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Abstract: Negative regulation of cytokine signaling
is important for limiting the intensity and duration of
cytokine action and for maintaining homeostasis.
Several constitutive mechanisms for suppressing cy-
tokine Jak-STAT signaling have been described. In-
ducible or regulated inhibition of cytokine signaling is
equally important, and much attention has been fo-
cused on inhibition mediated through the induction
of expression of suppressors of cytokine signaling
(SOCS proteins). We have previously reported IL-1-
induced inhibition of IL-6 signaling in monocytes,
and herein we use inhibitors of protein synthesis to
demonstrate that inhibition of IL-6 signaling can oc-
cur in the absence of new protein synthesis. Surpris-
ingly, some protein synthesis inhibitors themselves
inhibited IL-6 signaling rapidly, strengthening the
conclusion that IL-6 signaling can be inhibited in the
absence of protein synthesis. Inhibition of IL-6 sig-
naling by IL-1 and protein synthesis inhibitors was
dependent on the p38 stress kinase, and activation of
p38 secondary to inducible expression of MKK6 was
sufficient to inhibit IL-6 signaling. Inhibition was spe-
cific for IL-6, as induction of STAT activation by
IFN-�, IFN-�, and vanadate was not inhibited. IL-1-
induced inhibition of IL-6 signaling was not mediated
by the activation of tyrosine phosphatases or by p38-
dependent activation of phospholipase A2 or cy-
clooxygenases, which could lead to indirect inhibition
via production of prostaglandins. These results iden-
tify an inducible mechanism of inhibition of IL-6
signaling that is direct and independent of induction
of negative regulators such as SOCS proteins. A role
for p38 in mediating inhibition suggests that multiple
cytokines and stress agents that activate p38 path-
ways in monocytes, such as IL-1, TNF, Toll-like re-
ceptors, and Fc receptors, can modulate Jak-STAT
signaling by pleiotropic cytokines such as IL-6. J.
Leukoc. Biol. 72: 154–162; 2002.
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INTRODUCTION

Many, if not most, cytokines important for immune responses
use the Jak-STAT (signal transducer and activator of transcrip-

tion) signaling pathway. Jaks are receptor-associated protein
tyrosine kinases, and STATs are latent cytoplasmic transcrip-
tion factors expressed in the cytoplasm of most cells (reviewed
in ref. [1]). Binding of cytokines to their receptors leads to
activation of Jaks, phosphorylation of tyrosine motifs in recep-
tor cytoplasmic domains, and recruitment of signaling mole-
cules, including STATs, to the receptor complex. STATs are
then tyrosine-phosphorylated rapidly, dimerize, and translo-
cate to the nucleus, where they bind to gene promoters and
activate transcription. Tyrosine phosphorylation of STATs is
essential for activation, dimerization, and DNA binding.
STATs play critical, nonredundant roles in mediating cellular
transcriptional responses to cytokines and in cell activation,
survival, and proliferation [2].

Ligation of cytokine receptors typically results in a transient
activation of Jaks, transient phosphorylation of receptor ty-
rosine motifs, and transient activation of STATs. Often STAT
activity peaks 5–30 min after cytokine stimulation, followed by
a decay back to baseline over the subsequent 1–4 h. These
observations suggest that mechanisms for down-regulating cy-
tokine Jak-STAT signaling must exist, and recently multiple
inhibitory mechanisms have been described. Several inhibitory
pathways appear to be constitutively active in cells and are not
currently known to be regulated. These include proteolysis of
Stat1 and Stat5; dephosphorylation of receptors, Jaks, or
STATs; and interaction of STATs with protein inhibitors of
activated STATs that block STAT-DNA binding [3–10].

It has become clear that inducible inhibitory mechanisms
also exist and that signaling by the Jak-STAT pathway can be
suppressed after preincubation with antagonistic cytokines.
Several regulated or inducible inhibitory mechanisms have
been identified, mediated by down-regulation of receptor ex-
pression [11–14], via induction of inhibitory molecules termed
suppressor of cytokine signaling (SOCS)/JAB/SSI/CIS proteins
[15–20], by rapid mitogen-activated protein kinase (MAPK)- or
protein kinase C-dependent modification of pre-existing sig-
naling components [21–26], and by proteosome-dependent
degradation of signaling proteins [27]. Much attention has been
focused on inhibition mediated by SOCS proteins [15–20, 28],
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eight of which contain SH2 domains and thus can potentially
interact with phosphotyrosine motifs on cytokine receptors or
Jaks. To date, CIS (the original family member to be cloned),
SOCS1, and SOCS3 have been shown to inhibit cytokine
signaling. SOCS1 and SOCS3 interact with Jaks via an SH2-
phosphotyrosine interaction, and SOCS1 is an effective inhib-
itor of Jak catalytic activity [19]. SOCS3 is much less effective
at inhibiting Jaks directly and has been shown recently to
interact with tyrosine 759 in the gp130 signaling chain of the
interleukin (IL)-6 receptor and that this interaction is neces-
sary for effective inhibition of signaling to occur [29, 30]. CIS
interacts with the IL-3 receptor and inhibits signaling, possibly
by competing for and blocking phosphotyrosine docking sites
important for signal transduction. SOCS proteins are short-
lived and are ubiquitinated, and it is possible that they also
work by targeting receptors for rapid degradation. Except for a
few tissues such as thymus and fetal liver [31, 32], SOCS are
not expressed at baseline and are induced rapidly as immedi-
ate early genes in response to cytokines that themselves acti-
vate the Jak-STAT pathway or inflammatory cytokines such as
IL-1 and tumor necrosis factor (TNF) [19, 20, 28]. Thus, SOCS
may play an important role in feedback inhibition and in
cytokine antagonism.

IL-1 inhibits the expression of a subgroup of IL-6-inducible
genes in monocytes and hepatocytes, and this inhibition plays
a role in the physiology of macrophage differentiation and the
acute phase response [25, 33, 34]. IL-6 is a member of a family
of cytokines that share the gp130 signaling receptor chain and
activates Stat3 and, in a dose-dependent and tissue-specific
manner, Stat1. Several laboratories, including ours, have dem-
onstrated the inhibition of IL-6 activation of STATs by IL-1
[25, 35, 36], thus identifying a molecular basis for the inhibi-
tion of IL-6-induced gene expression by IL-1. In hepatocytes,
inhibition is selective for Stat1 and may be mediated by a
tyrosine phosphatase [36]. In myeloid cells, there is agreement
that inhibition of IL-6 signaling by IL-1 is mediated by the p38
group of MAPKs [25, 35]. Graeve and colleagues [35] have
demonstrated that IL-1 activates SOCS3 expression in a p38-
dependent manner and that inhibition of p38 blocks SOCS3
expression and reverses inhibition of IL-6 signaling. Taken
together with the demonstration that overexpressed SOCS3
binds to gp130 and inhibits IL-6 signaling [29, 30], these
findings have led to the proposal that IL-1 inhibition of IL-6 is
dependent on SOCS3. In contrast, our group has found that
IL-1 inhibits IL-6 signaling by a p38-dependent mechanism
even when SOCS3 is not expressed and when de novo gene
expression is blocked by the use of actinomycin D (Act. D)
[25]. This has led to the proposal of an alternative mechanism
by which p38 inhibits IL-6 signaling independent of new gene
expression. Additional support for rapid and direct inhibitory
pathways of inhibition of Jak-STAT signaling is provided by a
study demonstrating that IL-1-mediated inhibition of interferon
(IFN)-� signaling in hepatocytes does not depend on de novo
gene expression [27]. Our previous results did not exclude the
possibility that IL-1 inhibits IL-6 signaling indirectly via in-
duction of p38-dependent increases in stability or translation
of constitutively expressed mRNAs (see Fig. 1). We now
address the important issue of resolving whether IL-1 inhibi-

tion of IL-6 signaling is direct or occurs via induction of
inhibitory molecules.

MATERIALS AND METHODS

Cell isolation and tissue culture

Monocytes were obtained from peripheral blood mononuclear cells using
anti-CD14 magnetic beads, as recommended by the manufacturer (Miltenyi
Biotec, Auburn, CA), and were �92% pure as verified using flow cytometry as
previously decribed [37]. Monocytes were used after 1–2 days of culture in
RPMI-1640 medium supplemented with 10% fetal bovine serum and 10–20
ng/ml macrophage colony-stimulating factor. Previously, we had found that
IL-6 signaling was inhibited effectively in monocytes cultured under several
different conditions [25].

Electrophoretic mobility shift assays (EMSAs)

Cell extracts were prepared as previously decribed [38]. Extracts correspond-
ing to 3.3 � 105 cells (approximately 12 �g protein) were incubated for 15 min
at room temperature with 0.5 ng 32P-labeled, double-stranded hSIE oligonu-
cleotide [22] in a 15 �l binding reaction containing 40 mM NaCl and 2 �g
poly-dI-dC (Pharmacia, Piscataway, NJ), as previously described [38], and
complexes were resolved on nondenaturing, 4.5% polyacrylamide gels.

Immunoblotting

Cell lysates were fractionated on 7.5% sodium dodecyl sulfate-polyacrylamide
gels, transferred to polyvinylidene difluoride membranes, and incubated with
phospho-specific (tyr 705) Stat3 antibody, phospho-specific (thr180/tyr182)
p38 antibody (New England Biolabs, Beverly, MA), monoclonal Stat1, Stat3,
Jak1, and Tyk2 antibodies (Transduction Laboratories, Lexington, KY), and
p38 antibodies (Santa Cruz Biotechnologies, Santa Cruz, CA). Enhanced
chemiluminescence was used for detection.

Flow cytometry

Flow cytometry was performed as previously described [37]. The binding of
IL-6 to cell surface IL-6Rs was measured using a Fluorokine kit according to
the instructions of the manufacturer (R&D Systems, Minneapolis, MN).

Transient transfections

293TetOn cells were purchased from Clontech (Palo Alto, CA). These cells
express the rTetR protein stably, which, upon binding tetracycline, is able to
bind the pTRE promoter element on a second plasmid (introduced into the
cells through transfection) and turn on the expression of genes downstream

Fig. 1. Direct and indirect mechanisms of p38-dependent inhibition of IL-6
signaling. p38 may act indirectly by inducing expression of new proteins, by
activating de novo gene transcription (blocked by Act. D), by stabilizing
constitutively expressed mRNAs, or by inducing translation. All such indirect
mechanisms are blocked by CHX. A direct inhibitory mechanism involves
post-translational modification of constitutively expressed IL-6 signaling pro-
teins and would not be blocked by CHX.
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from that site. The sequence encoding a FLAG-tagged, constitutively active
mutant of MAPK kinase 6 {MKK6(CA) obtained from Dr. R. Davis, see ref.
[39], was cloned into the pTRE2 vector and transiently transfected into the
293TetOn cells along with a plasmid encoding a TrkC-gp130 fusion protein
(Tg) using the calcium phosphate coprecipitation technique as previously
described [25]. Transfection efficiency was normalized using a cotransfected
internal control plasmid encoding �-galactosidase.

RESULTS

Rapid inhibition of IL-6 signaling in the absence
of de novo protein synthesis

Our laboratory and others have established that IL-1 inhibits
IL-6 signaling by a p38-dependent pathway [25, 35]. p38 is a
serine/threonine kinase that plays a role in the activation of
transcription factors and de novo transcription [40], stabiliza-
tion of mRNA [41, 42], induction of translation [43–46], and
post-translational modification of numerous proteins [40].
Thus, IL-1-induced, p38-dependent inhibition of IL-6 signal-
ing may occur via de novo induction of gene expression (of
inhibitory proteins such as SOCS), increased levels of inhibi-
tory proteins secondary to increased message stability or in-
creased translation of constitutively expressed mRNAs, or
post-translational modification of pre-existing IL-6 signaling
components (Fig. 1). We have previously shown that inhibition
can occur in the absence of de novo mRNA transcription [25].

To exclude the possibility that IL-1 inhibited IL-6 signaling
by increasing synthesis of new proteins in the absence of new
gene expression, we performed experiments using the protein
synthesis inhibitor cycloheximide (CHX; Fig. 2). Purified hu-
man blood monocytes were preincubated with Act. D, an
inhibitor of transcription, or with CHX, treated with IL-1, and
then stimulated with IL-6. Similar to our previous results [25],
IL-6 activated STAT-DNA binding activity, and this activation
was rapidly inhibited by IL-1 in a fashion that was not reversed
by Act. D; thus, inhibition was not dependent on new tran-
scription (Fig. 2A, left panel). We have previously confirmed
that Act. D essentially blocked transcription completely in
these experiments [25]. Surprisingly, treatment with CHX
alone for only 15 min almost completely blocked activation of
STAT-DNA binding (Fig. 2A, right panel, lane 4). Inhibition
occurred at the level of tyrosine phosphorylation, and Stat3
protein levels did not change, indicating that inhibition by
CHX was not secondary to lowering levels of STAT proteins
(Fig. 2A, right panel; see also Fig. 4). The level of inhibition by
CHX was comparable with inhibition when IL-1 was used (lane
3). We and others have previously demonstrated that this level
of inhibition of signaling has physiologic significance in terms
of suppression of gene activation [25, 27, 33].

Inhibition of IL-6 signaling by CHX in most experiments
was sufficiently strong that it was difficult to assess any addi-
tional inhibition mediated by IL-1 (Fig. 2A, right panel, lanes

Fig. 2. Rapid inhibition of IL-6-, but not vanadate- or
IFN-mediated STAT activation by IL-1, CHX, and other
protein synthesis inhibitors. (A) Purified monocytes were
treated with Act. D (5 �g/ml), CHX (15 �g/ml), or IL-1
(50 ng/ml) and were then stimulated with IL-6 (50 ng/ml).
Cells were preincubated with Act. D for 20 min, followed
by a 15-min stimulation with IL-1 (left panel). CHX was
added for 15 min and IL-1, for 5 min, before adding IL-6
(right panel). Cell extracts were analyzed using EMSA
with the hSIE oligonucleotide as described [22], and
some extracts were also analyzed using sequential immu-
noblotting of the same membrane with antibodies against
tyrosine-phosphorylated Stat3 and Stat3. (B) Monocytes
were treated with puromycin (10 �M) for 10 min followed
by IL-1 pretreatment for 20 min and IL-6 stimulation for
10 min. (C) Monocytes were treated with 5 mM sodium
orthovanadate for 1 h. IL-1 was added 20 min prior to
vanadate. Cell extracts were assayed by EMSA with the
hSIE oligonucleotide. (D, E) The effect of CHX (D) and
IL-1 (E) on IFN-� and IFN-� signaling was tested. IFNs
were used at 8 ng/ml. In the upper left panel, CHX
pretreatment was for 20 min and for 60 min on the right.
IL-1 pretreatments were for 20 min. pY, Phosphorylated
tyrosine.

156 Journal of Leukocyte Biology Volume 72, July 2002 http://www.jleukbio.org



3–5). To further address whether IL-1 could inhibit IL-6 sig-
naling when protein synthesis was blocked, we tested a panel
of protein synthesis inhibitors, all of which inhibit the peptidyl-
transferase activity of the ribosomal 60S subunit, at concen-
trations that result in �98% inhibition of protein synthesis
[47]. The protein synthesis inhibitor puromycin had no detect-
able effect on activation of Stat3 by IL-6 (Fig. 2B, lanes 2 and
4; no change in band intensity was detected using densitome-
try). IL-1 inhibited IL-6-induced Stat3 activation in the pres-
ence of puromycin to a comparable extent as in its absence
(Fig. 2B, lanes 3 and 5; densitometry revealed that the band
intensity in lane 3 was 57% lower than in lane 2, and the band
intensity in lane 5 was 58% lower than in lane 4). This
indicates that IL-1 is capable of inhibiting IL-6 signaling in the
absence of new protein synthesis. Addition of IL-1 resulted in
inhibition of IL-6 signaling in the presence of several addi-
tional protein synthesis inhibitors, but these results are diffi-
cult to interpret, as the protein synthesis inhibitors themselves
suppressed IL-6 signaling partially (data not shown). The ad-
ditive inhibition of IL-6 signaling observed when protein syn-
thesis inhibitors and IL-1 were used together may be explained
by reinforcement of a common inhibitory pathway or induction
of different inhibitory pathways.

The specificity of inhibition was investigated by examining
the effects of IL-1 and CHX on activation of Jak-STAT signal-
ing by vanadate, IFN-�, and IFN-�. Treatment of cells for 1 h
with vanadate, a tyrosine-phosphatase inhibitor, resulted in
activation of the Jak-STAT pathway even in the absence of
addition of any exogenous cytokine (Fig. 2C, lane 2), and this
activation was not suppressed by IL-1 (lane 3). This result
indicates that IL-1 did not block Jak-STAT signaling globally.
IFN-� and IFN-� use the same Jaks and STATs as does IL-6
(Jak1, Jak2, Tyk2, Stat1, and Stat3). Activation of STATs by
IFN-� or IFN-� was not affected by IL-1 or CHX (Fig. 2, D and
E). These results demonstrate specificity of inhibition for IL-6
signaling and suggest that Jaks and STATs are not direct
targets for the IL-1- and CHX-induced inhibitory pathways.
Taken together with our previous results that gp130-activated
Jaks are inhibited by p38 in B cells [25], these results suggest
that inhibition occurs at a proximal step in signal transduction
and targets the IL-6R or IL-6R-associated molecules.

CHX and IL-1 inhibit IL-6 signaling via a
p38-dependent pathway

The rapid inhibition of IL-6 signaling in the absence of de novo
protein synthesis suggested the possibility of a direct mecha-
nism, such as activation of an inhibitory kinase or phosphatase.
Because protein synthesis inhibitors have been shown to acti-
vate stress kinases (refs. [47, 48], and references therein), and
p38 plays a role in inhibition of IL-6 signaling [25, 35], we
tested whether CHX may inhibit IL-6 signaling in monocytes
by activating p38. CHX activated p38 rapidly in monocytes,
and the level of activation was comparable with that achieved
using IL-1 (Fig. 3A). Inhibition of p38 activity using
SB203580, at several doses where this compound is believed to
be a specific inhibitor of p38, reversed CHX- and IL-1-induced
inhibition of IL-6 signaling (Fig. 3B, and data not shown).
Thus, inhibition of IL-6 signaling by CHX, similar to IL-1, is
dependent on p38 [25, 35, 49]. The strength of inhibition of

IL-6 signaling by IL-1 and several different protein synthesis
inhibitors correlated with the level of p38 activation, but of the
agents tested, only anisomycin induced detectable levels of
activated JNK in our system (data not shown). Although JNK
may be capable of inhibiting IL-6 signaling, these results
suggest that JNK is unlikely to play an important role in our
system. We wished to investigate whether activation of p38 was
sufficient to inhibit IL-6 signaling. p38 was activated by in-
ducing expression of MKK6(CA), a kinase that activates p38,
but not JNK or ERK (refs [25, 39], and data not shown), by
adding doxycycline to cells that had been transfected with
MKK6(CA) under the control of an inducible promoter. Low-

Fig. 3. Inhibition of IL-6 signaling is dependent on p38. (A) Rapid activation
of p38 by CHX. Monocytes were treated for 10 min with CHX or IL-1, and cell
extracts were analyzed by immunoblotting. pTY-p38, activated form of p38 that
is phosphorylated on threonine and tyrosine. (B) Reversal of CHX and IL-1
inhibition of IL-6 signaling by the p38 kinase inhibitor SB203580. Monocytes
were preincubated with 10 �M SB203580 for 30 min before adding CHX or
IL-1. Similar results were obtained using 5 �M and 2 �M SB203580. (C)
293Tet-ON cells were transiently transfected via the calcium phosphate co-
precipitation method with plasmids encoding a Tg that is ligated and activated
by neurotropin 3 (NT3), �-galactosidase, and pTRE2-MKK6(CA). Cells were
treated with 200 ng/ml doxycycline (DOX) for the periods indicated to induce
expression of MKK6(CA) prior to a 10-min stimulation with 50 ng/ml NT3. Cell
extracts were analyzed by immunoblotting.
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level expression of MKK6(CA) and low-level p38 phosphory-
lation were observed in the absence of doxycycline (Fig. 3C)
and may affect the responsiveness of these cells relative to
nontransfected cells. However, activation of p38 over baseline
after the addition of doxycycline effectively suppressed acti-
vation of Stat3 by a fusion receptor containing the gp130
cytoplasmic domain (Fig. 3C). Thus, activation of p38 is suf-
ficient for inhibition of IL-6 signaling. However, it remains
possible that the additive effects of IL-1 and protein synthesis
on inhibition of IL-6 signaling (Fig. 2A) may be secondary to
activation of additional inhibitory pathways. Activation of p38
by overexpression of MKK6(CA) was unable to suppress acti-
vation of Jaks, which occurs independently of receptors, after
overexpression [50] (data not shown). Taken together with the
results that IL-1 did not inhibit signaling by other cytokines
that use Jak1 (Fig. 2E), these results provide further support for
the notion that the inhibitory pathway targets the IL-6R or
IL-6R-associated molecules.

It is possible that inhibition of IL-6 signaling after incuba-
tion with CHX was secondary to decreased levels of a neces-
sary signaling protein that is rapidly turned over. However,
CHX inhibited IL-6 signaling strongly when added just 10 min
prior to IL-6 (Fig. 4A), suggesting that this putative signaling
protein is extremely labile or that CHX acts by a different
mechanism. The most labile proteins in the IL-6-Jak-STAT
pathway are the � and gp130 chains of the IL-6 receptor,
which can also undergo ligand-mediated internalization [51].
The effects of CHX on IL-6R expression were assessed using
flow cytometry. Treatment with CHX for 20 min or 1 h did not
result in decreased cell surface expression of either IL-6R
subunit (Fig. 4B) or decreased binding of IL-6 to IL-6Rs (Fig.
4C), indicating that inhibition of signaling by CHX was not
mediated by changes in IL-6R expression. CHX also did not
affect the levels of expression of Jak1, Tyk2, Stat1, and Stat3,
the Jak-STAT proteins that are used by IL-6 (Figs. 2A and 4D).
The normal expression and function of these proteins after
CHX treatment are supported further by the lack of CHX-

mediated inhibition of signaling by IFN-� and IFN-� (Fig. 2E),
which use these proteins as well. Taken together, these results
demonstrate that inhibition of IL-6 signaling by CHX does not
occur secondary to decreased expression of known IL-6 sig-
naling proteins but instead suggest that CHX acts directly via
p38.

Although CHX most likely activates p38 by triggering ribo-
toxic stress pathways [47], we wished to address whether
lipopolysaccharide (LPS) contamination of CHX could contrib-
ute to p38 activation. Four different preparations of CHX from
different manufacturers inhibited IL-6 signaling at similar
doses, suggesting LPS contamination was not likely (data not
shown). More importantly, CHX blocked IL-6 signaling effec-
tively under serum-free conditions where LPS is not active,
secondary to absence of LPS-binding protein (Fig. 5). Thus,
inhibition of IL-6 signaling by CHX cannot be attributed to
LPS contamination.

Rapid p38-dependent inhibition of IL-6 signaling
is not mediated by a tyrosine phosphatase or
prostaglandins (PGs)

Using IL-1 and protein synthesis inhibitors, our results sug-
gested that inhibition of IL-6 signaling is mediated by a p38-

Fig. 4. CHX inhibits IL-6 signaling rapidly and does not alter expression of IL-6 signaling proteins during this time frame. (A) Cell extracts were prepared after
various times of CHX treatment and were analyzed by EMSA. (B, C) Monocytes were harvested after 20 or 60 min of incubation with CHX (15 �g/ml) and were
analyzed using flow cytometry with antibodies against IL-6R � and gp130 subunits (B) or with biotinylated IL-6 followed by streptavidin-fluorescein isothiocyanate
(C). (D) Monocytes were incubated for 30 min with CHX or IL-1, and extracts were analyzed using immunoblotting.

Fig. 5. CHX inhibition of IL-6 signaling is
not secondary to LPS contamination. CHX
was added to monocytes 20 min prior to IL-6
under serum-free conditions.
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dependent, post-translational modification of a pre-existing
signaling component (see Fig. 1). One possibility is p38-
dependent activation of an enzyme, such as a tyrosine phos-
phatase, which inactivates IL-6 signaling by dephosphorylating
receptors, Jaks, or STATs, or activation of an enzyme that
produces an inhibitor of Jak-STAT signaling. Vanadate, an
inhibitor of tyrosine phosphatases, was used to determine if
inhibition of IL-6 signaling by IL-1 was dependent on a ty-
rosine phosphatase. In 10 independent experiments, vanadate
had a variable effect on basal STAT activity, which appeared to
be dependent on variability among blood donors and the length
of time of incubation with vanadate (data not shown). A rep-
resentative experiment is shown in Figure 6A; in all cases,
IL-1 strongly inhibited the IL-6-inducible component of STAT
activation in the presence of vanadate (Fig. 6A and data not
shown). The weaker activation of STATs by vanadate alone in
Figure 6A relative to Figure 2C is most likely secondary to
shorter incubation with vanadate (15 vs. 60 min). These results
indicate that inhibition of IL-6 signaling by IL-1 cannot be
mediated solely by the activation of a tyrosine phosphatase.
p38 also activates phospholipase A2, which leads to release of
arachidonic acid and production of PGs by cyclooxygenases.
Because prostaglandin E triggers the cyclic adenosine mono-
phosphate signaling pathway that has been implicated in the
inhibition of Jak-STAT signaling [22, 52], we tested whether
inhibition of IL-6 signaling by IL-1 may be mediated by PGs.
Inhibition of phospholipase A2 using AACOCF3 and of cyclo-
oxygenase by indomethacin had no effect on IL-6 signaling or
on IL-1-mediated inhibition of IL-6 signaling (Fig. 6B, C),
indicating that small molecule mediators produced by these
enzymes have no role in inhibition.

DISCUSSION

The major finding of this study is the conclusive demonstration
that inhibition of IL-6 Jak-STAT signaling can occur indepen-
dent of the synthesis of inhibitory proteins, such as SOCS
proteins. This inhibitory mechanism is dependent on p38 ([25]
and Fig. 3) and can be triggered by physiologic ligands such as
IL-1 and by inhibitors of protein synthesis themselves. Such a
direct inhibitory pathway would act by modifying IL-6 signal-
ing proteins that are already expressed in the cell. Pathways
activated by IL-1 that can modify proteins include ubiquitina-
tion and proteolytic destruction [27], activation of caspase 1
[53], production of PGs, and phosphorylation of proteins. Ex-

periments using phospholipase A2, COX, proteosome, and
caspase inhibitors did not reverse inhibition (Fig. 6 and S.A.,
unpublished data), and thus we favor the possibility that IL-6
signaling is inhibited by p38-dependent phosphorylation of an
IL-6-signaling molecule.

An important question is the identity of the molecular target
for the IL-1-induced, p38-dependent inhibitory pathway. Sev-
eral lines of evidence suggest that the most likely target is the
IL-6R itself, specifically the gp130 subunit. First, if the inhib-
itory pathway targeted the STATs or Jaks directly, one would
predict that signaling induced by IFN-� and IFN-� should also
be suppressed, as these cytokines use the same Jaks and
STATs as does IL-6. Activation of STATs by vanadate alone
would also be suppressed. In contrast to these predictions,
STAT activation by IFN-�, IFN-�, and vanadate was not
affected by IL-1 or protein synthesis inhibitors. Secondly,
overexpression of Jaks leads to autoactivation in the cytoplasm,
and this activation was not blocked by p38 (S.A., unpublished
data). In contrast, activation of gp130-associated Jaks was
blocked [25]. Last, activation of p38 led to inhibition of sig-
naling by a fusion receptor that contains only gp130-derived
cytoplasmic sequences. These results lead us to propose that
the most likely target for IL-1-mediated inhibition is the gp130
cytoplasmic domain. This idea is supported by the fact that the
gp130 cytoplasmic domain contains a perfect MAPK phosphor-
ylation site PHTP671, gp130 has been shown to be phosphor-
ylated on threonine residues [54], and a mutation of this
putative MAPK site leads to a nonsignaling receptor (S.A.,
unpublished data). We have been unable to directly assess
gp130 phosphorylation status secondary to low-level expres-
sion in monocytes and inefficient immunoprecipitation using
several different antibodies. Future work will use mutational
analysis to further analyze whether gp130 serves as the target
of IL-1-mediated inhibition.

It is becoming clear that there are several different inducible
mechanisms of inhibition of cytokine Jak-STAT signaling. One
important difference among these mechanisms is the kinetics
of induction. Direct inhibition of signaling, as described herein
and in [23–25, 27, and 48], allows rapid modulation of cyto-
kine signaling and might prevent the immediate and early
cellular responses to a cytokine. In contrast, indirect inhibition
via induction of SOCS expression will take longer to become
established and will reach a peak after 1–4 h if inhibition by
SOCS proteins is inferred to correlate with expression levels
[19, 20, 28]. Expression of SOCS proteins can be transient and
wane after several hours or can be sustained for longer time

Fig. 6. Inhibition of IL-6 signaling by IL-1 is not
dependent on protein tyrosine phosphatases or on PG
production. (A) Monocytes were treated with IL-1, and
sodium orthovanadate (5 mM) was added 5 min before
adding IL-6 for 10 min. Vanadate was added at the
same time to controls that did not receive IL-1 or IL-6.
(B, C) Inhibition of IL-6 signaling by IL-1 is not
dependent on PG production. The phospholipase A2

inhibitor AACOCF3 (20 �M) or the cyclooxygenase
inhibitor indomethacin (10 �M) was added 20 min
before adding IL-1.
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periods, and thus the time frame during which SOCS-mediated
inhibition plays an important role can be variable. Another
important inducible mechanism of inhibition of cytokine sig-
naling is regulation of receptor expression, which often takes
one or several days to become apparent [11–14]. Thus, cyto-
kine signaling appears to be subject to negative regulation by
different mechanisms that come into play at different time
points and could potentially work together.

p38 is activated by a many stress stimuli, inflammatory
cytokines, and by transforming growth factor (TGF)-�. Of
these, several stress stimuli, IL-1, TNF, and TGF-�, have been
shown to inhibit Jak-STAT signaling in a rapid manner [25,
55], and it is likely that p38 plays a role in mediating inhibition
by many stimuli other than IL-1 and CHX. Within the innate
and acquired immune systems, p38 is activated by receptors
that recognize foreign antigens, such as T and B cell antigen
receptors, Fc, complement, and Toll-like receptors. Thus, p38
may play an important role in modulation of cytokine Jak-
STAT signaling by a large variety of stimuli that regulate
immune cell activation and differentiation. p38 can affect
cytokine signaling negatively or positively by several different
mechanisms. On the negative side, signaling by IL-6 is sup-
pressed by a direct mechanism and by induction of expression
of SOCS3 and possibly other SOCS proteins. On the positive
side, p38 may increase expression of cytokine receptors and
may potentiate transcriptional responses to cytokines such as
IFN-� or IL-12 by serine phosphorylation of STATs, which
increases their transcriptional potency [56]. Thus, p38 will
affect cytokine Jak-STAT signaling in a complex and balanced
way, similar to its positive and negative regulation of nuclear
factor-�B activity [57].

In terms of the physiology of an inflammatory response, IL-1,
which is predominantly proinflammatory, induces expression
of, and is coexpressed with, IL-6, which is more pleiotropic and
has pro- and anti-inflammatory actions. In this context, inhi-
bition of IL-6 signaling by IL-1 could serve two purposes. First,
IL-1 suppression of additional IL-6 induction of proinflamma-
tory genes could serve a homeostatic function to limit the
extent of inflammation. We have previously shown p38-medi-
ated inhibition of IL-6 induction of expression of IFN regula-
tory factor 1, a transcription factor important in TH1 responses
[25, 58], and others have shown IL-1 suppression of IL-6
induction of the type II acute-phase response genes thiostatin
and fibrinogen [33]. Second, IL-1 blockade of IL-6 anti-inflam-
matory effects could serve to help maintain an early inflam-
matory response. One possible scenario where this may play an
important role is peritoneal inflammation, where IL-6 attenu-
ates expression of IL-8 and growth-related oncogene � and
suppresses neutrophil influx [59]. The overall outcome of the
interactions of IL-1 and IL-6 signaling in physiology and
inflammation will likely be determined by the relative strength
and timing of the opposing signals. Modulation of IL-6 signal-
ing by stress pathways may also play a role in regulation of the
growth of IL-6-dependent cells. We have described inhibition
of IL-6 signaling in U266 myeloma cells by agents that activate
p38 [25], and this inhibition correlated with growth arrest and
apoptosis (S.A., unpublished data). It is interesting that certain
chemotherapeutic agents, such as etoposide and vinblastine,
activate the stress kinases [60, 61].

Overall, consistent with its proposed proinflammatory role,
p38 appears to suppress or modulate signaling by pleiotropic or
anti-inflammatory cytokines such as IL-6 or IL-10 ([25] and
Fig. 3) and to potentiate Jak-STAT signaling by a proinflam-
matory cytokine such as IFN-� or IL-12 [56, 62, 63]. The final
effects of p38 on cytokine action during an immune or inflam-
matory response will be determined by the balance between the
positive and negative effects of p38, which will likely vary with
different cytokines and cell types, and may possibly be regu-
lated according to the physiologic state of the cell.
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