/sensor of GA in human monocytes.

Materials and Methods
Details on materials and methods are given in SI Materials and Methods.

Monocytes. Peripheral blood monocytes were prepared as described else-
where (53).

sIL-1Ra Production, mRNA Quantification, and mRNA Silencing. sIL-1Ra pro-
duction, mRNA quantification, and mRNA silencing were carried out as
previously described (29).

Western Blot Analysis. Western blot analyses were carried out as described
previously (54).

Translocation of PI3Kδ at Monocyte Membranes.Monocytes (10 × 106 cells/mL;
1 mL) were activated by GA (25 μg/mL) for 2 h. Their membranes were iso-
lated by ultracentrifugation and were subjected to Western blot analysis.

Statistical Analysis. When required, significance of differences between
groups was evaluated using a Student paired t test.
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