
Background: Platelet-activating factor (PAF) is a potent stimu-
lator of human eosinophils involved in the pathogenesis of
allergic diseases. However, intracellular signaling mechanisms
in eosinophils involving the PAF receptor are incompletely
understood.
Objective: We sought to determine the roles of protein kinase
C (PKC) and cyclic AMP–dependent protein kinase (protein
kinase A [PKA]) in signaling pathways of human eosinophils
stimulated with PAF.
Methods: After pretreatment with a PKC inhibitor, bisindolyl-
maleimide I, or a PKA inhibitor, H89, we investigated PAF-
evoked functions, such as CD11b expression, cellular adhesion,
superoxide anion generation, and degranulation in human
eosinophils.
Results: Preincubation of eosinophils with bisindolylmaleimide
I resulted in enhancement of upregulated CD11b expression
and adhesion induced by PAF. H89 pretreatment also
enhanced PAF-induced cellular adhesion. Superoxide anion
generation and degranulation were suppressed by means of
inhibition of either PKC or PKA.
Conclusion: PKC and PKA negatively regulate PAF-induced
CD11b upregulation and cellular adhesion but promote
eosinophil effector functions, such as superoxide anion genera-
tion and degranulation. PKC and PKA modulate PAF-evoked
intracellular signaling of the eosinophil function in distinct
ways. (J Allergy Clin Immunol 2002;110:241-8.)
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Eosinophils are involved in the pathogenesis of aller-
gic diseases, such as pollinosis, atopic dermatitis, and
bronchial asthma,1 although a recent study of a human-
ized anti-IL-5 antibody in asthmatic patients has sug-
gested that eosinophils might not be a prerequisite for the
late asthmatic response and airway hyperresponsive-
ness.2 In allergic inflammation, mediators released from
epithelial cells or inflammatory cells induce migration of
eosinophils from the blood into affected tissues. Once
they have migrated, eosinophils are activated by appro-
priate stimuli, resulting in the release of inflammatory
mediators, including arachidonic acid metabolites,3

superoxide anion (O2
–),4 and toxic cationic granule pro-

teins.5 In the process of eosinophil activation, cellular
adhesion has been shown to be one of the most important
steps.6,7 For instance, we previously have demonstrated
that treatment with an antibody against β2 integrin can
almost completely inhibit not only eosinophil adhesion
but also degranulation induced by a lipid mediator
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Bis I: Bisindolylmaleimide I

(2-[1-(3-dimethylaminopropyl)-1H-indol-3-yl]-
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cAMP: Cyclic AMP
db-cAMP: Debutyl-cAMP

EPX: Eosinophil protein X
HSA: Human serum albumin

MCLA: Cypridina luciferin analogue
(2-methyl-6-[p-methoxyphenyl]-3,7-
dihydroimidazo-[1,2-a]pyrazin-3-one)

myr-ψPKC: Myristoylated PKC inhibitor peptide 20-28
O2

–: Superoxide anion
PAF: Platelet-activating factor

PIPES: Piperazine-N, N′-bis(2-ethanesulfonic acid)
PKA: Protein kinase A 
PKC: Protein kinase C
PTX: Pertussis toxin
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(platelet-activating factor [PAF]), a cytokine (IL-5), or an
immunoglobulin (IgG).6-8 These findings suggest that
cellular adhesion through β2 integrins, especially αMβ2
(CD11b/CD18), which are induced by the above stimuli,
is critical for the effector functions of eosinophils.8

PAF is a potent lipid mediator in allergic inflamma-
tion, participating in biologic activities, including airway
constriction, microvascular leakage, and edema.9,10 PAF
is known to bind to a G protein–coupled cell-surface
receptor with 7-transmembrane portions.11 PAF receptor
deficiency in mice results in the absence of any acute air-
way allergic reaction to ovalbumin,12 indicating that PAF
plays a dominant role in acute allergic reactions. In
eosinophils PAF has been shown to induce a variety of
biologic functions, such as chemotaxis,13 CD11b upreg-
ulation,14 cellular adhesion,6 degranulation with release
of toxic granule proteins,15 generation of O2

–,16,17 and
release of arachidonic acid metabolites.18 Although PAF
is a strong activator for eosinophils, intracellular signal-
ing mechanisms in human eosinophils activated by PAF
remain incompletely understood.

In guinea pig eosinophils protein kinase C (PKC) has
been suggested to negatively regulate PAF-induced calci-
um influx and degranulation.19 In human eosinophils a
previous study demonstrated that PKC negatively modu-
lated PAF-induced arachidonic acid metabolite produc-
tion20 and augmented a sustained intracellular calcium
increase and O2

– generation induced by PAF.20,21 These
results implicate PKC in the signaling pathway down-
stream from the PAF receptor in eosinophils. Furthermore,
elevation of intracellular cyclic AMP (cAMP) concentra-
tions by using phosphodiesterase inhibitors decreased
PAF-induced CD11b expression on the eosinophil surface.
Thus cAMP is also involved in the negative regulation of
the signaling pathways evoked by PAF.14

In this study we used specific inhibitors to investigate
the roles of PKC and cAMP-dependent protein kinase
(protein kinase A [PKA]) in PAF-induced CD11b upreg-
ulation and cellular adhesion, which are critical steps for
eosinophils to carry out their effector functions.6-8 We
further examined the effect of changes in PKC and PKA
on effector functions of human eosinophils, such as O2

–

generation and degranulation.

METHODS

Reagents

PAF (1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine; PAF, C-
16) obtained from Biomol Research Laboratories Inc (Plymouth
Meeting, Pa) was dissolved in ethanol at 40 mmol/L and stored at
–20°C. Bisindolylmaleimide I (2-[1-(3-dimethylaminopropyl)-1H-
indol-3-yl]-3-[1H-indol-3-yl]-maleimide; Bis I), H89, staurosporine,
pertussis toxin (PTX), herbimycin A, debutyl-cAMP (db-cAMP),
and myristoylated PKC inhibitor peptide 20-28 (myr-ψPKC) were
from Calbiochem (La Jolla, Calif). Bis I and staurosporine were dis-
solved in dimethyl sulfoxide, and H89 was dissolved in 50% ethanol.
Debutyl-cAMP and myr-ψPKC were dissolved in doubly distilled
water. All reagents were stored at –20°C until use. A chemilumines-
cence probe for superoxide radicals representing a Cypridina
luciferin analogue (2-methyl-6-[p-methoxyphenyl]-3,7-dihydroimi-
dazo-[1,2-a] pyrazin-3-one; MCLA) obtained from Tokyo Kasei

(Tokyo, Japan) was dissolved in doubly distilled water and stored at
–80°C until use. The optimal concentration of the MCLA solution
was determined as previously described.7,22 Phycoerythrin-conjugat-
ed anti-CD11b mouse mAb (ICRF44) and mouse IgG2a control
immunoglobulin were purchased from Becton Dickinson (San Jose,
Calif). Human serum albumin (HSA) was purchased from Sigma (St
Louis, Mo; A3782), with the purity being certified by the manufac-
turer as containing no globulin.

Cell isolation

Eosinophil purification was performed by using a magnetic
cell separation system (MACS; Becton Dickinson), as previously
described, with minor modifications.23 Briefly, granulocytes
were isolated from heparinized peripheral blood obtained from
normal healthy volunteers by using a Histopaque solution (densi-
ty 1.083 g/mL; Sigma) and hypotonic lysis. The granulocytes
were washed with piperazine-N, N′-bis(2-ethanesulfonic acid)
(PIPES) buffer (25 mmol/L PIPES, 50 mmol/L NaCl, 5 mmol/L
KCl, 25 mmol/L NaOH, and 5.4 mmol/L glucose at pH 7.4) with
1% FBS (JRH biosciences, Lenxea, Kan) and incubated with
anti-CD16 mAb conjugated with magnetic particles (Miltenyi
Biotec, Bergisch Gladbach, Germany). Then neutrophils were
removed by using the MACS. Purified eosinophils were washed
in PIPES buffer with 1% FBS and suspended in each reaction
medium. The purity of eosinophils counted after Randolph stain-
ing was greater than 98%.

CD11b expression

Purified eosinophils were suspended in RPMI-1640 medium
with 1% FBS at 106 cells/mL; preincubated with staurosporine, Bis
I, H89, or db-cAMP at 37°C for 5, 15, 5, and 15 minutes, respec-
tively; and then stimulated with 1 µmol/L PAF for 15 minutes at
37°C. The reaction was stopped on ice. Then the cells were resus-
pended in 50 µL of RPMI-1640 and incubated with an anti-CD11b
mAb or isotype-matched immunoglobulin (mouse IgG2a) for 30
minutes at 4°C. The cells were resuspended in PBS, and expression
of CD11b was determined by using a flow cytometer (Epics XL;
Beckman Coulter, Tokyo, Japan) and expressed as mean fluores-
cence intensity. Viability of cells was simultaneously examined by
staining for propium iodide (1 µg/mL).

Adhesion assay

Eosinophil adhesion was determined by measuring the
eosinophil protein X (EPX) contents of adherent cells by means
of RIA, as previously reported.8 Briefly, purified eosinophils (5 ×
104) plated on HSA-coated plates were preincubated with Bis I or
H89 for 30 minutes at 37°C and stimulated with PAF (1 µmol/L)
for 1 hour. Then the supernatants were collected, and the plates
were gently rinsed with warm RPMI-1640 to remove nonadher-
ent cells. Adherent cells were lysed, and the EPX content in the
lysates and the supernatants was measured by means of RIA
(Pharmacia-Upjohn, Tokyo, Japan). The percentage of adhesion
was calculated as a ratio of EPX content in adherent eosinophils
to total available EPX, according to the following equation:

% Adhesion = EPX in lysates of adherent cells after
incubation/(Total EPX in lysates of cells before incubation – EPX

released into supernatant during incubation) × 100.

All assays were conducted in duplicate.

O2
– generation

Purified eosinophils (2.5 × 105 cells) were washed with HBSS
and suspended in the assay mixture containing 3 µmol/L MCLA and
HBSS at a total volume of 2.0 mL. The cells were preincubated with
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Bis I, myr-ψPKC, or H89 at 37°C for 15 minutes. The assay mix-
tures (250 µL) were moved to the polyethylene test tubes (Aloka,
Tokyo, Japan) coated with 2.5% HSA dissolved in PBS and stimu-
lated with PAF (1 µmol/L) at 37°C for 15 minutes. O2

– generation
was measured by means of MCLA-dependent chemiluminescence,
as described previously,22,24 by using a luminescence reader (BLR-
102; Aloka, Tokyo, Japan). The amount of O2

– generation (counts)
was calculated as the area under the chemiluminescence curve for 30
minutes. Amounts of O2

– generation obtained for MCLA-dependent
chemiluminescence were corrected by subtracting control readings.
Luminescence was completely inhibited by 0.5 µmol/L superoxide
dismutase (data not shown).

Eosinophil degranulation

Eosinophil degranulation was determined by measuring the con-
tents of EPX in culture supernatants. Purified eosinophils (5 × 104)
in RPMI-1640 medium were plated to tissue-culture plates coated
with 2.5% HSA and pretreated with Bis I or H89 for 30 minutes at
37°C. Then the cells were stimulated with PAF for 4 hours. After
stimulation, the concentrations of EPX in the supernatants were
measured by means of RIA, as previously reported.8 Total cellular
EPX contents were measured in parallel samples from cells lysed
with 0.5% NP-40 detergent. All assays were conducted in duplicate.

Statistical analysis

All data were normalized to the increased values in response to
PAF without the drugs as 100% and presented as means ± SEM of
3 to 7 experiments. The statistical significance of the differences
from the increased values obtained without preincubation of the
drugs in response to PAF was assessed by using paired or unpaired
Student t tests.

RESULTS

Effects of protein kinase inhibitors on

PAF-induced CD11b upregulation

Human eosinophils from peripheral blood constitutively
express αMβ2 integrin (CD11b/CD18) on their surfaces,
which has been shown to be important for the cells to fully
perform their effector functions6-8 and to be enhanced by
stimulation with PAF.14 We examined whether PAF-
induced upregulation of CD11b expression on eosinophils
was modulated by the activity of PKC or PKA that had
been manipulated by exposure to appropriate inhibitors.

As shown in Fig 1, A, pretreatment with staurosporine,
a potent PKC inhibitor that also inhibits other protein
kinases, including PKA, was followed by PAF stimula-
tion. CD11b expression was enhanced more than by PAF
stimulation alone. We next examined whether this addi-
tional enhancement was dependent on inhibition of PKC
or PKA by using specific protein kinase inhibitors. Prein-
cubation of eosinophils with a PKC inhibitor, Bis I, also
increased PAF-induced expression of CD11b in a dose-
dependent manner (Fig 1, B). Pretreatment with a specif-
ic PKA inhibitor, H89, showed some degree of upregula-
tion of PAF-induced CD11b expression, but the
upregulation was not significant, even at a high dose (10
µmol/L; Fig 1, C). The effect of cAMP analogues on
PAF-stimulated CD11b expression was then investigated.
Preincubation with db-cAMP led to a significant decrease
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FIG 1. Effects of protein kinase inhibitors and a cAMP analogue on PAF-induced CD11b expression in human
eosinophils. Purified eosinophils (2.5 × 105 cells/sample) were stimulated with or without 1 µmol/L PAF after
pretreatment with staurosporine (A), Bis I (B), H89 (C), or db-cAMP (D; solid bar, db-cAMP alone; hatched
bar, db-cAMP and H89; and shaded bar, db-cAMP and Bis I), or medium alone. CD11b expression was deter-
mined by means of flow cytometric analysis and described as mean fluorescence intensity (MFI). Mean flu-
orescence intensity of control cells with or without PAF stimulation was 28.3 ± 1.63 and 10.9 ± 0.78, respec-
tively (mean ± SEM, n = 7). *P < .05, **P < .01.

A B C
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in CD11b expression on the cellular surface (Fig 1, D).
Treatment with another cAMP analogue, 8-bromo-cAMP
(1 mmol/L), also resulted in a decrease (71.4% ± 3.2%, n
= 2). Furthermore, the suppression was completely recov-
ered by pretreatment with H89. These results indicate that
H89 potently inhibits PKA activity in eosinophils and that
forced PKA activation by cAMP analogues suppresses
CD11b expression induced by PAF. Although Bis I at
high concentrations has been reported to inhibit PKA as
well,25 Bis I was not able to reverse the suppression by
db-cAMP, even at the highest concentration studied (Fig
1, D). These results indicate that PKC, rather than PKA,
inhibition enhanced PAF-induced CD11b expression. The
cells were stained with propidium iodide to investigate the
viability of eosinophils in the presence of inhibitors. No
increase of apoptotic cells resulting from exposure to the
drugs was observed.

Effects of Gi protein and protein tyrosine

kinase inhibition on PAF-induced CD11b

upregulation

Pretreatment with PTX significantly reduced the
intensity of the staining with the anti-CD11b antibody
(Fig 2, A). This suggests that a PTX-sensitive G protein

(Gi) is coupled to the PAF receptor, but other types of G
proteins, such as Gq, also are likely to be involved in
PAF-evoked signaling in human eosinophils. A tyrosine
kinase inhibitor, herbimycin A, also caused partial sup-
pression of PAF-induced CD11b expression (Fig 2, B).
These results suggest that unlike PKA and PKC, activa-
tion of Gi protein or tyrosine kinases enhances PAF-
induced CD11b expression in human eosinophils.

Effects of protein kinase inhibitors on cellular

adhesion

Previously, we have reported that PAF-induced adhe-
sion of eosinophils is largely dependent on αMβ2 inte-
grin (CD11b/CD18).8 Because PKC inhibition upregu-
lates PAF-induced expression of CD11b on eosinophils
(Fig 1, B), it might result in enhancement of cellular
adhesion. We therefore tested whether PKC inhibition
increased the ability of PAF-stimulated eosinophils to
adhere to plates coated with HSA, which is an in vitro
ligand for CD11b/CD18.6 Indeed, pretreatment with a
PKC inhibitor, Bis I, increased the number of PAF-stim-
ulated eosinophils adhering to the plates (Fig 3, A).

Next, the effects of PKA inhibition on PAF-induced
adhesion of human eosinophils were examined (Fig 3,
B). The results were surprising considering the limited
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FIG 2. Effects of PTX and herbimycin A on PAF-induced CD11b expression. Eosinophils were stimulated
with PAF (1 µmol/L) after preincubation with PTX (A), herbimycin A (B), or medium alone. CD11b expres-
sion was determined as described in Fig 1. MFI, Mean fluorescence intensity. *P < .05, **P < .01.

A B

FIG 3. Role of PKC or PKA in PAF-induced cellular adhesion of human eosinophils. Eosinophils (5 × 104/well)
were incubated with or without 1 µmol/L PAF after preincubation with Bis I (A), H89 (B), or medium alone.
Percentage adhesion of control cells with or without PAF stimulation is 12.4% ± 2.40% and 6.58% ± 1.23%,
respectively (mean ± SEM, n = 3). *P < .05.
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effect of inhibition on PAF-induced CD11b expression.
Incubation with a low concentration (0.1 µmol/L) of a
PKA inhibitor, H89, at which no significant enhance-
ment of CD11b expression was observed, nonetheless
enhanced adhesion induced by PAF. Thus negative mod-
ulation of PAF-induced eosinophil adhesion by PKA
probably occurs at least in part independently of down-
regulation of CD11b expression on the cell surface.

Effects of protein kinase inhibitors on

PAF-induced O2
– generation

O2
– generation is one of the important effector func-

tions of eosinophils. In allergic diseases O2
– generated by

activated eosinophils injures neighboring tissues and con-
tributes to the development of eosinophilic inflamma-
tion.4 Several agents, such as phorbol ester,20 opsonized
particles,26-28 or N-formyl-methionyl-leucyl-phenylala-
nine,29 have been demonstrated to potently induce gener-
ation of O2

– by eosinophils. PAF, which is involved in
allergic inflammation, has also been reported to trigger
generation of O2

–16,17 but not as potently as the above-
mentioned stimuli. We have previously demonstrated that
PAF-induced O2

– generation is abolished by inhibition of
adhesion through CD11b/CD18. Because inhibition of
PKC or PKA resulted in upregulation of CD11b expres-
sion or cellular adhesion, respectively, we investigated
whether inhibition affects O2

– generation by eosinophils.
To detect O2

– generation, we used a highly sensitive
MCLA-dependent chemiluminescence system.22,24

As shown in Fig 4, PAF stimulation after pretreatment
with a 3 µmol/L concentration of a PKC inhibitor, Bis I,
showed significant inhibition of PAF-induced O2

– gener-
ation in eosinophils. Although Bis I at lower concentra-
tions modestly enhanced this O2

– generation, the
enhancement was not significant. Additionally, when the
cells were pretreated with another type of PKC inhibitor,
myr-ψPKC, a pseudosubstrate for PKCα and PKCβ,30

PAF-induced O2
– generation was significantly inhibited

(Fig 4, B). H89, a PKA inhibitor, displayed a similar
dose-response curve to that of Bis I; it significantly

inhibited PAF-induced O2
– generation at 10 µmol/L,

while insignificantly enhancing O2
– generation at lower

concentrations that had been sufficient to significantly
enhance PAF-induced adhesion (Fig 4, C). This minor
enhancement of PAF-induced O2

– generation by relative-
ly low concentrations of Bis I or H89 might reflect
enhanced adhesion.

Effects of protein kinase inhibitors on

degranulation

Degranulation with release of toxic granule proteins is
thought to be one of the most effective eosinophil func-
tions as protection against parasites.1 In allergic diseases,
on the other hand, these cationic proteins are thought to
exacerbate inflammation.5 PAF is a potent trigger for
release of these proteins by eosinophils. We therefore
determined whether PKC or PKA inhibition could alter
PAF-induced EPX release in human eosinophils. EPX is
a stable protein; determination of amounts of EPX
released by eosinophils is an accurate way to assess
degranulation activity of cells.

Fig 5 demonstrates that inhibition of PKC by Bis I at
3 µmol/L also led to reduction of PAF-induced EPX
release from human eosinophils. The dose-response
curve was similar to that for O2

– generation, suggesting
that PKC modulates degranulation by similar mecha-
nisms. PKA inhibition also resulted in suppression of
EPX release (ie, degranulation) induced by PAF (Fig 5,
B). Furthermore, enhancement of PAF-induced degranu-
lation at lower concentrations of Bis I and H89 might
reflect enhancement of adhesion.

DISCUSSION

We investigated the effects of PKC or PKA inhibition
on PAF-induced functions of human eosinophils, finding
that PKC inhibition caused by Bis I or PKA inhibition
caused by H89 affected eosinophil responses to PAF.
PAF-induced CD11b upregulation and cellular adhesion
was augmented by Bis I treatment, whereas O2

– genera-
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FIG 4. Reduction of O2
– generation from PAF-stimulated human eosinophils by means of inhibition of PKC

or PKA. Purified eosinophils (2.5 × 105 cells/sample) were incubated with or without 1 µmol/L PAF after
preincubation with Bis I (A), myr-ψPKC (B), H89 (C), or medium alone. The O2

– generation in control cells
stimulated by PAF is 367.4 ± 129.8 × 104 counts (mean ± SEM, n = 6). **P < .01.
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tion was suppressed. PKA inhibition enhanced cellular
adhesion induced by PAF but inhibited O2

– generation
and degranulation.

PKC is activated by G protein–coupled receptors, such
as the PAF receptor,31,32 and is involved in a variety of cel-
lular functions.33,34 In eosinophils PKC has been reported
to negatively modulate PAF-evoked functions.19,20 For
example, eicosanoid production and concentration of intra-
cellular free calcium were increased by PKC inhibition in
PAF-activated eosinophils, suggesting that PKC could sup-
press early events after PAF stimulation.20,21 In this study
we showed that PKC negatively influences PAF-induced
CD11b expression on the eosinophil surface, as well as
adhesion by these cells. In contrast, PKC inhibition led to
suppression of O2

– generation and degranulation from
eosinophils, indicating that PKC positively regulates these
functions. These data imply that PKC differently modulates
at least 2 distinct pathways in PAF-stimulated human
eosinophils.

One explanation for such diverse effects of PKC inhi-
bition is that PKC is likely to negatively modulate sig-
naling directly from the PAF receptor, while it positively
modulates signaling from integrins after adhesion. PAF
and other stimulators of eosinophils, such as GM-CSF
and IgG,6,7,35 which work through different receptors and
different accessory signaling molecules, provide
eosinophils with CD11b upregulation on the surface and
an increasing avidity of integrins for their ligands. This
process is called “inside-out signaling.”36 Once adhesion
has occurred, clustered and bound integrins trigger intra-
cellular signaling events, including activation of tyrosine
kinases and phospholipase C, calcium mobilization, and
activation of PKC,37,38 promoting effector functions of
eosinophils (called “outside-in signaling”38). In this
study CD11b expression was dependent on inside-out
signaling as opposed to outside-in signaling. PKC nega-
tively modulates direct signaling from the PAF receptor

to suppress CD11b expression. Because PAF-evoked cal-
cium mobilization has previously been reported to be
increased by PKC inhibition,21 the effects of calcium
depletion were investigated. Calcium depletion by
BAPTA-AM (1 µmoL/L) resulted in suppression of PAF-
induced CD11b expression (53.9% ± 8.6%, n = 2), sug-
gesting calcium mobilization is also an important event
for PAF-stimulated inside-out signaling and is likely to
be involved in the process of CD11b upregulation
induced by PKC inhibition. On the other hand, once
eosinophils are primed by PAF and are adherent to their
ligands, they are activated mainly through integrins by
means of outside-in signaling. In human eosinophils we
have previously demonstrated that clustering and binding
of CD11b/CD18 triggers activation of tyrosine kinases
and subsequent degranulation,35 indicating that tyrosine
kinases are involved in outside-in signaling in a positive
regulatory manner. In the present study PKC also appar-
ently acted as a positive regulator in outside-in signaling,
including activation of O2

– generation and degranulation
in response to PAF. Enhancement of cellular adhesion of
eosinophils has been considered to result in enhancement
of effector functions. For instance, inhibition of tyrosine
kinases suppressed not only PAF-induced cellular adhe-
sion but also O2

– generation and degranulation (Kato,
unpublished data). In contrast to tyrosine kinases, with
the PKC inhibitor studied here, the effects on CD11b
expression and adhesion induced by PAF did not corre-
late with those on O2

– generation and degranulation.
Another explanation for the differential responses to

PKC inhibition involves differences between PKC iso-
forms implicated in PAF-evoked functions. Differences
in specificity for substrates between PKC isoforms
would contribute to differences in response to PKC
inhibitors between eosinophil functions. An increasing
number of PKC isoforms have been identified34; in
human eosinophils at least 8 isoforms have been report-
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FIG 5. Suppression of PAF-induced degranulation from eosinophils by inhibiting PKA. Eosinophils (5 × 104

cells/well) were incubated for 4 hours with or without PAF (1 µmol/L) after preincubation with Bis I (A), H89
(B), or medium alone. Concentrations of EPX in the supernatants were determined. The amounts of EPX
release in control cells with or without PAF stimulation and total cells are 335.5 ± 251.2, 89.9 ± 59.9, and
1798.5 ± 512.7 ng/106 cells, respectively (mean ± SEM, n = 3). **P < .01.
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ed to be expressed (PKCα, βI, βII, ζ, δ, ε, ι, and µ).39 Bis
I has been shown to suppress conventional PKCs (PKCα,
βI, βII, and γ), as well as novel PKCs (PKCδ, ε, η, and
θ).29 To ascertain which isoforms are involved in human
eosinophil functions, we used the isoform-specific PKC
inhibitors rotterlin (an inhibitor of PKCδ) and myr-
ψPKC (an inhibitor of PKCα and β). Pretreatment with
rotterlin did not provide any significant change in PAF-
induced CD11b upregulation, in contrast to Bis I. Fur-
thermore, pretreatment with myr-ψPKC led to inhibition
of O2

– generation but not CD11b expression (Fig 4, B,
and data not shown). These data imply that the PAF-
induced eosinophil functions are mediated through dis-
tinct PKC isoforms. Further study, however, is necessary
with other specific inhibitors.

Intracellular cAMP elevation has been shown to inhib-
it PAF-induced CD11b upregulation in human
eosinophils.14 Downregulation of CD11b induced by
cAMP elevation was completely inhibited by pretreat-
ment with H89 (Fig 1, D), suggesting that forced activa-
tion of PKA negatively regulates the PAF-evoked intra-
cellular signaling pathway. In previous studies it has been
reported that inhibition of PKA led to enhancement of
PAF-induced eosinophil aggregation.40 Our results
showed that H89 treatment enhanced PAF-induced adhe-
sion, indicating that PKA negatively modulates PAF-
induced eosinophil adhesion in addition to PKC. Cellular
adhesion through integrins includes several steps, such as
mobility of integrin molecules, increase of affinity by
conformational changes, clustering, and activation down-
stream of the integrins, with the latter steps being thought
to be more important for cellular adhesion than upregu-
lation of CD11b expression.38,41 H89 treatment
enhanced adhesion of eosinophils to HSA-coated dishes
at a concentration that did not enhance CD11b upregula-
tion. This difference in effect of PKA inhibition between
CD11b upregulation and adhesion indicates that
although PKA does not affect CD11b upregulation, it
negatively regulates PAF-induced adhesion by opposing
the other steps necessary for cellular adhesion. As for the
effector functions, such as O2

– generation and degranula-
tion, PKA inhibition, as well as PKC inhibition, resulted
in suppression, indicating that PKA positively regulates
signaling from activated integrins.

In summary, our study demonstrates for the first time
that PAF-induced CD11b upregulation is augmented by
PKC inhibition in human eosinophils. Thus PKC is
involved in negative regulation of intracellular signaling
from PAF receptors; as a result, PKC inhibition enhances
PAF-induced eosinophil adhesion. PKA activation
indeed inhibits PAF-induced CD11b expression, and
PKA inhibition augments PAF-induced adhesion of
eosinophils, presumably by favoring a change in steps
other than CD11b expression. Effector functions of
eosinophils, such as O2

– generation and degranulation,
involve signaling from integrins; either PKC or PKA
inhibition results in suppression. These data imply dual
modes of regulation by PKC and PKA of PAF-evoked
signaling pathways in human eosinophils.
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