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The Differential Role of Extracellular Signal-Regulated Kinases

and p38 Mitogen-Activated Protein Kinase in Eosinophil

Functions1

Tetsuya Adachi, Barun K. Choudhury, Susan Stafford, Sanjiv Sur, and Rafeul Alam2

The activation of eosinophils by cytokines is a major event in the pathogenesis of allergic diseases. We have investigated the

activation of mitogen-activated protein (MAP) kinases and their functional relevance in eosinophil differentiation, survival, de-

granulation, and cytokine production. IL-5 induced phosphorylation and activation of extracellular signal-regulated kinases

(ERK) and p38 MAP kinases in eosinophils. PD98059, a MAP/ERK kinase inhibitor, blocked phosphorylation of ERK1/2 in a

dose-dependent manner. SB202190, a p38 inhibitor, blocked p38-dependent phosphorylation of activating transcription factor-2.

To study the importance of the MAP kinases on eosinophil differentiation, we cultured mouse bone marrow cells with IL-3 and

IL-5 in the presence of the inhibitors. SB202190 dramatically inhibited eosinophil differentiation by 71%. PD98059 was less potent

and reduced eosinophil differentiation by 28%. Both inhibitors marginally inhibited eosinophil survival only at the highest doses.

Prolonged incubation of eosinophils with IL-5 induced significant eosinophil-derived neurotoxin release. Both PD98059 and

SB202190 nearly completely inhibited (87% and 100% inhibition, respectively) IL-5-stimulated eosinophil-derived neurotoxin

release in a dose-dependent manner. Next, we examined the effect of the MAP kinase inhibitors on eosinophil production of the

cytokine macrophage-inflammatory protein (MIP)-1a. PD98059 blocked C5a- but not ionomycin-induced MIP-1a production

(59% inhibition at 50 mM concentration). In contrast, SB202190 nearly completely inhibited (99%) C5a-induced MIP-1a pro-

duction. Further, it blocked ionomycin-stimulated production by 66%. Our results suggest that both p38 and ERK1/2 MAP

kinases play an important role in eosinophil differentiation, cytokine production, and degranulation. The p38 MAP kinase plays

a greater role than ERK1/2 in eosinophil differentiation and cytokine production. The Journal of Immunology, 2000, 165: 2198–

2204.

T
he mechanism of asthma is chronic inflammation of air-

ways caused by immune cells such as T cells and eosin-

ophils (1). The activation of eosinophils by cytokines and

chemoattractants is a critical event in the allergic inflammatory

response of the tissue. IL-5 is the principal regulatory cytokine that

modulates eosinophil functions. During an allergic response, it

stimulates differentiation of eosinophils from bone marrow cells

resulting in blood eosinophilia (2). Blood eosinophils are recruited

into tissue by chemoattractants such as C5a, platelet-activating fac-

tor, and CC chemokines (3). Once in the tissue, IL-5 prolongs

survival of eosinophils by delaying their apoptosis (4). At the site

of inflammation, eosinophils release cytotoxic products, including

granular proteins and oxygen radicals, leading to epithelial damage

(5). We have elucidated major signaling pathways of IL-5 in eo-

sinophils. We have demonstrated the activation of Lyn and Janus

kinase 2 (Jak2)3 tyrosine kinases and the transduction of signals

via the mitogen-activated protein (MAP) kinase and STAT path-

ways (6, 7). For better understanding of the mechanism of eosin-

ophil activation, it is of paramount interest to investigate functional

relevance of signaling molecules. Previously, we and others have

shown that Lyn and Jak2 are important for the maintenance of eosin-

ophil survival (8–11), whereas Raf-1 is crucial for degranulation and

up-regulation of adhesion molecules as well as survival (8).

The MAP kinase cascade is one of the most frequently studied

signal transduction systems and is known to participate in multiple

cellular functions, such as proliferation, differentiation, survival,

and locomotion (12). Five distinct MAP kinase cascades have been

described in mammalian cells, including the extracellular-regu-

lated kinase 1 and 2 (ERK1/2), the c-Jun N-terminal kinase (JNK),

the p38 MAP kinase, ERK3, and ERK5. The MAP kinases are dual

phosphorylated on threonine-tyrosine residues by distinct MAP

kinase kinases. ERK1/2 are activated by a variety of growth factors

and play a critical role in mitogenesis (13). JNK and p38 are typ-

ically activated by cellular stress or proinflammatory cytokines

that are known to induce cell death (14–19). Recent studies have

demonstrated the activation of JNK and p38 in response to hemo-

poietic growth factors as well (20–23), suggesting that these

molecules are involved in both pro- and anti-apoptotic signals, de-

pending on the stimuli. A few studies have investigated the functional

role of MAP kinases in eosinophils using a MAP/ERK kinase (MEK)

inhibitor (PD98059) and a p38 inhibitor (SB203580). PD98059 did
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not block eosinophil survival induced by GM-CSF, indicating that

ERK1/2 are not critical for anti-apoptotic signal (11). Bracke et al.

(24) studied rosette formation between IL-5-stimulated eosinophils

and IgA- or IgG-coated beads and found that the Ras-ERK pathway

regulates FcgRII activation, whereas FcaR is activated by the phos-

phatidylinositol-3 kinase-p38 pathway. However, the role of MAP

kinases in other important functions of eosinophils, such as differen-

tiation or degranulation, remains unknown.

In the present study, we investigated the participation of

ERK1/2 and p38 MAP kinase in eosinophil differentiation, sur-

vival, degranulation, and cytokine production. The results reveal

that they have distinct roles in eosinophil functions. Most strik-

ingly, p38 MAP kinase, but not ERK1/2, is essential for eosinophil

differentiation from bone marrow stem cells.

Materials and Methods
Reagents

RPMI 1640, IMDM, and antibiotic-antimycotic were obtained from Life
Technologies (Grand Island, NY), and FCS was obtained from Atlanta
Biologicals (Norcross, GA). Percoll and RIA kit for eosinophil-derived
neurotoxin (EDN) were purchased from Pharmacia (Piscataway, NJ). C5a,
cytochalasin B, ionomycin, propidium iodide, Chromotrope 2R, and per-
oxidase-conjugated anti-mouse IgG Ab were obtained from Sigma (St.
Louis, MO). The mouse mAb against phospho-ERK, rabbit polyclonal anti-
ERK2, anti-p38 Abs, HRP-conjugated goat anti-rabbit Ab, protein A/G
Plus agarose, and activating transcription factor-2 (ATF-2) were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). The polyclonal anti-
phospho-p38 Ab was obtained from New England Biolabs (Beverly, MA).
The polyclonal rabbit anti-mouse major basic protein (MBP) Ab was a kind
gift from Dr. Gerald J. Gleich (Mayo Clinic, Rochester, MN). The Alexa
488-conjugated goat anti-rabbit IgG Ab was purchased from Molecular
Probes (Eugene, OR). The source of SB202190 and PD98059 was Calbio-
chem (La Jolla, CA). Anti-CD16 immunomagnetic beads were obtained
from Miltenyi Biotec (Bergisch Gladbach, Germany). Human IL-5 and
murine IL-3 were purchased from PeproTech (Rocky Hill, NJ). Murine
IL-5 and an ELISA kit for macrophage inflammatory protein-1a (MIP-1a)
were obtained from R&D Systems (Minneapolis, MN). Enhanced chemi-
luminescence detection system, Hybond ECL nitrocellulose membrane,
and [g-32P]ATP were obtained from Amersham (Arlington Heights, IL).
The source of cold ATP was Pharmacia & Upjohn (Uppsala, Sweden).
Gel/Mount was purchased from Biomedia (Foster City, CA).

Eosinophil purification

Peripheral blood was obtained from subjects with mild to moderate eosin-
ophilia (6–12%). Some of the blood donors have allergic rhinitis, whereas
others are healthy subjects. Subjects with allergic rhinitis were off all med-
ications 24 h before blood donation. Eosinophils were isolated by sedi-
mentation with 6% hydroxyethyl starch followed by centrifugation on a
1.088 Percoll density gradient according to the method of Hansel et al. (25)
The cells were further purified by negative selection using anti-CD16 im-
munomagnetic beads and the magnetic cell separation system (Miltenyi
Biotec, Bergisch Gladbach, Germany). Eosinophils (.98% purity and
.95% viability) were then suspended in RPMI 1640 in tubes coated with
3% HSA. Eosinophils from individual donors were used separately for
various experiments. In experiments using PD98059 or SB202190, eosin-
ophils were treated with the inhibitor dissolved in DMSO. The highest final
concentration of DMSO was 0.1%. A short-term incubation (30 min) of
eosinophils with this concentration of DMSO and the inhibitors did not
affect eosinophil survival.

Preparation of cytosolic extracts and immunoprecipitation

Purified eosinophils (1–2 3 106 cells) were incubated with and without
either PD98059 or SB202190 for 30 min at 37°C followed by stimulation
with 10 ng/ml of human IL-5 for 5 min. The reaction was terminated by
addition of 9 volumes of ice-cold HBSS containing 1 mM Na3VO4. The
cells were pelleted by centrifugation and lysed in a lysis buffer (50 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM Na3VO4, 1 mM NaF, 1 mM
EDTA, 1 mM EGTA, 1 mM PMSF, 1% Triton X-100, 10% glycerol, 1
mg/ml of aprotinin, leupeptin, and pepstatin). After 20 min on ice, deter-
gent-insoluble materials were removed by centrifugation at 4°C at
12,000 3 g. The protein concentration was determined using bicinchoninic
acid assay (Pierce Chemical, Rockford, IL).

For immunoprecipitation, the cell lysates were prepared using the
above-described lysis buffer without glycerol. After preclearing with 20 ml
of the protein A/G Plus agarose for 30 min, the lysates were incubated with
the appropriate Ab (1–2 mg for each sample) for 1 h followed by the incubation
with 20 ml of protein A/G Plus agarose for 2 h at 4°C. The beads were washed
three times with the cold lysis buffer. The whole cell lysates or the immuno-
precipitates were boiled in 23 Laemmli reducing buffer for 4 min.

Immunocomplex kinase assay

The immunoprecipitates were assayed for p38 kinase by measuring the
phosphotransferase activity for ATF-2. The kinase reaction was performed
by incubating the immunoprecipitates in 40 ml of kinase buffer (10 mM
HEPES, 50 mM NaCl, 10 mM MgCl2, 100 mM Na3VO4, 500 mM dithio-
threitol, 25 mM b-glycerophosphate) containing 2.5 mM ATP, 10 mCi
[g-32P]ATP, and 12.5 mg/ml ATF-2 for 30 min at 30°C. After centrifuga-
tion, the reaction was stopped by boiling the supernatant with equal amount
of 23 Laemmli buffer. The kinase reaction products were then applied to
SDS-PAGE and autoradiography.

Gel electrophoresis and Western blotting

SDS-polyacrylamide gels were prepared according to the Laemmli proto-
col and used for Western blotting. The concentration of polyacrylamide
was 8–10% depending on the m.w. of the protein of interest. Gels were
blotted onto Hybond membranes for Western blotting using the enhanced
chemiluminescence system. Blots were incubated in a blocking buffer con-
taining 10% BSA in TBST buffer (20 mM Tris-base, 137 mM NaCl, pH
7.6, 0.05% Tween 20) for 1 h followed by incubation in the primary Ab
(0.1 mg/ml) for 1–2 h. After washing three times in TBST buffer, blots
were incubated for 30 min with a HRP-conjugated secondary Ab (0.04
mg/ml) directed against the primary Ab. The blots were developed with the
enhanced chemiluminescence substrate according to the manufacturer’s
instruction. In some experiments, blots were reprobed with another Ab
after stripping in a buffer of 62.5 mM Tris-HCl (pH 6.7), 100 mM 2-ME,
and 2% SDS at 50°C for 30 min.

Murine bone marrow cell culture

In vitro liquid culture was performed as described elsewhere with modi-
fications (26). OVA-sensitized BALB/c mice were sacrificed, and the fe-
murs were removed. The bone marrow cavity was flushed with saline to
obtain cells. The bone marrow cells (5 3 105 cells/ml) were suspended in
IMDM. These cells were incubated with and without the inhibitors for 30
min at 37°C followed by further culture in the presence of 1 ng/ml of
murine IL-3 and 6 ng/ml of murine IL-5 plus 10% FCS for 1 wk. After
harvesting, the total cell count was obtained, and the remaining cells were
used for cytospin preparations. These preparations were stained with
Wright–Giemsa stain for counting the number of eosinophils.

Immunocytochemical staining

The immunocytochemical staining for intracellular MBP was performed
according to previously described methods with modifications (27). Cul-
tured murine bone marrow cells were dropped on Superfrost/Plus slides
(Fisher Scientific, Pittsburgh, PA) and dried at room temperature for 2 h.
The slides were fixed in ice-cold acetone for 15 min at 4°C and washed
three times in PBS. Normal goat serum (10%) was applied to the slides for
30 min to block nonspecific binding. Polyclonal rabbit anti-mouse MBP Ab
diluted in PBS (1:125) was added to the slides and incubated in the Shan-
don Coverplate System (Shandon, Pittsburgh, PA) for 45 min at room
temperature. Then, the slides were washed three times in PBS. To reduce
background caused by the secondary Ab, the slides were soaked in 1%
Chromotrope 2R for 30 min at room temperature followed by washing with
PBS three times. Alexa 488-conjugated goat anti-rabbit IgG Ab (20 mg/ml)
was added to the slides and incubated for 1 h at 37°C in a dark chamber.
Following three washes with PBS, the slides were coverslipped with Gel/
Mount to prevent the fluorescence from fading. Slides were photographed
with a fluorescence microscope (Nikon, Tokyo, Japan).

Eosinophil survival assay

Purified eosinophils (5 3 105 cells/ml) were suspended in RPMI 1640 with
10% FCS and treated with or without the inhibitors for 30 min at 37°C.
After the incubation, the cells were cultured with 1 ng/ml human IL-5 for
3 days. The viability of the cultured eosinophils was assessed by counting
propidium iodide-stained dead cells.

EDN release

A 96-well plate was coated with 3% HSA in HBSS for 2 h at 37°C and
washed three times with HBSS before use. Purified eosinophils (5 3 105

2199The Journal of Immunology
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cells/ml) were suspended in RPMI 1640 with 0.1% HSA. The cells were
preincubated with or without the inhibitors for 30 min at 37°C followed by
the stimulation with 100 ng/ml of human IL-5 for 4 h. The supernatants
were separated by centrifugation, and the concentration of EDN was mea-
sured by RIA.

MIP-1a production

Purified eosinophils (106 cells/ml) were suspended in RPMI 1640 with
10% FCS. After the treatment with or without the inhibitors for 30 min at
37°C, eosinophils were stimulated with either 100 nM C5a with 5 mg/ml
cytochalasin B or 1 mM ionomycin for 24 h. The supernatants were sep-
arated by centrifugation, and MIP-1a concentration was measured by
ELISA.

Statistical analyses

Results were expressed as mean 6 SD. Data were analyzed for statistical
significance using ANOVA and Student’s t test.

Results
Effect of PD98059 on the activation of ERK1/2 by IL-5

IL-5 has been shown to stimulate ERK1/2 in eosinophils (6).

PD98059 is a selective inhibitor of MEK1 (IC50 5 2–7 mM) and

MEK2 (IC50 5 50 mM), which blocks phosphorylation and acti-

vation of ERK1/2 (28, 29). To test its effect on ERK1/2 phosphor-

ylation, eosinophils were preincubated with or without various

concentrations of PD98059 followed by stimulation with IL-5. The

cytosolic extracts were subjected to Western blotting with anti-

phospho-ERK Ab. As shown in Fig. 1, IL-5 increased the phos-

phorylation of both ERK1 (upper band) and ERK2 (lower band).

Particularly, the band of phosphorylated ERK2 showed motility

shift. PD98059 inhibited ERK1/2 phosphorylation in a dose-

dependent manner. Reprobing the membrane with the anti-ERK2

Ab revealed that same amount of protein was loaded on the gel.

Effect of SB202190 on the activation of p38 by IL-5

We also examined the phosphorylation of p38 MAP kinase in IL-

5-stimulated eosinophils. Western blotting with the anti-phospho-

p38 Ab showed p38 phosphorylation by IL-5 as reported else-

where (Fig. 2A) (24). SB202190, an analogous compound of

SB203580, is a specific p38 inhibitor that blocks the kinase activity

of p38 (IC50 5 0.28 mM) (30, 31). For this reason, we tested the

effect of SB202190 on p38 activity using in vitro kinase assay. The

eosinophil lysates were immunoprecipitated with an anti-p38 Ab

followed by the immunocomplex kinase assay using ATF-2 as the

substrate. As shown in Fig. 2B, IL-5 stimulated p38 kinase activ-

ity, which was blocked by the pretreatment of eosinophils with

SB202190. The Western blotting of the same immunoprecipitates

with the anti-p38 Ab showed equal amounts of the protein.

Eosinophil differentiation from bone marrow cells

The differentiation of eosinophils from stem cells occurs stepwise.

Lineage-committed stem cells initially require IL-3 for their pro-

liferation. Subsequent stimulation with IL-5 leads to the differen-

tiation of eosinophils (2). Previous studies have shown that a com-

bination of IL-3 and IL-5 stimulates eosinopoiesis in vitro (26).

We have used an in vitro liquid culture system using bone marrow

cells from mouse according to the protocol described previously

(32). In this protocol, mice receive two i.p. injections of OVA in

alum 2 wk apart. One week later, mice are exposed to OVA aero-

sol 1 h daily for 5 days a week for two consecutive weeks. The

mice are sacrificed 1–2 wk later. This protocol of allergic sensiti-

zation of mice significantly increases the sensitivity of bone mar-

row stem cells to IL-5. The percent of in vitro-differentiated eo-

sinophils increases from about 10% in nonsensitized mice to 30%

in sensitized mice. We studied the functional role of MAP kinases

in eosinophil differentiation using bone marrow cells from sensi-

tized mice. Murine bone marrow cells were incubated with IL-3

and IL-5 for 1 wk followed by cytospin preparations for Wright–

Giemsa staining. Murine eosinophils were recognized by the typ-

ical circular nucleus and the presence of eosinophilic granules. The

total cell and eosinophil counts after 1 wk were 46 6 6 and 14 6

2 3 104 cells, respectively (n 5 3). Approximately 32% of the

total cells were of eosinophilic lineage (Fig. 3A). The differentia-

tion of eosinophils was confirmed using immunocytochemistry

with an anti-MBP Ab (Fig. 3B). Next, we studied the effect of

PD98059 and SB202190 on eosinophil differentiation. The number

of eosinophils as well as total cells was partially reduced by the

highest concentration (50 mM) of PD98059 (Fig. 4A). In contrast,

SB202190 potently inhibited eosinophil differentiation (Fig. 4B),

which was reduced by 71%. Interestingly, the total cell count was

FIGURE 1. The effect of PD98059 on IL-5-induced threonine/tyrosine

phosphorylation of ERK1/2. Eosinophils were incubated in the presence or

absence of PD98059 for 30 min and stimulated with or without IL-5 for 5

min. The lysates of the cells were subjected to electrophoresis and Western

blotting with anti-phospho-ERK1/2 Ab. ERK1/2 activation after IL-5 stim-

ulation was significantly inhibited by PD98059. Reprobing the membrane

with the anti-ERK2 Ab revealed that same amount of protein was loaded

on the gel.

FIGURE 2. IL-5 stimulated p38 activation in eosinophils. A, Threonine/

tyrosine phosphorylation of p38 MAP kinase in eosinophils stimulated

with IL-5. Eosinophils were lysed followed by electrophoresis and Western

blotting with anti-phospho-p38 Ab. IL-5 stimulated p38 activation in eo-

sinophils. Reprobing the membrane with the anti-p38 Ab revealed that

same amount of protein was loaded on the gel. B, The effect of SB202190

on IL-5-induced kinase activity of p38 MAP kinase. Eosinophils were in-

cubated in the presence or absence of SB202190 for 30 min and stimulated

with or without IL-5 for 5 min. The lysates of the cells were immunopre-

cipitated with anti-p38 Ab. The immunocomplex was subjected to in vitro

kinase assay using ATF-2 as the substrate followed by electrophoresis and

autoradiography. The p38 activity after IL-5 stimulation was significantly

inhibited by SB202190. Western blotting with anti-p38 Ab using the same

immunoprecipitates revealed that each sample had same the amount of protein.

2200 FUNCTIONAL RELEVANCE OF ERK AND p38 MAPK FOR EOSINOPHILS
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actually increased, due to the proliferation of monocytes (data not

shown). Similar results were obtained with another inhibitor of

p38, SB203580. Eosinophil differentiation was 23 6 1.5% in con-

trol cultures. This differentiation was reduced to 16 6 3.3%,

11.6 6 2.1%, and 11.3 6 1.8% in the presence of 1, 5, and 10 mM

concentration of SB203580. The difference at 5 and 10 mM con-

centrations of the inhibitor was statistically significant ( p , 0.006,

Student’s t test). These results suggest that p38 has a predominant

role in eosinophil differentiation from stem cells.

Eosinophil survival and degranulation

Next, we investigated the role of MAP kinases in the maintenance of

eosinophil survival. As shown in Fig. 5, most of the eosinophils un-

derwent apoptosis after 3 days without IL-5 (9% viable cells). In

contrast, the eosinophil viability was prolonged to 89 6 2% after

stimulation with IL-5 (n 5 3). Both PD98059 (50 mM) and SB202190

(10 mM) have only marginal effects on IL-5-stimulated eosinophil

survival at the highest concentrations (Fig. 5, A and B), indicating that

MAP kinases do not play an important role in eosinophil survival. We

also studied the effect of the inhibitors on eosinophil degranulation.

IL-5 itself induces degranulation at high concentrations, whereas it

causes priming of cells at low concentrations (5, 33). The EDN re-

lease without and with IL-5 was 214 6 65 and 454 6 80 ng/106 cells,

respectively (n 5 3). Both PD98059 and SB202190 significantly in-

hibited IL-5-stimulated EDN release from eosinophils (Fig. 6, A and

B). Taken together, both ERK1/2 and p38 MAP kinase are important

for eosinophil degranulation but not for survival.

MIP-1a production in eosinophils

Eosinophils appear to amplify allergic inflammation in the tissue by

producing cytokines. We investigated the role of MAP kinases in

eosinophil cytokine production. Our preliminary studies indicated that

IL-5 was not a potent stimulant for this purpose. Previously, C5a in

combination with cytochalasin B was shown to elicit cytokine release

from eosinophils (34). Ionomycin was also employed as a nonphysi-

ologic stimulus because of its potent activity on cytokine production

(35, 36). We and others have reported the production of MIP-1a by

ionomycin-stimulated eosinophils and basophils (37, 38). For this rea-

son, we examined the role of MAP kinases in eosinophil MIP-1a

production. In neutrophils, ERK1/2 and p38 are known to be activated

by C5a (39–41) or ionomycin (42). Consistent with those results, 0.1

mM C5a with 5 mg/ml cytochalasin B or 1 mM ionomycin stimulated

MIP-1a production from eosinophils (Fig. 7). The amount of MIP-1a

without stimuli, with C5a plus cytochalasin B, and with ionomycin

FIGURE 3. Differentiation of eosinophils from bone mar-

row stem cells. Mouse bone marrow cells from immunized

animals were cultured in the presence of IL-3 and IL-5 for 7

days. Cytocentrifuge preparations of the cells were then pro-

cessed with Wright–Giemsa stain (A) or immunocytochemi-

cally with an anti-MBP Ab (B). A shows multiple cells with

circular nucleus and pink granules located both inside and

outside the circle. There are a few cells of monocytic and

neutrophilic lineage. B shows two brightly fluorescent MBP-

containing eosinophils. A few faintly stained other cells are

also present.

2201The Journal of Immunology
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were 71 6 70, 998 6 275, and 4340 6 1297 pg/106 cells, respectively

(n 5 3). We examined the effect of C5a and cytochalasin B on

ERK1/2 phosphorylation in eosinophils. C5a induced significant

phosphorylation of ERK1/2, whereas cytochalasin B had no effects

(Fig. 8). There was a modest increase in phosphorylation when the

two agents were combined. PD98059 significantly inhibited MIP-1a

production from eosinophils stimulated with C5a/cytochalasin B, but

not with ionomycin (Fig. 7A). In contrast, both C5a- and ionomycin-

induced MIP-1a release were nearly completely blocked by

SB202190 (Fig. 7B). These results indicate that the utilization of the

ERK1/2 or p38 pathway for MIP-1a production depends upon the

nature of the stimuli. Further, the p38 MAP kinase plays a greater role

in eosinophil MIP-1a production.

Discussion
In this study, we have examined the functional relevance of two

species of MAP kinases, i.e., ERK1/2 and p38, in eosinophil sig-

naling. We have demonstrated that ERK1/2 is important for eo-

sinophil degranulation and cytokine production, whereas p38 is

critical for eosinophil differentiation, degranulation, and cytokine

production. More importantly, the p38 MAP kinase appears to play

a greater role in regulating eosinophil function than ERK1/2. Nei-

ther of the MAP kinases is necessary for the maintenance of eo-

sinophil survival. This is the first report on the essential role of

MAP kinases, especially p38, in eosinophil differentiation.

FIGURE 6. The effect of PD98059 and SB202190 on EDN release. Eo-

sinophils were incubated with the inhibitors or medium containing DMSO

(vehicle) for 30 min. Then cells were stimulated with or without IL-5 for

4 h, and the supernatants were obtained. EDN concentration in the super-

natant was measured by RIA. Data are expressed as means 6 SD (n 5 3).

Both PD98059 and SB202190 significantly affected EDN release from eo-

sinophils. p, p , 0.05 vs medium (ANOVA).

FIGURE 4. The effect of PD98059 and SB202190 on eosinophil differ-

entiation of murine bone marrow cells. The cells were incubated with the

inhibitors or medium containing DMSO (vehicle) for 30 min, and then IL-3

and IL-5 were added. The cells were harvested after 1 wk, and the total cell

count was obtained. After the cytospin preparation, the number of eosin-

ophils was counted using Wright–Giemsa stain. Data are expressed as

means 6 SD (n 5 3). PD98059 partially reduced eosinophil differentiation

at the highest concentration. SB202190 dramatically inhibited eosinophil

but stimulated monocyte differentiation. p, p , 0.05 vs medium (ANOVA).

FIGURE 5. The effect of PD98059 and SB202190 on IL-5-stimulated

eosinophil survival. Eosinophils were incubated with the inhibitors or me-

dium containing DMSO (vehicle) for 30 min. The cells were further cul-

tured with or without IL-5 for 72 h, and then the viability of eosinophils

was assessed by propidium iodide staining. Data are expressed as means 6

SD (n 5 3). Both PD98059 and SB202190 had a small but significant effect

at the highest concentration. p, p , 0.05 vs medium (ANOVA).

2202 FUNCTIONAL RELEVANCE OF ERK AND p38 MAPK FOR EOSINOPHILS

 b
y
 g

u
est o

n
 A

u
g
u
st 5

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


The involvement of MAP kinase pathway in both cell prolifer-

ation and differentiation has initially been shown in nonhemopoi-

etic cells (43). Nerve growth factor treatment of PC12 cells in-

duces sustained ERK activation associated with neurite outgrowth

and cessation of cell division, whereas the treatment of PC12 cells

with epidermal growth factor induces transient ERK activation and

cell proliferation. Several groups have subsequently studied the

role of MAP kinase in differentiation of hemopoietic cells. The

treatment of K562 cells with phorbol esters or CMK cells with

stem cell factor induces differentiation of megakaryocytes (44, 45).

In these cells, the importance of MAP kinase for magakaryocytic

differentiation has been shown by expression of constitutively ac-

tive MEK or using PD98059. Recently, Nagata et al. (46) have

found that JNK and p38, but not ERK1/2, play a crucial role in

erythropoietin-induced erythroid differentiation. These findings

are, in part, consistent with our results of IL-5-induced eosinophil

differentiation. The receptors for both erythropoietin and IL-5 as-

sociate with Jak2 and Lyn (47, 48) and transduce signals through

distinct MAP kinase cascades (20–23, 49). p38 is responsible for

the phosphorylation and activation of several transcription factors,

including ATF-2, Max, and CHOP, which are not substrates for

ERK1/2 (50–52). Therefore, these transcription factors may have

a critical role in differentiation of eosinophils or erythroid cells,

although the exact mechanism remains to be elucidated.

The Ras-ERK pathway is involved in the prevention of cell death

in certain factor-dependent cell types. In this study, we show that

ERK1/2 is not important for the maintenance of eosinophil survival.

This is consistent with other recent publications (11). Interestingly,

Raf-1 is critical for preventing eosinophils from apoptosis (8). The

mechanism of inhibition of apoptosis can be explained by the diver-

gence of the downstream signaling pathway of Raf-1 from the MAP

kinase pathway. Bcl-2, an anti-apoptotic protein, through its ability to

associate with Raf-1, translocates this kinase from the cytosol to the

mitochondrial membrane (53). Once there, Raf-1 interacts with reg-

ulatory proteins of the mitochondrial membrane and contributes to the

prevention of apoptosis (54). However, the exact mechanism of action

of Raf-1 in this process remains unclear.

C5a and fMLP are potent chemoattractants for granulocytes. A

recent study has shown that C5a and fMLP promote eosinophil IL-8

production in the presence of cytochalasin B (34). In agreement with

the foregoing, we have shown that C5a stimulates eosinophil produc-

tion of MIP-1a. Both PD98059 and SB202190 inhibited C5a-induced

MIP-1a production. Interestingly, only SB202190 but not PD98059

blocked ionomycin-stimulated MIP-1a production by eosinophils.

The results suggest that the ionomycin-stimulated signaling pathway

mainly involves the p38 MAP kinase. Previously, MAP kinases have

been shown to variably affect the production of cytokines by other

cells. While PD98059 did not inhibit IgE-mediated TNF-a production

from MC/9 murine mast cells, it did so from the rat basophilic leu-

kemia cell line RBL-2H3 (55, 56). In another study, SB203580 at-

tenuated IL-8 production from TNF-a-stimulated neutrophils (42).

In conclusion, we have defined an essential role of ERK1/2

and p38 MAP kinases in specific functions of eosinophils. It

must be emphasized that we have used mostly IL-5 for stimu-

lation of eosinophils. Therefore, our conclusions may not ap-

plicable to other activators. Nonetheless, IL-5 is the most im-

portant regulator of eosinophilopoiesis and p38 MAP kinase

appears to critically regulate this process. Excessive production

of eosinophils and their subsequent influx into the airways and

other target organs are characteristic features of asthma and

allergic diseases. In this regard, we have recently shown that

both p38 and ERK1/2 play an important role in eosinophil che-

motaxis in response to eotaxin (57). Based upon these findings,

we believe that inhibitors of MAP kinases will be useful for

treatment of allergic inflammation. Indeed, while this manu-

script was under review, it was reported that SB 239063, a new

inhibitor of p38 MAP kinase, reduced inflammatory cytokine

production and eosinophilic inflammation in the airways in vivo

in a mouse model of asthma (58).

FIGURE 7. The effect of PD98059 and SB202190 on MIP-1a production

from eosinophils. Cells were incubated with the inhibitors or medium con-

taining DMSO (vehicle) for 30 min followed by the stimulation either with

C5a plus cytochalasin B, or with ionomycin for an additional 24 h. MIP-1a

concentration in the cultured supernatant was measured by ELISA. Data are

expressed as means 6 SD (n 5 3). PD98059 significantly inhibited MIP-1a

production from eosinophils that were stimulated with C5a, but not with iono-

mycin. Both C5a- and ionomycin-induced MIP-1a release was significantly

abrogated by SB202190. p, p , 0.05 vs medium (ANOVA).

FIGURE 8. The effect of C5a and cytochalasin B on ERK1/2. Purified

eosinophils were incubated with buffer (2), 100 nM C5a, 5 mg/ml cy-

tochalasin B (CytB), or the combination of C5a (100 nM) and cytochalasin

B (5 mg/ml) for 3 min and then lysed and Western blotted with the anti-

phospho-ERK1/2 Ab. The blot shows that C5a but not cytochalasin B

induces phosphorylation of ERK1/2 in eosinophils. However, cytochalasin

B modestly augments C5a-induced ERK1/2 phosphorylation.
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