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SUMMARY

In chronic inflammatory diseases such as rheumatoid arthritis, joint macrophages/monocytes

are the major source of pro- and anti-inflammatory cytokines. Little is understood regarding the

signalling pathways which determine the production of the pro-inflammatory cytokine, tumour

necrosis factor-a (TNF-a) and the anti-inflammatory cytokine, interleukin-10 (IL-10). Two

pathways integral to macrophage function are the protein kinase C (PKC)- and the cAMP-

dependent pathways. In this report, we have investigated the involvement of PKC and cAMP in

the production of TNF-a and IL-10 by peripheral blood monocyte-derived macrophages. The

utilization of the PKC inhibitors Go6983, Go6976 and RO-32-0432 demonstrated a role for

conventional PKCs (a and b) in the production of TNF-a in response to stimulation by lipo-

polysaccharide and phorbol 12-myristate 13-acetate (PMA)/ionomycin. PKC stimulation

resulted in the downstream activation of the p42/44 mitogen-activated protein kinase (MAPK)

pathway which differentially regulates TNF-a and IL-10. The addition of cAMP however,

suppressed activation of this MAPK and TNF-a production. Cyclic-AMP augmented IL-10

production and cAMP response element binding protein activation upon stimulation by PMA/

ionomycin. In addition, cAMP activated PKCf; inhibition of which, by a dominant negative

adenovirus construct, selectively suppressed IL-10 production. These observations suggest that

pro-inflammatory and anti-inflammatory cytokines are differentially regulated by PKC iso-

forms; TNF-a being dependent on conventional PKCs (a and b) whereas IL-10 is regulated by

the cAMP-regulated atypical PKCf.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory
autoimmune disease characterized by the dysregulated

expression of many pro-inflammatory cytokines including
tumour necrosis factor-a (TNF-a) with increased yet
insufficient production of anti-inflammatory cytokines

including interleukin-10 (IL-10).1 The identification of
TNF-a as a therapeutic target has encouraged the investi-
gation of signalling pathways regulating the production of

TNF-a by cells relevant to the pathophysiology of such a
chronic inflammatory disease.

Previously, we have observed that there is a differential

utilization of pathways regulating pro-inflammatory and
anti-inflammatory cytokines by monocytes/macrophages.
We described that TNF-a production was dependent on
p42/44 mitogen-activated protein kinase (MAPK) activity

whereas IL-10 was independent;2 in contrast IL-10 pro-
duction was dependent on phosphatidylinositol 3-kinase
(PI3K) and TNF-a was negatively regulated by this signal

pathway.3,4 In addition, these two cytokines display a
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differential utilization of the cAMP-dependent protein kin-
ase A (PKA) pathway where IL-10 is dependent5,6 and TNF-
a is potently suppressed upon elevation of cAMP.7–9 Both the
p42/44 extracellular signal-related kinase (ERK) MAPKs

and PI3K signal pathways have been described to regulate or
be regulated by the activation of protein kinase C (PKC)
although this would appear to be cell type- and isoenzyme-

specific. Thus, wewished to investigate the role of PKC in the
production of macrophage IL-10 and TNF-a and how PKC
activity relates to other discriminatory signal cascades such

as p42/44 MAPK and cAMP-dependent pathways.
PKC is a family of multifunctional protein serine/thre-

onine kinases that express a pseudosubstrate site and a

membrane interaction phosphatidylserine binding site and
differ in structure, function and cofactor requirements.10,11

The PKC family comprises of four classes of 12 isoenzymes:
conventional (cPKCs; a, bI, bII, c) that require Ca2+ and

diacylglycerol (DAG), novel (nPKCs; d, e, g, h and l) that
require DAG only, atypical (aPKCs; f, i, k the mouse
homologue of i) that require neither DAG nor Ca2+, and

PKD (may be PKCl – see 12). Eight of these isoenzymes (a,
bI, bII, d, e, g, f, l) are expressed in monocytes and macr-
ophages, yet their respective roles in macrophage function

is relatively poorly understood.13

PKC regulation of monocyte/macrophage and
RA-smooth muscle cell function is cell type- and isoen-
zyme-specific. Recently, PKCa has been shown to

modulate macrophage cyclo-oxygenase-2 and prostaglan-
din E2 (PGE2) expression14,15 as well as FccR-mediated
phagocytosis.16 The novel isoenzyme, PKCe appears to

be required for murine macrophage activation (NO,
TNF-a, IL-1b, inhibitor of nuclear factor jB (IjB) kin-
ase) and defence against bacterial infection.17 PKCs have

also been described to regulate cytokine production
where monocyte chemotactic protein-1 (MCP-1) release
by murine macrophages is mediated by PKCb and PKCd;
isozyme utilization being dependent on the stimulus
encountered.18 Both PKCbII and PKCd are also involved
in monocyte IL-10 induction by HIV-1 Tat protein.19 In
RA, aPKC regulate the synergistic effect of IL-1a and

TNF-a to stimulate PGE2-dependent production of IL-11
in synovial fibroblasts.20 Thus it is possible that the PKC
group determines whether the monocyte/macrophage

response is pro- or anti-inflammatory: cPKCs and
nPKCs being pro-inflammatory and aPKCs being anti-
inflammatory.

One pathway known to down-regulate pro-inflammatory
TNF-a production and consequently, up-regulation of anti-
inflammatory IL-10 is that elicited by the second messenger,
cAMP.21,22 This pathway may represent a good therapeutic

target itself because of the opposing effects on TNF-a and
IL-10. Previously, this group has demonstrated that roli-
pram, a phosphodiesterase (PDE) IV inhibitor, hence ele-

vator of cAMP, reduced clinical and histological severity of
collagen-induced arthritis (CIA).23 These studies demon-
strate a role for the cAMP/PKA pathway in mediating

autoimmune diseases such as RA. Interestingly, cAMP-
dependent pathway antagonises the pro-inflammatory IL-1
regulation of stromelysin by RA synovial fibroblasts

(RA-SFs).24 Recent data has suggested cross-talk between
the cAMP/PKA and PKC pathways.25 Indeed, PKC and
cAMP pathways not only co-operate26 but can also negat-
ively regulate each other. In addition, PKC isoforms can

cross-talk where cPKCa activation inhibits aPKCf func-
tion.27 Other discriminatory pathways regulate PKC acti-
vation: atypical PKCf can be activated in a PI3K/PDK1-

dependentmanner.28–31Regulation is further complicated by
the multifactorial regulation of transcription factors. cAMP
response element binding protein (CREB), a factor which

bindsCREs, is primarily activated by phosphorylation of Ser
119/133 originally described as the PKA site. However,
recent studies showCREB to be regulated by PKB, pp90RSK,

p70S6K, MAPKAPK2, ERK and PKC, to name a few. The
relative contributions of each signal determine phosphory-
lation andhence cellular distribution ofCREB, in addition to
complex cross-talk upstream of such transcription factors.

Monocyte/macrophage isoenzyme expression and the
range of functions regulated by PKCs would suggest that
PKC modulates human monocyte-derived macrophage

cytokine production and that the differential utilization of
specific isoenzymes determines the macrophage response to
be pro-inflammatory or anti-inflammatory. In this report

we have found evidence of differential PKC regulation,
where conventional PKC regulate macrophage TNF-a
production but not IL-10 through a p42/44 MAPK-medi-
ated pathway and that a cAMP/PKCf/CREB-dependent
pathway may antagonise this effect suppressing TNF-a and
augmenting IL-10 production.

MATERIALS AND METHODS

Reagents
Capture and detection antibodies for human TNF-a and

IL-10 enzyme-linked immunosorbent assays (ELISAs) were
purchased from Pharmingen International (Oxford, UK).
Macrophage colony-stimulating factor (M-CSF) was ob-

tained from Genetics Institute (Boston, MA). PDE-resist-
ant dibutyryl cAMP, PKA inhibitor H89, PDEIV inhibitor
Rolipram, adenylate cyclase activator Forskolin and PKC
inhibitors (Go6983, Go6976 and RO-32-0432) were pur-

chased from Sigma (Poole, UK). Go6983 inhibits a, b, c, d;
Go6976 inhibits a, bI and l and RO-32-0432 inhibits a, bI
and e. Antibodies to PKC, PKCf, p42/44 MAPK and

CREB were all purchased from New England Biolabs
(Hitchin, UK). All reagents used in these tissue culture
experiments were tested for the presence of LPS/endotoxin

contamination and were found to be below the lower level
of detection of the limulus amaebocyte assay (BioWhit-
taker, Wokingham, UK). In addition, dibutyryl cAMP,

H89 and PKC inhibitors were tested for cytotoxicity and
displayed no toxicity at the concentrations being used in
this study as determined by methyl thiazolyl tetrazolium
(MTT) assay and trypan blue exclusion.

Purification of monocytes

Human peripheral blood mononuclear cells (PBMCs) were
obtained from density centrifugation of human venous
blood buffy coats purchased from the North London
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Blood Transfusion Service (Colindale, UK) through ficoll/
hypaque (specific density 1Æ077 g/ml, Nycomed Pharma
A.S. Oslo, Norway). The resulting PBMCs were centrifu-
gally elutriated in 1% fetal calf serum (FCS) RPMI-1640

medium in a Beckman JE6 elutriator. Monocyte purity
was assessed by flow cytometric analysis of binding of
fluorochrome-conjugated anti-CD3, anti-CD19, anti-CD14

and anti-CD45 antibodies (Becton Dickinson, Oxford,
U.K). Monocytes obtained were routinely >90% purity.

Differentiation of monocytes to macrophages
Peripheral blood monocytes obtained by centrifugal elu-
triation were seeded at a density of 1 · 106/ml in assay

medium in T-75 medium tissue culture flasks. M-CSF was
added to a final concentration of 100 ng/ml. Cells were
cultured for 7 days at 37�/5% CO2. Adherent cells were

then washed twice in FCS-free RPMI-1640 and removed
from plastic by cell dissociation medium (Sigma).
The resulting adherent cells were washed twice more and

resuspended in RPMI-1640/10% FCS ready for use.

Cytokine determination by ELISA

Sandwich ELISAs were used to measure human IL-10 and
TNF-a and were carried out in accordance with the
manufacturer’s specifications (PharMingen International,

Oxford, UK). Briefly, in the IL-10 assay, the anti-IL-10
monoclonal antibody (mAb), 9D7 was used as the capture
antibody and biotinylated 12G8 was used as the detection
antibody. The ELISA was performed as was previously

described with a standard curve of rhuIL-10 from 10 000 to
13 pg/ml32 TNF-a ELISA was carried out as described
using 61E71 as the coating antibody and a rabbit poly-

clonal anti-TNF-a antibody as the detection antibody. This
polyclonal anti-TNF-a antibody was in turn detected by a
horseradish-peroxidase (HRP) conjugated goat anti-rabbit

IgG (H + l) (Jackson ImmunoResearch Laboratories,
West Grove, PA). The standard curve of rhuTNF-a cov-
ered the range of 20 000–8 pg/ml33 Both ELISAs were

quantified by tetramethyl benzidine (TMB) activity in
response to the HRP conjugate and read on a Labsystems
Multiscan Bichromatic plate reader at 450 nm and analysed
by Deltasoft II program (BioMetallics,Inc., Princeton, NJ).

The minimal sensitivity of the ELISAs were 8 pg/ml for the
TNF-a ELISA and 13–40 pg/ml for the IL-10 ELISA. All
results are expressed as the mean concentration of cytokine

± SD obtained per condition.

Western blot analysis of phospho-CREB, PKC

and p42/44 MAPK
Macrophages were seeded at a density of 5 · 106 cells/ml
in 12-well plates in RPMI-1640/10% FCS. Macrophages

were pretreated for 1 hr with inhibitors prior to stimu-
lation for 20 min with LPS or PMA/ionomycin, after
which cell lysates were harvested. The stimulation time

was previously defined as optimal for activation of
CREB, PKC and p42/44 MAPK. Following stimulation
cells were lysed on ice for 15 min in lysis buffer (1%

NP-40, 200 mm NaCl, 0Æ1 mm ethylenediaminetetra-acetic
acid, 1 mm dithiothreitol, 1 mm Na3VO4, 1 mm NaF,

1 mm phenylmethylsulphonyl fluoride, 10 lg/ml leupep-
tin, 10 lg/ml pepstatin and 10 lg/ml aprotinin). Lysed
samples (10 lg) were separated on a 10% sodium dodecyl
sulphate–polyacrylamide gel and Western blotted onto a

nitrocellulose membrane. Phosphorylated proteins were
detected using antibodies raised against phospho-CREB
followed by anti-rabbit HRP conjugate and enhanced

chemiluminescence (ECL; Amersham Pharmacia Biotech
UK Ltd, Little Chalfont, UK). Total proteins were also
detected for purpose of loading controls and are

presented in the figures below the corresponding phos-
pho-Western. Protein bands were visualised by autoradi-
ography using Hyperfilm (Amersham Pharmacia Biotech

UK Ltd).

Macrophage infection by dominant negative (DN)

PKCf adenovirus
A kinase-defective dominant negative mutant PKCf was
engineered into a tetracycline-regulated adenoviral system.

DN PKCf was under the control of the tetracycline-
response element and expression of the transgene is
dependent upon the presence of a second virus expressing
the Tet-OFF transcriptional regulator under constitutive

cytomegalovirus control. In the presence of tetracycline, the
Tet-OFF transactivator can no longer bind and induce
transcription of the DN PKCf transgene.34,35 The trans-

activator and PKCf adenovirus vectors were kindly provi-
ded by Dr Andrew Newby, Bristol, UK.36 Human
macrophages were plated out at a density of 1 · 105 cells/

well in 96-well plates and exposed to virus at a titration of
multiplicity of infection (m.o.i. of 100 : 1 up to 400 : 1 for
transactivator virus and PKCf virus added together at a

ratio of 1 : 1 and Ad0 control virus used at the top moi of
400 : 1) for 2 hr in serum-free medium, followed by wash-
ing and reculturing in growth medium (RPMI-1640/5%
FCS) for 24 hr. Infected cells were then stimulated with

1 ng/ml LPS or PMA/ionomycin in the presence or absence
of dibutyryl cAMP for 24 hr.

Statistical analysis
Comparison of data was assessed using GraphPad Prism
version 3Æ0 (GraphPad Software, Inc., San Diego, CA).

Statistical differences were determined by Student’s t-test.
Differences were regarded as significant when *P < 0Æ05,
**P < 0Æ01 and ***P < 0Æ001.

RESULTS

PKC selectively regulates macrophage TNF-a production

without affecting IL-10

LPS is a commonly used stimulus for monocyte/macrophage
cytokine production in vitro, inducing cytokines, which
include IL-10, TNF-a, IL-1, IL-6 and IL-8. Several signal
pathways, including MAPKs, have been described down-

stream of LPS binding to the cell surface and, in addition,
other pathways such as PKC have been reported to be
essential for macrophage activation and functions. We

have investigated PKC involvement in M-CSF-primed
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peripheral blood monocytes (M/s) with regard to IL-10
and TNF-a production; hypothesizing that PKC activa-
tion/isoform utilization discriminates between a pro-
inflammatory and an anti-inflammatory response. PKC

inhibitors dose-dependently suppress LPS-induced TNF-a
production by 59%, 74Æ6% and 74% for 10–6 m Go6983,
RO-32-0432 and Go6976, respectively, with IC50 values of

12Æ6 nm, 11Æ5 nm and 15Æ9 nm (Fig. 1b). In contrast, the
anti-inflammatory cytokine, IL-10 is not significantly
regulated upon PKC inhibition; control 522 ± 63 pg/ml

compared to 648 ± 43 pg/ml, 482 ± 76 pg/ml and
471 ± 36 pg/ml at 10–6 m Go6983, RO-32-0432 and
Go6976, respectively (Fig. 1a). In addition, macrophage

c + nPKC were activated directly using PMA/ionomycin
as a stimulus which resulted in TNF-a production of
700 ± 191 pg/ml whereas IL-10 failed to be produced.
PKC inhibition by Go6983 potently suppressed TNF-a
production by 67% at 100 nm, IC50 ¼ 8Æ3 nm (Fig. 1c).
These M-CSF-primed monocyte-derived macrophages
displayed a differential PKC activation which was stimu-

lus dependent. LPS and PMA/ionomycin activated macr-
ophages showed activation of PKC (a,b isoforms;

Fig. 1d). On the other hand, PKCf was activated by LPS
but not PMA/ionomycin (Fig. 1e).

PMA/ionomycin activates macrophage p42/44 MAPK,

which can be modulated by cAMP-dependent pathways

Previously, we have shown that monocytes display a dif-
ferential requirement for p42/44 MAPK activity for the

production of IL-10 and TNF-a: TNF-a is dependent
whereas IL-10 is independent. PKC has been reported to
activate p42/44 MAPK.37 In addition, PKC is antagonized

by PKA; we and others have demonstrated PKA to dif-
ferentially regulate IL-10 and TNF-a. We investigated p42/
44 MAPKmodulation by PKC and cAMP-dependent PKA

activity. PMA/ionomycin activates/phosphorylates p42/44
MAPK in monocyte-derived M/s (MDMs) obtained by
7-day M-CSF treatment of peripheral blood-derived
monocytes. This cell type being more representative of M/s
present in the rheumatoid joint. PMA/ionomycin activated
p44 MAPK but predisposed to stronger activation of p42
MAPK (Fig. 2a, lane 2). This activation was almost com-

pletely abrogated by the treatment with a PKC inhibitor,

-

L

Figure 1. PKC selectively regulates macrophage TNF-a production without affecting IL-10. Human monocyte-derived

macrophages were plated out at 1 · 105 cells per well in a flat-bottomed 96-well plate and pretreated with PKC inhibitors

Go6983 (specificity for a, b, c, d, f), Go6976 (specificity for a and b1) or RO-32-0432 (specificity for a,b1 and e) (a, b, c) for 1 hr

prior to stimulation with 1 ng/ml LPS (a, b) or 50 ng/ml PMA/0Æ5 lg/ml ionomycin (c) and incubated for 24 hr at 37�/5%
CO2, after which time supernatants were harvested and assayed for TNF-a and IL-10 by ELISA. Data are mean cytokine

levels in pg/ml of triplicate culture supernatants ± SD, showing a representative of n ¼ 4 replicate experiments. Western blot

analysis of activated phospho-PKC (d) shows PKC activation by LPS (lane 2) and PMA/ionomycin (lane 3). In addition,

phospho-Western blot analysis of PKCf (e) demonstrates LPS activation (lane 2), whereas PMA/ionomycin fails to activate

this PKC isoform (lane 3). Loading controls are presented as total PKC and PKCf blots below the corresponding phospho-

Westerns. Data are representative of three replicate experiments. *P £ 0Æ05, **P £ 0Æ01, ***P £ 0Æ001.
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Go6983 (Fig. 2a, lane 3). These data suggest that PKC
activation is upstream of p42/44 MAPK activation. In

contrast, inhibition of the cAMP-dependent PKA by H89
had no effect on the activation of p42/44 MAPK (Fig. 2a,
lane 4), suggesting that either PKA is not activated by

PMA/ionomycin or that PKA activation is independent of
the p42/44 MAPK pathway. Activation of cAMP-depend-
ent PKA by utilizing the PDE-resistant dibutyryl cAMP
down-regulated p42/44 MAPK activation; abrogating

PMA/Ionomycin stimulation of p44 and partially sup-
pressing p42 MAPK (Fig. 2b, lane 3). The activation of
PKA alone by addition of dibutyryl cAMP in the absence

of PMA/Ionomycin stimulation, failed to activate p42/44
MAPK (Fig. 2b, lane 4). This would suggest that the PKC
and cAMP pathways have differential/antagonistic effects.

CAMP modulates PMA/ionomycin-stimulated macrophage

cytokine profile

It is well established that IL-10 and TNF-a are differentially
regulated by cAMP. We wished to determine the relation-
ship between PKC and cAMP-dependent PKA in the
context of macrophage cytokine production. Elevation of

macrophage cAMP augments the human anti-inflamma-
tory IL-10 response however, potently inhibits the TNFa
response. In this study, macrophages were stimulated by

PMA/ionomycin activating PKC. Elevation of i[cAMP], by
the addition of dibutyryl cAMP augmented IL-10 produc-
tion with a corresponding decrease in TNF-a production.

Dibutyryl cAMP augmented IL-10 production from

control levels of 13 ± 1 pg/ml to 253 ± 29 pg/ml at a
concentration of 50 lm (ED50 ¼ 6Æ4 lm, Fig. 3a). TNF-a
production was suppressed by 97% at the same
concentration (IC50 ¼ 6 lm, Fig. 3b). This trend of

augmentation of IL-10 and suppression of TNF-a by PMA/
ionomycin-stimulated M/s upon addition of dibutyryl
cAMP was further confirmed by the utilization of the PDE

IV inhibitor, rolipram and the adenylate cyclase activator,
forskolin (see Table 1). In contrast, cAMP failed to aug-
ment macrophage IL-10 production upon LPS stimulation

and even partially suppressed IL-10 yet exhibited suppres-
sion of TNF-a resulting in an IC50 ¼ 2Æ5 lm (Fig. 3c,d).
This partial suppression of LPS-induced IL-10 production

was likely to be as a consequence of potent suppression of
TNF; endogenous TNF regulates IL-10 production2,38.
Addition of forskolin or rolipram to LPS-stimulated M/s
again had similar results as cAMP, where TNFa production
was suppressed (rolipram IC50 ¼ 50 nm; forskolin
IC50 ¼ 0Æ6 lm) with little effect on IL-10 (see Table 2).
Furthermore, cAMP on its own activates PKCf (Fig. 3e)

and when added in combination with the PMA/ionomycin
costimulated the phosphorylation/activation of the down-
stream transcription factor to the cAMP-dependent path-

way, CREB (Fig. 3f, lane 3). Neither stimulus, on their
own, was able to activate CREB. Of particular interest
however, is the observation that ATF-1 is activated by
PMA/ionomycin-stimulation (ATF-1 is also recognized by

the CREB antibody used) (lane 2), the addition of PDE-
resistant cAMP costimulates CREB, which is detected
along with ATF-1 (lane 3). The addition to macrophages of

cAMP alone failed to activate CREB. Although cAMP
plays an important regulatory role in M/ cytokine pro-
duction which is stimulus-specific; this is independent of

PKA, a major signalling component activated by cAMP.
PMA/ionomycin and LPS-stimulated M/ cytokine pro-
duction is PKA-independent; PKA inhibitor, H89, had

little effect on M/ production of IL-10 and TNF-a (see
Table 3). It must be noted however, that variations in
baseline control cytokine expression for PMA/ionomycin-
stimulated M/s between Table 1 and Table 3 (IL-10 pro-

duction at 203 pg/ml against 47 pg/ml; TNF-a production
at 18680 pg/ml against 3303 pg/ml) and LPS-stimulated
M/s in Table 2 (IL-10 production at 1786 pg/ml against

819 pg/ml; TNFa production at 183 pg/ml against 3624 pg/
ml) is representative of experimental/donor variation. The
overall response, i.e. percentage change of control is highly

reproducible from donor to donor and experiment to
experiment.

PKCf selectively regulates macrophage IL-10 production

without affecting TNF-a

PKCf is activated by PDK/phosphatidylinositides and by
elevations of intracellular cAMP. Both of these mechanisms

selectively regulate IL-10 production with a corresponding
negative regulation of TNF-a. We wished to investigate if
PKCf represented an anti-inflammatory pathway whereas

earlier data demonstrated c+nPKCs to be pro-inflamma-
tory regulators. Selective inhibition of PKCf using the

1 2 3 4

1 2 3 4

(a)

(b)

phospho-p42/44 MAPK

phospho-p42/44 MAPK

p42/44 MAPK

p42/44 MAPK

Figure 2. PMA/ionomycin activates macrophage p42/44 MAPK

which can be modulated by cAMP-dependent pathways. Human

monocyte-derived macrophages were plated out at 5 · 106 cells per

well in a flat-bottomed 12-well plate and pretreated with PKC

inhibitor Go6983, H89 PKA inhibitor or the phosphodiesterase

resistant dibutyryl cAMP for 1 hr prior to stimulation with 50 ng/

ml PMA/0Æ5 lg/ml ionomycin and incubated for 20 min at 37�/5%
CO2, after which time cell lysates were harvested. Western blot

analysis of activated phospho-p42/44 MAPK shows PKC-

dependence and PKA-independence of p42/44 MAPK (a). Lane 1,

M/ control; 2, M/ + PMA/iono; 3, M/ + PMA/iono. +

Go6983; 4, M/ + PMA/iono. + H89. Dibutyryl cAMP sup-

presses p42/44 MAPK activation (b). Lane 1, M/ control; 2,

M/ + PMA/iono; 3, M/ + PMA/iono. + cAMP; 4, M/ +

cAMP. Loading controls are presented as total p42/44 MAPK

blots below the corresponding phospho-Westerns. Data are rep-

resentative of three replicate experiments.
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dominant negative PKCf system described (transactivator
virus and PKCf virus added together at a ratio of 1 : 1)
showed IL-10 production to be suppressed. LPS induction
of macrophage IL-10 was suppressed by 69Æ2% (P ¼ 0Æ005)
at m.o.i. of 100 : 1 (Fig. 4a). This inhibition was increased
further by the addition of the transactivator virus to a ratio
of 2 : 1 transactivator:PKCf: at a PKCf virus m.o.i. of

100 : 1, IL-10 production of 80 ± 10 pg/ml was reduced to
58 ± 14 (data not shown). No such suppression of LPS-
induced TNF-a production was observed where control

levels of 11 020 ± 1373 pg/ml were not significantly al-
tered at m.o.i. of 400 : 1 (10 070 ± 267 pg/ml, 8Æ6% sup-
pression, not significant; Fig. 4b). In addition we

investigated the influence of PKCf on the cAMP-driven
augmentation of IL-10 production upon stimulation of n +
cPKCs by PMA/ionomycin. As in Fig. 3(a), PMA/iono-
mycin failed to induce IL-10, which however, was aug-

mented upon costimulation with PDE-resistant cAMP.
This augmentation of IL-10 production by cAMP was

Table 1. Rolipram and forskolin augment PMA/ionomycin

stimulated M/ IL-10 and suppress TNF-a production

IL-10 pg/ml

(% control)

TNF-a pg/ml

(% control)

PMA/ionomycin 202Æ9 ± 9Æ233 (100) 18 680 ± 2477 (100)

+ rolipram 10 lm 869Æ6 ± 230Æ6 (429) 12460 ± 591Æ1 (67)

100 lm 1582 ± 444Æ6 (780) 9319 ± 966Æ0 (50)

+ forskolin 1 lm 523Æ3 ± 119Æ2 (258) 15280 ± 4907 (82)

10 lm 1556 ± 33Æ31 (767) 8314 ± 469Æ1 (45)

20 lm 1594 ± 44Æ36 (786) 6661 ± 384Æ2 (36)

Monocytes primed with M-CSF for 7 days (M/s) were plated at a density
of 1 · 105 cells per well in 96-well flat bottomed plates and were preincu-

bated for 1 hr with the PDE IV inhibitor, rolipram or the adenylate cyclase

activator, forskolin or the appropriate vehicle control, afterwhich cells were

stimulated with PMA/ionomycin (50 ng/ml and 0Æ5 lg/ml, respectively) and
incubated for a further 24 hr. Supernatants were harvested and assayed for

IL-10 and TNF-a levels by ELISA. Data are mean cytokine levels in pg/ml

of triplicate culture supernatants ± SD and their percentage change over

control levels (100%), showing a representative of two replicate experiments.
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Figure 3. cAMP modulates LPS- and PMA/ionomycin-stimulated macrophage cytokine profile. Human monocyte-derived

macrophages were plated out at 1 · 105 cells per well in a flat-bottomed 96-well plate and pretreated with dibutyryl cAMP for

1 hr prior to stimulation with 50 ng/ml PMA/0Æ5 lg/ml ionomycin (a, b) or 1 ng/ml LPS (c, d) and incubated for 24 hr at 37�/
5% CO2, after which time supernatants were harvested and assayed for IL-10 (a, c) and TNF-a (b, d) by ELISA. Data are

mean cytokine levels in pg/ml of triplicate culture supernatants ± SD, showing a representative of four replicate experiments.

Western blot analysis demonstrates (e) cAMP modulation of activated phospho-PKCf: Lane 1, macrophage control; 2,

macrophage + PMA/ionomycin; 3, macrophage + cAMP; and (f) costimulation required for CREB activation: Lane 1,

macrophage control; 2, macrophage + PMA/ionomycin; 3, macrophage + PMA/ionomycin + cAMP; 4, macrophage +

cAMP. Loading controls are presented as total PKCf and CREB blots below the corresponding phospho-Westerns. Data are

representative of three replicate experiments. *P £ 0Æ05, **P £ 0Æ01, ***P£ 0Æ001.

� 2004 Blackwell Publishing Ltd, Immunology, 112, 44–53

Macrophage cytokine regulation by PKC signalling 49



inhibited by DN-PKCf where control levels were sup-
pressed by 54Æ7% (P ¼ 0Æ0041) and 72Æ5% (P ¼ 0Æ0002) at
m.o.i. of 100 : 1 and 200 : 1, respectively (Fig. 4c). Con-
versely, the cAMP suppression of PMA/ionomycin-stimu-

lated macrophage TNF-a (9777 ± 780 pg/ml TNF-a,
suppressed by cAMP to 657 ± 33 pg/ml) was partially
rescued upon PKCf inhibition. This suppression by cAMP

was partially rescued by DN-PKCf resulting in 11%
(P ¼ 0Æ0080) and 15Æ2% (P ¼ 0Æ0031) rescue of PMA/ion-
omycin induced TNF-a production at m.o.i. of 200 : 1 and

400 : 1, respectively (Fig. 4d).

DISCUSSION

PKC differentially controls IL-10 and TNF-a production in
monocyte-derived macrophages. LPS induction of TNF-a
is dependent on PKC a/b activation whereas IL-10 pro-

duction is independent of n and cPKCs. The use of selective
PKC inhibitors suggests that LPS induced TNF-a is
dependent on cPKC isoforms a and b. This result is backed
up by direct stimulation of cPKC (require DAG and cal-
cium) using PMA/ionomycin where TNF-a is stimulated
and IL-10 is not produced which is consistent with that

observed in human alveolar macrophages.39 LPS-induced
IL-10 expression however, is down-regulated by PMA
suggesting complex control by PKC likely to be stimulus-

and isoform-specific. PMA/ionomycin- or PMA-stimulation
(PMA being an analogue of DAG) of macrophages activates
the conventional PKCs (a, bI and bII) and novel PKCs (d, e,
g), respectively. The TNFa production being sensitive to the
PKC inhibitors, Go6983, RO-32-0432 and Go6976, all of
which share a common inhibition of a and b isoforms. Sti-
mulation of nPKCs by PMA alone however, induced TNF-a
production but at much smaller levels than for PMA/iono-
mycin. PKCe isoform is a major signal component in murine
macrophages17 activated by PMA (DAG analogue) alone; it

is thus possible that PKCe may regulate TNF-a production
however, PKCa/b isoforms predominate. Although cPKCa/
b were activated by PMA/ionomycin they were less so upon
LPS stimulation; however, LPS-induced TNF-a was sup-

pressed by all three PKC inhibitorswhose specificity overlaps
for the a and b PKC isoforms.

LPS has been demonstrated to activate PKCf,37 an

atypical PKC that does not require DAG or calcium, and is
activated by phosphatidylinositides and, as such, PMA/
ionomycin does not activate PKCf. The macrophages used
in these studies also demonstrate activation of PKCf upon
LPS stimulation. These results alone suggest that TNF-a
production selectively requires cPKC activation over that

of aPKC or PKCf. PKCf is activated by PIP2 and PIP3;
products of PI3K activation. We have previously demon-
strated that IL-10 production selectively utilises PI3K in
macrophages3,4 and it is possible that PKCf lies down-

stream of PI3K activation in stimulated macrophages.
PMA/ionomycin (cPKCs)-stimulated macrophages

activate the downstream effector kinase p42/44 MAPK,

which is sensitive to PKC inhibition but insensitive to PKA
inhibition. The cAMP/PKA pathway has long since been
established as an important pathway in IL-10 expression,

inducing IL-10 mRNA but not protein secreted into the
supernatant.5 Upon stimulation by the PDE-resistant dib-
utyryl cAMP, PMA/ionomycin activation of p42/44
MAPK was suppressed which suggests a regulatory role

for a cAMP-dependent pathway on the cPKC pathway
with ragard to p42/44 MAPK activation. Previous data
has already described that TNF-a, unlike IL-10, requires

p42/44 MAPK activation for production by monocytes.2

Thus, it is suggested that TNF-a production is dependent
on the cPKC/p42/44 MAPK pathway which in turn is

negatively regulated by a cAMP-dependent pathway.
Interestingly, ERK2 and PKA activation can regulate

Table 3. PMA/ionomycin and LPS-stimulated M/ IL-10 and

TNF-a are PKA independent

IL-10 pg/ml

(% control)

TNF-a pg/ml

(% control)

PMA/ionomycin 46Æ77 ± 1Æ285 (100) 3303 ± 207Æ4 (100)

+ H89 10 lm 44Æ73 ± 2Æ236 (96) 3079 ± 25Æ32 (93)

100 lm 45Æ36 ± 2Æ445 (97) 3312 ± 40Æ22 (100)

1000 lm 41Æ57 ± 2Æ950 (89) 2690 ± 207Æ4 (81)

LPS 1946 ± 57Æ81 (100) 1296 ± 39Æ06 (100)

+ H89 10 lm 2085 ± 81Æ75 (107) 1265 ± 126Æ4 (98)

100 lm 1912 ± 223Æ6 (98) 1357 ± 25Æ90 (105)

1000 lm 1681 ± 318Æ0 (86) 1288 ± 344Æ4 (99)

Monocytes primed with M-CSF for 7 days (M/s) were plated at a density
of 1 · 105 cells per well in 96-well flat bottomed plates and were preincu-

bated for 1 hr with the PKA inhibitor, H89 or the appropriate vehicle

control, afterwhich cells were stimulated with PMA/ionomycin (50 ng/ml

and 0Æ5 lg/ml, respectively) or LPS (1 ng/ml) and incubated for a further

24 hr. Supernatants were harvested and assayed for IL-10 and TNF-a levels

by ELISA. Data are mean cytokine levels in pg/ml of triplicate culture

supernatants ± SD and their percentage change over control levels (100%),

showing a representative of two replicate experiments.

Table 2. Rolipram and forskolin suppress LPS-stimulated M/
TNF-a production

IL-10 pg/ml

(% control)

TNF-a pg/ml

(% control)

LPS control 1786 ± 90Æ44 (100) 182Æ6 ± 21Æ78 (100)

+ rolipram 0Æ1 lm 1365 ± 42Æ66 (76) 65Æ31 ± 16Æ78 (36)

1 lm 1305 ± 156Æ7 (73) 34Æ86 ± 9Æ402 (19)

10 lm 1061 ± 58Æ97 (60) 17Æ14 ± 2Æ308 (9Æ4)
100 lm 862Æ6 ± 135Æ1 (48) 13 ± 0 (7)

LPS control 819Æ0 ± 91Æ08 (100) 3624 ± 383Æ5 (100)

+ forskolin 0Æ1 lm 928Æ3 ± 155Æ6 (113) 2936 ± 561Æ4 (81)

1 lm 866Æ5 ± 215Æ7 (106) 1956 ± 211Æ7 (54)

10 lm 846Æ3 ± 119Æ0 (103) 1178 ± 143Æ6 (33)

20 lm 762Æ9 ± 71Æ33 (93) 1033 ± 55Æ21 (29)

Monocytes primed with M-CSF for 7 days (M/s) were plated at a density
of 1 · 105 cells per well in 96-well flat bottomed plates and were preincu-

bated for 1 h with the PDEIV inhibitor, rolipram or the adenylate cyclase

activator, forskolin or the appropriate vehicle control, afterwhich cells were

stimulated with 1 ng/ml LPS and incubated for a further 24 hr. Supernatants

were harvested and assayed for IL-10 and TNF-a levels by ELISA. Data are
mean cytokine levels in pg/ml of triplicate culture supernatants ± SD and

their percentage change over control levels (100%), showing a representative

of seven replicate experiments.
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intracellular cAMP levels through interaction with PDE4,
modulating enzymic breakdown of cAMP.40,41 Conversely,
ERKs can be modulated by cAMP-dependent PKA which
modifies phosphatase binding to ERKs (reviewed in 42).

Indeed, upon the addition of cAMP to macrophages sti-
mulated by PMA/Ionomycin (high TNF-a/no IL-10): IL-10
is now produced and secreted into the supernatant. Cyclic-

AMP augments IL-10 production and at the same time
suppresses TNF-a production; this regulation of TNF-a
may be direct or indirect as a result of induction of IL-10.

Thus, in the case of TNF-a production, a cAMP-dependent
pathway antagonizes cPKC pathway, whereas in the case of
IL-10 production, cAMP activation co-operates with

cPKC. This, however, is not the case upon LPS stimulation.
Cyclic-AMP suppresses TNF-a production but does not
augment IL-10 production, in fact is slightly suppressive.
This suppression of IL-10 was thought to be an indirect

effect caused by the potent inhibition of TNF-a, which
partially regulates LPS-induced IL-10 expression. PKCf
was activated by cAMP, this suggests that IL-10 production

requires activation of both cPKC and PKCf.
Downstream of cAMP-dependent PKA, the transcrip-

tion factor, CREB is also activated by cAMP. In the

presence of PMA/ionomycin, cyclic-AMP costimulates
CREB activation which heterodimerises with ATF-1.
CREB and other CRE-binding proteins share a wide array
of activating kinases which include PKA, PKB, PKC,

pp90RSK (a substrate of ERK), MAPKAPK2 (a substrate
of p38 MAPK), p70S6K, calmodulin kinases II and IV,
casein kinases I and II and glycogen synthase kinase

III.42,43 Thus, specificity of response may not be solely

dictated by upstream signalling cascades but also by the
dimerization partner, hence the binding characteristics to
the CRE in the promotor region. ATF-1 and CREB
respond differentially to cAMP where ATF-1 has a lower

activity than CREB in supporting cAMP inducibility
whereas these two transcription factors are almost identical
in conferring Ca2+ inducibility.44 In our hands, further

investigation into the cAMP-dependent mechanism lead to
an interesting observation where ATF-1 was activated upon
PMA/ionomycin stimulation (c+nPKCs) and CREB was

activated by cAMP and c + nPKC stimulation. This might
suggest a dichotomy in mechanisms regulating pro- and
anti-inflammatory cytokines: PMA/ionomycin stimulating

a c+nPKC/ATF-1 pro-inflammatory pathway whereas
PMA/ionomycin+cAMP stimulates a PKCf/CREB anti-
inflammatory pathway. The utilization of these pathways
however, being cell- and stimulus-specific.

This study suggests that there is differential regulation of
macrophage cytokine production by PKC where TNF-a is
regulated by a cPKC/p42/44 MAPK pathway and that

cAMP/PKCf/CREB controls IL-10 production. Addition-
ally, these two pathways exhibit a level of cross-regulation.
The utilization of an adenoviral system expressing a dom-

inant negative PKCf demonstrated that inhibition of PKCf
suppresses LPS- and PMA/ionomycin/cAMP-induced
IL-10. On the other hand, PMA/ionomycin induced TNF-a
production was suppressed by cAMP; inhibition of PKCf
partially reversed this suppression of TNF-a production. In
combination with phospho-Western results, PKCf is acti-
vated by cAMP which is capable of inhibiting phosphory-

lation of p42/44 MAPK. It would appear that cross
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regulation between these two pathways exists at this point;
whether PKCf is capable of regulating the activity of cPKC
and vice versa is not known and will be the subject of
research in the future.

We propose that mechanistically, M/ induction of
TNF-a production is driven through a conventional- or
novel-PKC, activating p42/44 MAPK which in turn acti-

vates transcription factors such as ATF-1 leading to gene
transcription. The activation of p42/44 MAPK is antag-
onized by cAMP which in turn activates the atypical

PKCf and the transcription factor CREB resulting in
IL-10 expression. In this study, cAMP is at a pivotal
point regulating M/ responses as either pro- or anti-

inflammatory.
In conclusion, we have provided evidence to suggest that

there is a differential PKC regulation of macrophage pro-
duction of IL-10 and TNF-a. Conventional PKCs regulate
the pro-inflammatory cytokine, TNF-a, in a p42/44
MAPK-dependent manner whereas, anti-inflammatory
IL-10 is regulated by a cAMP/PKCf/CREB-dependent
pathway. In addition, cross-regulation between these
pathways exists where cAMP suppresses TNF-a production
possibly at the level of p42/44 MAPK activation.
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