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Protein kinase C activation inhibits eosinophil degranulation

through stimulation of intracellular cAMP production

*1Charles 1. Ezeamuzie & 'Najla Taslim

"Department of Pharmacology and Toxicology, Faculty of Medicine, Kuwait University, P.O. Box 24923, Safat 13110, Kuwait

1 The mechanism of inhibition of eosinophil degranulation by protein kinase C (PKC) was
investigated in complement C5a (C5a)-stimulated degranulation of highly purified human eosinophils
using the specific PKC activator — phorbol 12-myristate 13-acetate (PMA).

2 (C5Sa-induced release of eosinophil peroxidase and eosinophil cationic protein was potently
inhibited in a concentration-dependent manner by PMA (ICsy: 3 and 5nM, respectively). The
inhibition by PMA, but not histamine, was significantly reversed by the specific, but isoform
nonselective, PKC inhibitor Ro 31-8220 (1 um).

3 In the presence of phosphodiesterase inhibitor rolipram (5 uM), PMA stimulated a pronounced
concentration-dependent increase in intracellular cAMP, with a potency 400 times that of histamine
(ECso: 55nM vs 22.5 uM). The inactive PMA analogue, 40-PMA, had no such effect.

4 The cAMP production by PMA, but not histamine, was significantly reversed by Ro 31-8220
(1 uM) and the selective inhibitor of the novel PKCJ, rottlerin (1-3 uM), but not the selective inhibitor
of the classical PKC isoforms, G6 6976 (0.01-0.1 um).

5 Western blot analysis revealed the presence of six PKC isoforms («, fI, SII, 0, 1 and () in isolated
eosinophils.

6 Chelation of internal or external calcium had no effect on PMA-induced cAMP response, but
abolished that induced by histamine.

7 There was a good correlation between increase in intracellular cAMP and inhibition of
degranulation.

8 These results show, for the first time, that in human eosinophils, PMA, via activation of PKCd
isoform, can stimulate cAMP production, and that this may be the basis for its potent anti-

degranulatory effect.
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Introduction

Eosinophils are known to play prominent roles in the
pathophysiology of allergic diseases, especially asthma (Gleich
& Adolphson, 1999). Blood and sputum eosinophilia are
common findings in asthma and the degree of eosinophil
infiltration of the lung and their activation state correlate
strongly with the severity of the disease (Motojima et al., 1998;
Giembycz & Lindsay, 1999). Within the lungs, activated
eosinophils release tissue-damaging granule proteins and
oxygen-free radicals, which, in concert, orchestrate bronchial
inflammation and cause severe damage to the lung epithelium
(Robinson & Carver, 1998).

Eosinophils can be activated by a number of stimuli such
as interlukin-5 (IL-5), C5a, leukotriene B,, platelet-activating
factor (PAF), complexed IgG and IgA, as well as phorbol
12-myristate 13-acetate (PMA) (van der Bruggen & Koender-
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man, 1996; Giembycz & Lindsay, 1999; Robinson, 1999), but
the signal transduction pathways utilized by these stimuli have
not been clearly defined. One signalling pathway that is
increasingly being recognized as important in eosinophils is the
phospholipase C (PLC) pathway, which involves the activation
of protein kinase C (PKC) and the generation of intracellular
Ca’" liberator, inositol triphosphate (IP3). The use of PMA,
a well-known activator of PKC, as well as PKC inhibitors, has
shown that a number of eosinophil functions such as super-
oxide ion release, degranulation and cell survival are mediated/
modulated by PKC (Sedgwick et al., 1990; Ali et al., 1994,
Bankers-Fulbright ez al., 2001).

At least 12 isoforms of PKC are currently known to exist
(Dekker & Parker, 1994). On the basis of molecular structure
and biochemical properties, the isoforms have been divided
into three families. The conventional PKCs (o, $I, fII and y)
are Ca’"- and phospholipid-dependent. The novel PKCs
(6, &, n, 0 and p) are Ca’>*-independent, but phospholipid-
dependent, while the atypical PKCs (1, 4 and {) are both Ca**-
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and phospholipid-independent and lack PMA-binding sites
(Nishizuka, 1992; 1995).

The difficulty in studying the signal transduction mechan-
isms involved in eosinophil activation stems not only from the
diversity of the stimuli that activate the cells but also from the
fact that different responses, involving apparently different
signalling pathways, may result from a given stimulus. For
example, PMA is a potent activator of eosinophil NADPH
oxidase, leading to the release of superoxide anions (Sedgwick
et al., 1990; Bankers-Fulbright et al., 2001), but the same
stimulus will abolish eosinophil degranulation or leukotriene
release (Ali et al., 1994; Kroegel et al., 1994). Similarly, the
CD11b/CD18-induced superoxide release is PKC-dependent,
whereas the induction of eosinophil adherence to surfaces, in
response to the same stimulus, is not (Lynch ef al., 1999). It has
been suggested that the complex role of PKC in signal
transduction may be dependent on both the type and level
of the isoforms expressed in the relevant cell type, as well
as the stimulus (Gusovsky & Gutkind, 1991; Lin & Chen,
1998).

In human eosinophils, few studies have investigated the
expression of the different PKC isoforms and the association
of individual isoforms with particular responses. Evans et al.
(1999) have shown that human eosinophils express PKCa, f1,
P, o, ¢, 1, n and {, and that only PKC{ expression was
upregulated by allergen challenge. Other studies have im-
plicated PKC¢ as the isoform mediating human eosinophil
NADPH oxidase activation and the consequent generation of
superoxide ions (Bankers-Fulbright et al., 2001; Takizawa
et al., 2003). So far, no isoform has been associated with PKC-
mediated inhibition of eosinophil degranulation.

Given the role of eosinophil granule products in the
pathophysiology of asthma and other allergic diseases, it has
become imperative that an ideal antiallergic/anti-asthmatic
drug must be able to prevent eosinophil degranulation. Hence,
the profound inhibitory effect that PMA has on eosinophil
degranulation (Kernen et al., 1991; Ali et al., 1994; Kroegel
et al., 1994) has stimulated interest in PKC as an important
target for the control of eosinophil degranulation.

The biochemical pathway downstream of PKC activation,
leading to the inhibition of granule extrusion in eosinophils,
is currently unknown. Potentially, one such downstream
pathway is the adenylyl cyclase (AC)-cAMP pathway.
Intracellular cAMP is well established as an important
second messenger regulating a wide range of cellular
responses. In ecosinophils, it is a powerful inhibitor of
degranulation (Kita et al., 1991). Previous reports show that
PKC activation can alter agonist-induced generation of
intracellular cAMP by increasing or decreasing the activities
of the various AC isoforms (Kawabe et al., 1994; Lai et al.,
1997; Lin & Chen, 1998). Phorbol ester-activated PKC has
been shown to increase the activities of mammalian ACI, 11
and V isoforms, leading to increased cAMP generation (Choi
et al., 1993; Jacobowitz & Iyengar, 1994; Lin & Chen, 1998).
We have, therefore, hypothesized that PKC-mediated down-
regulation of eosinophil degranulation may be mediated by
enhanced generation of cAMP.

The purpose of this study is, therefore, to investigate the
involvement of PKC in PMA-induced inhibition of C5a-
induced degranulation of human eosinophil and to determine
the possible role of intracellular cAMP in the signalling
pathway.

Methods
Isolation of blood eosinophils

Fresh blood was obtained from consenting individuals who
were mildly atopic, but have no allergic disease nor taken any
medication in the last 72h. Granulocytes were isolated from
sodium citrate-anticoagulated (13 mM final) blood by erythro-
cyte sedimentation, followed by percoll gradient centrifugation
as described previously (Ezeamuzie & Philips, 1999). The
granulocytes were washed twice in ‘wash buffer’ (Ca®*- and
Mg?>*-free HEPES-buffered Hank’s balanced salt solution
containing 0.25% bovine serum albumin, pH=7.3) and re-
suspended in the same buffer at 2 x 107 cellsml~'. Eosinophils
were finally purified by the immunomagnetic method (Hansel
et al., 1991) using magnetic beads coated with anti-human
CD16 monoclonal antibody to remove all neutrophils. The
purified cells were recovered by centrifugation, washed twice
and then re-suspended in ‘reaction buffer’ (‘wash buffer’
containing 2mM Ca?", ImM Mg?") for experiments. The
eosinophil purity was assessed by differential count of a
Wright—Giemsa-stained cytosmear, and was routinely greater
than 98%. Viability was determined by Trypan blue exclusion
and always exceeded 98%.

Induction of degranulation/release of eosinophil
peroxidase ( EPO ) and eosinophil cationic protein (ECP)

Purified eosinophils were used at a concentration of
5x 10°cellsml™. A volume of 50ul of pre-warmed cell
suspension was dispensed into each well of a microplate.
Then, 100ul of the reaction buffer containing 10 ugmi™
cytochalasin B (CB) and a two-fold concentration of the test
drug was added. After a 10-min pre-incubation, the cells were
stimulated with 50 ul of recombinant human C5a. The mixture
was then further incubated for 30 min at 37°C. This time had
been previously determined to be sufficient for the virtual
completion of the degranulation process. Reaction was
stopped by cooling on ice, and after centrifugation at
600 x g, for 10 min, 50 ul aliquots of the supernatant, as well
as triton X-100-lysed cells (for total content determination),
were taken for the determination of the released enzymes.

EPO activity was measured by the O-phenylenediamine
(OPD) method as reported previously (Kroegel et al., 1989).
Briefly, OPD substrate solution containing 0.4mgml~' OPD
and 0.4mgml~! urea hydrogen peroxide in PBS-citrate buffer
(pH 4.5) was prepared from SIGMA FAST® OPD tablets. In
all, 100 ul of this substrate was added to 50 ul of the samples
in a microplate and incubated for 30min at 37°C. After
incubation, the reaction was then stopped with 50 ul of 4M
H,SO, and the plate read at 490 nm. Values were expressed as
percentage of total content. The recovery of released EPO
activity was usually above 80% at the end of 30min
incubation, but lower with more prolonged incubation.

ECP was assayed by the Pharmacia CAP ECP System
(Pharmacia Biotech, Uppsala, Sweden) — an enzyme immu-
noassay-based method, using a commercially available kit.

Intracellular cyclic AMP determination

Purified eosinophils, re-suspended at a concentration of
107 cellsml™" in BSA-free reaction buffer, were dispensed in
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50 ul aliquots into each well of a 96-well plate. Then, 100 ul
of reaction buffer containing rolipram (5 uM) and test drugs
(2 x final concentrations), where indicated, was added. After
incubating the mixture for 10min at 37°C, the reaction was
started by the addition of 50 ul of warmed stimuli or vehicle.
After 3min — a time found to be optimal for this response — the
reaction was stopped by the direct addition of 22.2 ul of 1N
HCI. After a thorough mixing and a further incubation for
10 min, the plate was centrifuged at 1500 x g for 10 min and
200 ul of the supernatant was taken and stored at —43°C
pending cAMP assay.

Cyclic AMP levels were measured, after acetylation, using a
commercially available enzyme immunoassay kit, and follow-
ing the manufacturer’s instructions. The sensitivity of the assay
was 0.01 pmol well ™.

Eosinophil lysis and Western blotting

Purified eosinophils (107 cellsml~') were lysed with sodium
dodecyl sulphate (SDS) sample buffer (2% SDS, 375 mM Tris—
HCl, (pH 6.8), 4% f-mercaptoethanol, 0.1% bromophenol
blue and 25mM dithiothreitol)) and the lysate boiled for
10 min. Equivalents of 7.5 x 10° cells were then loaded per lane
of a 10% polyacrylamide gel electrophoresis in the presence of
0.1% SDS (SDS-PAGE) and proteins were electroblotted
unto nitrocellulose membranes (Amersham ECL grade). Blots
were then blocked in blocking buffer (100 uM Tris—HCI,
150mM NaCl and 0.1% Tween 20, pH 7.5) containing 5%
nonfat dry milk powder for 30 min at room temperature and
washed five times in blocking buffer. The separated proteins
were then probed with commercially available antibodies to
different PKC isoforms for 2h. After five washes in PBS, the
blots were incubated with horseradish peroxidase-conjugated
anti-mouse or anti-rabbit secondary antibody (diluted 1:200-
1:1000) for 1h at room temperature. Rat brain extract was
used as positive controls for the detectability of the PKC
isoforms (provided the antisera are sufficiently cross-reacting).
Immunoreacting blots were then detected by the enhanced
chemiluminescence detection (ECL) system (Amersham Phar-
macia Biotech, Upsulla, Sweden) and recorded on a Kodak
X-OMAIS-s film. The ECL reaction time was ~60min for
PKCs o, pI, BII, ¢ and y, but <1min for §, 1 and { isoforms.

Drugs and chemical reagents

The following drugs and reagents were obtained from Sigma-
RBI, St Louis, MO, U.S.A.: percoll, HEPES buffer, bovine
serum albumin, histamine dihydrochloride, recombinant hu-
man C5a, CB, dimethyl sulphoxide (DMSO), OPD, rolipram,
Ro 31-8220, G6 6976, G6 6983, rottlerin and all inorganic
salts. Mouse monoclonal anti-human CD16 antibody (clone
FcR granl) was obtained from CLB, Amsterdam, Nether-
lands, while the magnetic beads were supplied by Dynal AS,
Oslo, Norway. The cAMP assay kit (direct method) was
obtained from Assay Designs Inc, Ann Arbor, Michigan,
US.A. All the anti-PKC antibodies, the HRP-labelled
secondary antibodies and rat brain extract were obtained
from Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A. The
anti-PKCs «, BI, pII, ¢ and 6 antibodies were monoclonal,
while the rest were polyclonal.

Stock solutions of all water-insoluble drugs were made in
DMSO to concentrations in the range 100400 mM and then

diluted directly in buffer. The final concentration of the solvent
in the highest drug concentrations did not exceed 0.05% — a
concentration that had no significant effect on eosinophil
responses.

Statistical analysis

Experimental data are presented as means+s.e. Drug con-
centrations producing 50% of maximal increase in intracel-
lular cAMP levels (ECsy values), or 50% inhibition of
degranulation (ICs, values), were calculated from the concen-
tration—effect curves by nonlinear regression analysis using
GraphPad InPlot (GraphPad Software Inc., Philadelphia,
U.S.A.). Statistical significance (P) was determined by the
unpaired #-test or by one-sample #-test as appropriate (InStat,
GraphPad, Software Inc., U.S.A.).

Results
PM A-induced inhibition of eosinophil degranulation

Pretreatment of eosinophils for 10 min with PMA resulted
in a highly potent and concentration-dependent inhibition of
C5a-induced eosinophil degranulation, measured as both the
release of EPO and ECP (Figure 1). The concentrations
producing 50% inhibition (ICss) were 3.0 and 5.3nM,
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Figure 1 Effect of PMA and its inactive analogue 40-PMA on EPO
(a) and ECP (b) release from human eosinophils stimulated with C5a
(30nM) in the presence of CB (5ugml™"). The uninhibited releases
were 26.3+4.1 and 29.8+5.5% of the total contents of EPO and
ECP, respectively. Results are means+s.e. for six experiments.
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respectively, for EPO and ECP releases. Maximal inhibitions
achieved at 100nM PMA were 100% for EPO (n=6) and
78+5% for ECP (n=4). In contrast, 42-PMA (an inactive
analogue of PMA) at concentrations up to 100nM had no
effect on the release of both granule proteins.

To confirm the role of PKC in the observed PMA action
and its specificity, the ability of Ro 31-8220 — a specific PKC
inhibitor with no significant PKC isoform selectivity — to
reverse the inhibitory effect of PMA was determined and
compared with its ability to reverse the inhibitory effect of
histamine. As shown in Figure 2a, pretreatment of the cells
with Ro 31-8220 (1 uM) caused almost complete reversal of the
PMA-induced inhibition of EPO release (92% inhibition with
30nM PMA alone vs 27% inhibition in the presence of Ro 31-
8220). In contrast, Ro 31-8220 (1 uM) had no effect on the
inhibition of EPO release induced by 10uM histamine
(Figure 2b).

Induction of cAMP generation by PM A in comparison
with histamine

As shown in Figure 3, in the presence of 5 uM rolipram, PMA
induced a surprisingly strong generation of intracellular cAMP
in eosinophils in the absence of any agonistic stimulus. With an
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Figure 2 Reversal by the PKC inhibitor Ro 31-8220 (1 uM) of the
inhibition of EPO release induced by 30nM PMA (a) or 10um
histamine (b). EPO release was stimulated with 30nM C5a in the
presence of CB (5 ugml™"). Eosinophils were pre-incubated with the
inhibitor for 10 min before the addition of CB, followed 3 min later
by PMA or histamine. After a further 5Smin, cells were stimulated
with C5a. Values are means +s.e. for five experiments each. The net
uninhibited release was 27.24+6.0% of the total cell EPO content. At
the concentration used, Ro 31-8220 had no significant effect of its
own on CSa-induced EPO release. *P<0.05; ***P<0.001 (com-
pared with control).

estimated ECs, of 55nM, the drug was about 400 times more
potent than histamine (ECso=22.5uM) in producing this
response. PMA was also more efficacious than histamine
(apparent maximal effects: 6.2+1.6 vs 3.8+ 1.4 pmol cAMP
per 10° cells, respectively). The inactive phorbol ester,
40-PMA, had no such effect.

The specific involvement of PKC in this response was
demonstrated by the ability of the PKC-specific, but PKC
isoform nonselective, inhibitor, Ro 31-8220 (1 uMm), to abolish
PMA-induced stimulation of cAMP generation (Figure 4a),
while having no such effect on a comparable response by
histamine (Figure 4b).

The time-course of PMA-induced cAMP generation was
rapid and similar to histamine, starting within 30 s of addition,
peaking around 3 min, and declining to basal level by 30 min
(Figure 5). The half-life (¢,,) was approximately 1.7min for
PMA and 1.4min for histamine.

The dependence of the PMA response on external and
internal calcium was also studied and compared with
histamine. As shown in Figure 6, PMA-induced cAMP
generation was unaffected when experiments were performed
in Ca’*t-free buffer containing 1mM EGTA to exclude
external Ca>* (Figure 6a), or when cells were pre-incubated
with the Ca®?* chelator BAPTA to remove internal Ca’*
(Figure 6b). In contrast, histamine-induced cAMP generation
was dependent on the presence of both external and internal
Ca’*.

Relationship between cAMP generation and inhibition
of degranulation

To assess the causal relationship between PMA-induced
inhibition of degranulation and induction of cAMP produc-
tion, the concentration—response profiles of the two events
were determined and compared. As shown in Figure 7, there
was a fairly good agreement between the concentration—effect
profile of PMA-induced inhibition of both EPO and ECP
releases and that of the stimulation of cAMP. However, both
the threshold concentration (0.1 nM) and the ICs, value for
degranulation (3 and 5nM for EPO and ECP, respectively)
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Figure 3 Stimulation of cAMP production in human eosinophils
by PMA, its inactive analogue, 42-PMA, and histamine. Cells were
pre-incubated with rolipram (5 uM) for Smin before being stimu-
lated for another 3 min with the agonists. Values are means+s.e. for
6-8 experiments. Basal releases (in the presence of rolipram alone) of
0.2-0.3 pmol 10°cells~' have been subtracted from all values.
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histamine (b). Eosinophils were pre-incubated with the inhibitor
for 10 min, followed by 5min pre-incubation with rolipram (5 uM)
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Values are means+s.e. for 5-6 experiments each.
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Figure 5 Time-course of cAMP production induced by PMA
(100 nM) and histamine (30 uM). Values are means of duplicates of
one experiment representing three others. Basal releases (in the
presence of rolipram alone) of 0.2-0.4 pmol 10°cells™ have been
subtracted from all values.

were approximately one order of magnitude lower than the
corresponding values for the stimulation of cAMP (threshold:
I nM; ECsy: 55 nM).

Involvement of PKC isoforms in the stimulation of cAMP
synthesis and inhibition of degranulation

To determine which PKC isoforms may be involved, we first
determined the expression of the different isoforms in these
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Figure 6 The requirement for external and internal Ca®" in the
stimulation of cAMP production by PMA and histamine. (a) Effect
of removing external Ca’" with EGTA (ImM) in calcium-free
buffer. (b) Effect of removing internal Ca®* with the chelator
BAPTA (10, 30 uMm). Cells were incubated with BAPTA for 10 min
before stimulation. Values are means +s.e. for 4-6 experiments.
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Figure 7 Correlation of PMA-stimulated cAMP generation with
its inhibitory effect on degranulation (EPO and ECP release).
Control (uninhibited) releases were 23.6+3.8 and 27.2+6.8% of
total cell content for EPO and ECP, respectively. The cAMP values

are net releases. Values are means +s.e. for 4-6 experiments for each
parameter.

cells. Western blot analysis of whole-cell lysates, using specific
antibodies to eight PKC isoforms (a, fI, pII, 7, 0, ¢, { and 1)
revealed the expression of six isoforms: three classical (o, I
and pII), one novel (§) and two atypical (1 and () isoforms
(Figure 8).
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The involvement of the individual isoforms in the PMA-
stimulated cAMP production and the inhibition of degranula-
tion were then studied using isoform-selective and nonselective
PKC inhibitors. As shown in Figure 9a, treatment of
eosinophils with the specific, but isoform nonselective, PKC
inhibitor, Ro 31-8220 (0.01-1.0 uM), resulted in a profound
concentration-dependent inhibition of PMA-induced cAMP
production, with 1.0 uM achieving almost complete inhibition.
This effect of Ro 31-8220 was mimicked by G6 6983 (0.1 uM) —

Marker
(kDa)

- EFFFFR

Figure 8 Western blot analysis of the expression of PKC isoforms
in human peripheral blood eosinophils from a single patient,
representative of six others. Rat brain extract was run as positive
control and blotted with nonspecific PKC antibody. Exposure times
for the ELC reaction were <1 min for PKCs 6 and { and 60 min for
all other isoforms.
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Figure 9 The ability of selective and nonselective PKC inhibitors
to reverse the effects of PMA on human eosinophils. (a) Effect of the
inhibitors on PMA-stimulated cAMP production. (b) Reversal of
PMA-inhibited release of EPO and ECP. For the cAMP response,
rolipram (5 uM) was added with the inhibitor, followed 10 min later
by PMA. For degranulation, CB (5 ugml™') was added 5min before
PMA and, after a further S5min, C5a (30nM) was added. At the
concentrations used, the inhibitors had no significant effects of their
own on the responses being measured. Values are means+s.e. for
4-6 experiments. ***P<0.001; **P<0.01; *P<0.05 (compared with
PMA alone).

an inhibitor of all PKC isoforms, except PKCu. A similar
treatment with the selective inhibitor of the classical isoforms
and PKCpu, G6 6976 (0.01-0.1 uM), had no effect, whereas the
PKCd-selective inhibitor, rottlerin, significantly inhibited the
response at 3 and 10 uM. The ability of these inhibitors to
reverse PMA-inhibited EPO and ECP releases followed a
similar trend (Figure 9b). Although the reversal by 3 um
rottlerin of PMA-inhibited EPO release did not reach
statistical significance, PMA-inhibited ECP release was
significantly reversed, P<0.05. Higher concentrations of this
inhibitor could not be used in the EPO experiments because, at
such concentrations, it had significant inhibitory effects of its
own on eosinophil degranulation (data not shown).

Our attempt to determine if PMA caused the translocation
of PKCS as an index of its activation was technically
unsuccessful, because we found that, in unstimulated eosino-
phils, this isoform was localized both in the cytoplasm and
membrane.

Discussion

This study investigated the PKC-dependent inhibition of C5a-
induced degranulation of human peripheral blood eosinophils
by PMA and the role of intracellular cAMP. In agreement with
previous studies (Ali e al., 1994; Kroegel et al., 1994), we have
shown here that PMA is an extremely potent inhibitor of
human eosinophil degranulation. With an ICs, value of
3-5nM, it is, perhaps, the most potent inhibitor of eosinophil
degranulation known. Although PMA is also a potent inducer
of superoxide ions (O3), the observed inhibition of degranula-
tion was not a consequence of the released EPO being
consumed by the concurrently released O (and consequently
H,0,). This is because eosinophils do not release O; in the
presence of microtubule depolymerizers such as CB. Further-
more, the release of another granule protein, ECP, which does
not interact with O, was equally inhibited.

The inhibitory effect of PMA on degranulation appears to
be PKC-mediated, since it was almost completely abolished by
pretreatment of the cells with low concentrations of the specific
PKC inhibitor Ro 31-8220. This is further supported by the
fact that 40-PMA — the non-PK C-activating analogue of PMA
— had no such effect.

More importantly, the current study also revealed, for the
first time, that PKC activation may bring about the down-
regulation of eosinophil degranulation by stimulating the
generation of intracellular cAMP. A number of studies have
previously implicated PKC activation in the mediation of
increased cAMP generation via stimulation of certain AC
isoforms (Jacobowitz & Iyengar, 1994; Kawabe et al., 1994).
However, in many whole-cell systems, such PKC activation
often enhanced cAMP generation induced by other agonists/
stimuli such as PGE,, isoprenaline or forskolin (Tsu & Wong,
1996; Lin & Chen, 1998; Lin et al., 1999). Whether PKC
activates AC directly by phosphorylating it or whether this is
done indirectly via phosphorylation and inhibition of the
inhibitory Gi protein (to release its brake on Gs) (Taussig et al.,
1993) remains to be clarified. However, in the present study,
PMA was clearly able to stimulate pronounced cAMP
generation in the absence of any external agonist or additional
stimulus, thus suggesting that direct AC activation by PKC
was more likely. Furthermore, the possible involvement of
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PKC-mediated inhibition of phosphodiesterases to raise
cAMP levels can be ruled out because this response did not
occur at all in the absence of phosphodiesterase inhibitors such
as rolipram or isobutyl-methyl xanthine.

Studies characterizing PMA-stimulated generation of cAMP
showed that the response was PKC-mediated, since it was
abolished when the cells were pretreated with the specific
PKC (but PKC isoform nonselective) inhibitor, Ro 31-8220
(0.1-1.0 um). In contrast, such treatment had no effect on
histamine-stimulated cAMP production. The PMA-stimulated
cAMP production had a fast time-course (¢;, = 1.7 min), which
was similar to that of histamine. However, the response
differed radically from that of histamine in being completely
independent of both external and internal Ca®>*. This suggests
that the PKC pathway utilized by PMA to activate AC is
distinct from the Gs—AC pathway utilized by histamine. It may
also suggest that the PKC isoforms involved in the PMA-
stimulated cAMP response may be those that are Ca’™-
insensitive, essentially the novel PKC isoforms, since the
classical isoforms are Ca® " -sensitive and the atypical isoforms
are not activated by PMA (Nishizuka, 1995). This is consistent
with a previous report showing that the novel PKCs ¢ and pu
were utilized by PMA to augment PGE,-stimulated cAMP
production in RAW 264.7 macrophages (Lin & Chen, 1998).
The difference in Ca®>* requirement between PMA- and
histamine-stimulated cAMP production may also lie in the
AC isoforms activated by the two pathways, since some of the
PKC-responsive AC isoforms, such as AC II, AC IV and
perhaps AC VIII, are Ca®"-insensitive (Cooper et al., 1995).

To determine which PKC isoforms may be involved in the
PMA-stimulated cAMP generation, we first examined the
expression of the different isoforms in whole-cell lysates of
eosinophils by Western blotting. We detected the expression of
three classical (o, fI and fSII), one novel (6) and two atypical
(1 and () isoforms. This is in general agreement with those
recently reported by two other groups (Evans et al., 1999;
Bankers-Fulbright er al., 2001), except that we did not detect
the y isoform as did Bankers-Fulbright e a/. (2001), but not
Evans et al. (1999), nor the ¢ isoform as did Evans et al. (1999),
but not Bankers-Fulbright er al. (2001). These minor
differences in the reported expression of PKC isoforms may
reflect the quality/sensitivity of the specific antibodies used, or
the activation status of the eosinophil populations used in the
different studies.

Subsequently, isoform-selective and nonselective PKC
inhibitors were employed to investigate the involvement of
the individual PKC isoforms in the observed PMA effects.
Particular attention was paid to the choice of inhibitors and
their concentrations to avoid nonspecific effects common to
enzyme inhibitors. At <1 uM, Ro 31-8220 is considered to be a
general PKC-specific, but PKC isoform nonselective, inhibi-
tor, though less activity against atypical PKCs has been
reported (Yeo & Exton, 1995). In the concentration range
1-100 nM, G6 6976 is selective for the classical PKC isoforms,
with some activity against PKCpu as well (Martiny-Baron et al.,
1993; Gschwendt et al., 1996), while its analogue G6 6983
appears to inhibit all isoforms, except PKCu (Gschwendt et al.,
1996). Rottlerin is considered a selective inhibitor of PKCd
with an ICs, value of 3—6 uM (Gschwendt et al., 1994).

Results obtained using the above PKC inhibitors suggest
that PKCo was involved in mediating the effect of PMA on
cAMP production. Several pieces of evidence led to this

conclusion. Firstly, the effect of PMA was blocked by the
isoform nonselective PKC inhibitor Ro 31-8220 and the
PKCpu-sparing PKC inhibitor G6 6983, but not by G6 6976,
which is a selective inhibitor of the classical isoforms (, I, pII
and y) and PKCpu (Martiny-Baron et al., 1993; Gschwendt
et al., 1996). This suggests that the classical PKCs, as well as
PKCpu, do not play a significant role in the cAMP response.
Even though we detected two atypical PKCs (1 and {) in our
cells, their involvement in this response can be ruled out since
PMA does not activate atypical PKCs (Nishizuka, 1995). This
leaves the novel PKCs ¢, 0, n and 0 as the only isoforms likely
to be involved, but the only novel isoform we detected was
PKCJ. Secondly, rottlerin, which is a selective inhibitor of
PKCJ, significantly inhibited the ability of PMA to stimulate
cAMP production. Thirdly, the PMA-stimulated cAMP
response was completely independent of external and internal
Ca’*. It is well known that among the PMA-sensitive PKC
isoforms only the novel PKCs are Ca* -insensitive (Nishizuka,
1992; 1995). In a previous report, Lin & Chen (1998) showed
that PMA-induced potentiation of PGE,-stimulated cAMP
generation in RAW 264.7 macrophages was mediated by novel
PKCs. However, they implicated the p or ¢ isoforms rather
than the ¢ isoform. The difference between their result and
ours is likely to be cell-specific.

Given the above pieces of evidence, we propose that the
PKCd-mediated stimulation of AC to generate cAMP may be
the hitherto unknown mechanism by which PMA down-
regulates eosinophil degranulation. Although a direct cause
and effect relationship between inhibition of degranulation
and elevation of cAMP is difficult to prove, several pieces of
evidence suggest that this is likely to be the case. Firstly,
intracellular cAMP is a well-known second messenger with
powerful inhibitory effect on eosinophil degranulation (Kita
et al., 1991). Secondly, there is a good correlation between
PMA-induced increase in intracellular levels of cAMP and
inhibition of degranulation. Although the ICs, for inhibition
of degranulation, 3-5nM, appeared to be 10-18 times less
than the ECs, for the induction of cAMP (55nM) generation,
this can be accounted for by signal amplification that
usually occurs in signal transduction mechanisms. Thirdly,
the rapid time-course of PMA-stimulated cAMP generation
(t;,=1.7min) places it well ahead of degranulation
(ti2~15min). Temporally, this is consistent with a role for a
cAMP-sensitive step in the events leading to degranulation.
Finally, PKC inhibitors that blocked PMA-induced cAMP
generation also significantly reversed the PMA-mediated
inhibition of degranulation.

Activation of PKC is a common event in the signalling
mechanisms of many cells. Perhaps, the key significance of
PKC-stimulated cAMP generation is that it may act as an
important braking system by which cells limit or terminate
responses to cellular activation. In the case of eosinophils
where PKC also mediates O; production (Bankers-Fulbright
et al., 2001; Takizawa et al., 2003), it may be a crucial innate
mechanism that prevents the concurrent release of O; and
EPO — two products whose interaction leads to the generation
of highly toxic hypohalous acids.

In summary, this study has confirmed that PMA, via PKC
activation, potently inhibits C5a-induced degranulation of
human eosinophils. It also shows, for the first time, that PMA
is able to stimulate pronounced cAMP generation in human
eosinophil in the absence of any external agonist or additional
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stimulus and that this effect appears to be mediated via
activation of the novel PKC¢ isoform. We, therefore, propose
that PKCd-dependent activation of AC and the consequent
increase in the intracellular cAMP levels may be the hitherto
unknown mechanism by which PMA inhibits human eosino-
phil degranulation. Given the central role of PKC in signal
transduction mechanisms, PKC-mediated generation of cAMP
may have a wider significance as a counter-regulatory system
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