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I gnaing Background: Eosinophils have the capacity to secrete varied cytotoxic proteins.

Among the proteins are the eosinophil-associated RNases (EARs): the human
eosinophil-derived neurotoxin and eosinophilic cationic protein, and their murine
ortholog EARs, which have been shown to be involved in host defense, tissue
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remodeling, and immunity regulation. However, the signal transduction that regu-
lates EARs secretion in response to physiological stimuli, such as chemokines,
has been little studied in human and scarcely in mouse cosinophils, the foremost
animal model for eosinophil-associated human diseases.

Objective: In this study, we aimed to understand the signal transduction involved
in the secretion of enzymatically active EARs following chemokine stimulation.
Methods: Fresh mouse and human eosinophils were stimulated with CCL11 and
CCL24, and the secretion of enzymatically active EARs was detected using an RNase
activity assay. The involvement of signaling factors or integrins was probed using
specific inhibitors and blocking antibodies. Adhesion was evaluated by microscopy.
Results: We found that secretion of mouse EARs in response to CCLI11 and
CCL24 was G;-dependent. Both mouse and human eosinophils required the acti-
vation of PI3K, ERK, and p38 MAPK. In addition, the adhesion molecules B1
and B2 integrins were found to be crucial for EAR secretion, and we suggest a
mechanism in which spreading is obligatory for EAR secretion.

Conclusions: Collectively, these data suggest a common CCR3-mediated signaling
pathway that leads to EAR secretion in both mouse and human eosinophils.
These findings are applicable for eosinophil-mediated host defense and eosino-
phil-associated diseases.
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Eosinophils are granulocytes that usually constitute up to 5%
of peripheral blood leukocytes and reside principally in muco-
sal tissues. Over the years, eosinophils have been found to
participate in various aspects of immune responses: as
effectors in host defense responses against variable pathogens,
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as a rapid source of inflammatory mediators for immunomod-
ulation and tissue remodeling, and as professional antigen-
presenting cells (1). A defining feature of eosinophils is their
specific granules, which contain basic proteins, including
major basic protein (MBP), eosinophil peroxidase (EPO), and
the eosinophil-associated RNases (EARs). Human EARs are
eosinophil-derived neurotoxin (EDN) and eosinophilic cat-
ionic protein (ECP). The mouse EARs (mEARs) consist of 13
RNases, at least 6 of which have been shown to be localized
in mouse eosinophil granules (2).

The mEARs as well as their human orthologous EARs
(hEARs), ECP, and EDN, are members of the RNase A super-
family of polymeric RNA ribonucleases, that when secreted
from various cells can mediate innate immune roles in host
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defense (3). This family has endo- and/or exonucleolytic cleav-
age activity, which can mediate their antiviral activity, in vivo
and in vitro, in murine models of pneumonia virus of mice
(PVM) and respiratory syncytial virus (RSV) infection (4), sug-
gesting a role for EARs in the clearance of RNA viruses. In
addition to antiviral capacity, EARs exhibit antibacterial and
anthelmintic cytotoxicity (5, 6) and can be found in antimicro-
bial extracellular DNA traps (7). Moreover, EARs are involved
in the pathology of various eosinophil-associated diseases, such
as asthma, atopic dermatitis, and eosinophilic esophagitis, and
serve as biomarkers for disease severity (8).

Although the importance of EARs in host defense and
eosinophil-associated diseases has been broadly studied in vitro
and in vivo, the intracellular signaling involved in their secre-
tion remains uncertain, especially in mice, the foremost in vivo
model of infectious and allergic inflammation. Therefore, our
study aimed to reveal the signal transduction mechanisms and
the key factors required for the extracellular secretion of EARs
in response to physiological stimuli.

In our studies, we focused on eotaxin-1 (CCLI1) and
eotaxin-2 (CCL24) that bind the CCR3 G-protein-coupled
receptor. CCLI11 is a major chemoattractant of human and
mouse eosinophils. It was previously shown that CCL11 stimu-
lates eosinophil degranulation in human eosinophils (9, 10).
Recently, we have shown that CCL11 can induce secretion of
enzymatically active EARs and other granule proteins from
mouse eosinophils by means of piecemeal degranulation (11).
Subcellular fractionation of mouse eosinophils has shown that
almost 50% of total RNase activity is located in granule
fractions with additional RNase activity in cytosolic and
vesicle-containing fractions (11). Notably, in response to
CCLI11-elicited secretion of mEAR, granule fractions showed
a decrease in RNase activity and cytosolic and vesicle low-
density fractions increased in RNase activity, suggesting stimu-
lated mobilization of granule mEARs into secretion-competent
lower-density compartments (11).

By measuring RNase activity of EARs in supernatants of
CCL11- and CCL24-stimulated mouse eosinophils, we have
found that CCL24 can serve as a stimulator for mEARs
secretion, similarly to our previous findings (11) with CCLI11,
and doing so in a Goj-dependent manner. In addition, EARs
secretion required PI3K, ERK, and p38 MAPK signaling in
both human and mouse eosinophils. Finally, we found that
both Bl and B2 integrins are involved in EAR secretion. The
CCR3-mediated signal transduction increased P2 integrin
expression and induced B2-mediated cell spreading, which
was crucial for EAR secretion. These data suggest that com-
mon signaling pathways are required for EAR secretion in
both mouse and human eosinophils.

Materials and methods
Isolation of mouse eosinophils

IL-5 transgenic BALB/c mice (12), provided by Drs. Alison A.
Humbles and Craig Gerard (Children’s Hospital Medical,
Boston, MA, USA), were housed in a pathogen-free facility.
Experimental protocols were approved by the Institutional
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Animal Care and Use Committee of the Beth Israel Deaconess
Medical Center, Boston, MA. Mouse eosinophils were isolated
from mechanically disrupted spleens of IL-5 transgenic mice,
as previously described (13). Purity and viability of >98%
mouse eosinophils were determined by microscopic analyses
after Hema 3 staining and trypan blue exclusion, respectively.

Isolation of human eosinophils

Human eosinophils were purified from healthy donor blood
by negative selection, as described (14). Written informed
consent was obtained from donors in accordance with the
Declaration of Helsinki, and Institutional Review Board
(IRB) approval was obtained from the Beth Israel Deaconess
Medical Center. Purity and viability of >98% human eosin-
ophils were determined by microscopic analyses after Hema 3
staining and trypan blue exclusion, respectively.

Stimulation of eosinophils

Mouse and human eosinophils were resuspended in RPMI
medium 1640 without phenol red (BioWhittaker, Walkers-
ville, MD, USA), supplemented with 0.1% OVA (Oval-
bumin, Sigma-Aldrich, St. Louis, MO, USA) at a final
concentration of 10° cells/0.25 ml (unless otherwise men-
tioned, see legends of Figures 1-3) and were stimulated at
37°C for 1 h in 48-well flat-bottom polystyrene tissue culture
dish (Becton Dickinson (BD) Biosciences, San Jose, CA,
USA), with 100 ng/ml of recombinant mouse CCLI11 or
CCL24 (Peprotech, Rocky Hill, NJ, USA), or 300 ng/ml
human CCLI11 (R&D Systems, Inc., Minneapolis, MN,
USA), respectively. The higher concentration of human
CCL11 was used to compensate for donor variability. In
some experiments, cells were pretreated 20 min before and
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Figure 1 mEARs are released from CCL11- and CCL24-stimulated
mouse eosinophils. Mouse eosinophils (2 x 10° were stimulated
with the indicated concentrations of CCL24 or CCL11 at 37°C for
1 h. Supernatants were measured for RNase enzymatic activity after
incubation with the single-stranded RNA probe for 50 min at 37°C.
Data are means + SD of relative fluorescence units acquired from
duplicate wells and are representative of eight independent experi-
ments. Values of stimulated eosinophils are after subtraction of non-
stimulated eosinophils. P values of CCL11- or CCL24-stimulated
eosinophils are compared with nonstimulated eosinophils. Asterisks
represent P values <0.05 (*), or <0.01 (**).
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Figure 2 Chemokine-mediated mEAR secretion is CCR3- and
Go-dependent. Mouse eosinophils (2 x 10°) were stimulated with
100 ng/ml of CCL11 or CCL24 in the presence of the CCR3 antago-
nist, SB 328437 (A), or pertussis toxin (PTX) (B), as described in
Material and methods. RNase activity was measured in superna-
tants. Data are means + SD from duplicate wells and are represen-
tative of three independent experiments. P values are compared
between eosinophils stimulated with and without inhibitors. Aster-
isks represent P values <0.05 (*), or <0.01 (**).
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Figure 3 CCL11- and CCL24-mediated mEAR secretion is PI3K
dependent. Mouse eosinophils (1.4 x 10°) were stimulated with
100 ng/ml of CCL11 (A) or CCL24 (B) in the presence of the PI3K
inhibitor, LY294002 (LY), as described in Material and methods.
Data are means + SD from duplicate wells and are representative
of three independent experiments. P values are compared between
eosinophils stimulated with and without inhibitors. Asterisks repre-
sent P values <0.05 (*), or <0.01 (**).

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Mechanisms of RNases secretion from eosinophils

during chemokine stimulation at 37°C with 5 mM EDTA;
the Goy inhibitor, pertussis toxin (PTX) (20 ng/ml, Calbio-
chem-EMD. Gibbstown, NJ, USA); the CCR3 antagonist,
SB 328437 (1, 3 uM, Calbiochem-EMD); the PI3K
inhibitors, LY294002 (1, 10 uM, Calbiochem-EMD) and
wortmannin (0.1 pM, Calbiochem-EMD); the p38 MAPK
inhibitor, SB 203580 (0.2, 2 uM, Calbiochem-EMD); or the
MEK1 (MAP ERK kinase) inhibitors, PD98059, U0126 (10,
50 uM, Calbiochem-EMD); or PD184352 (1, 10 uM, Selleck-
chem, Houston, TX, USA). Human eosinophils were prein-
cubated for 1-2 h with 10 pM LY294002, 10 pM SB 203580,
or 50 uM PD98059. As controls, cells were pretreated with
equivalent concentrations of vehicle. Cell viability after inhi-
bition and stimulation, as detected by trypan blue exclusion
or propidium iodide staining, was >93%. Supernatants were
obtained by centrifugation at 300 x g for 5 min at 4°C,
followed by centrifugation at 20,000 x g for 10 min at 4°C.

Blockage of integrins in mouse eosinophils was performed
by incubation of mouse eosinophils with rat anti-mouse
CD16/CD32 (Fcy HI/II receptor blocking, 2.42G) antibodies
(BioLegend, San Diego, CA, USA) and then with 10 pg/ml
blocking antibodies against the mouse integrin B1 chain (Bio-
Legend) or B2 chain (GAME-46, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) or with equivalent azide-free isotype
controls (BioLegend) for 10 min at 4°C prior to stimulation.
The antibodies, known as blocking antibodies without activa-
tion effects (15, 16), remained with the cells during the stimu-
lation with CCL11 or CCL24. To quantify the percentage of
cell adhesion and spreading in response to chemokine and
integrin blocking, we incubated mouse eosinophils (10%/
0.2 ml) in 8-well slide chamber (Lab-TEK, ThermoFisher
Scientific, Pittsburgh, PA, USA) in OVA/RPMI medium in
the presence of 100 ng/ml CCL11/OVA-RPMI and 10 pg/ml
anti-integrin or isotype control antibodies up to 15 min.
Images of arbitrary fields were taken using a Nikon inverted
microscope (Nikon Eclipse TE300, Tokyo, Japan), fitted with
a x 20 Plan objective, coupled to a Qimaging Retiga Exi fast
1394 cooled CCD camera (Qimaging, Surrey, Canada).
Images were acquired using iVision software.

RNase activity assay

The human RNases, ECP and EDN, have a substrate prefer-
ence for single-stranded RNA (17). Therefore, we measured
the presence of mouse and human EARs in supernatants
of stimulated mouse eosinophils by an RNase activity assay
using a fluorescent single-stranded RNA oligonucleotide
(RNaseAlert QC system, Ambion, Austin, TX, USA),
according to the manufacturer’s instructions. Cleavage of the
probe by RNases allows fluorescent emission that is detected
by fluorometry. Data were acquired after 50 min (eosinoph-
ils) by the 7300 thermocycler (Applied Biosystems, Austin,
TX, USA) and were within the linear range. All reactions
were performed in duplicate or triplicate wells. Relative
fluorescence units (x 10* RFU) represent RNase activity lev-
els from stimulated samples minus RNase activity levels from
nonstimulated samples (except Supplemental Fig. S1 which
shows the nonsubtracted values). Ten x 10* relative fluores-
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cence units represent enzyme activity that is equivalent to the
activity of 4.0 + 1.8 nano U RNases (~0.0398 pg), as cali-
brated with bovine pancreatic RNase A (Ambion). One unit
is the amount of RNase equivalent to 0.1177 Kunitz Units

(11).

Phospho-ERK multiplex analyses

Mouse eosinophils (4 x 10° cells/sample) were stimulated at
37°C for 10 min with 100 ng/ml CCL11 or CCL24 or OVA-
RPMI medium alone. Cells were lysed with lysis buffer [0.5%
hexadecyltrimethylammonium  bromide (CTAB, Sigma-
Aldrich), 10 mM Tris buffer (pH 7.4), 100 mM NaCl, 1| mM
EDTA, 1 mM EGTA, 1% Triton X-100, 10% glycerol,
1 mM PMSF, protease inhibitors mixture (Sigma-Aldrich),
and phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich)].
Total and phosphorylated ERK in supernatants of cell lysates
were measured using the MILLIPLEX MAPK detecting mul-
tiplex kit according to the manufacturer’s (EMD-Millipore,
Billerica, MA USA) instructions. Results are expressed as
percentages of phosphorylated ERK vs total ERK.

Flow cytometry analyses of phospho-ERK and phospho-p38
MAPK

Mouse and human eosinophils were stimulated at 37°C for
2-3 min with 100 ng/ml murine CCL11 or 300 ng/ml human
CCL11, respectively, in OVA-RPMI medium in the presence
of MAPK inhibitors (as detailed above). Immediately after
stimulation, cells were fixed with 3% paraformaldehyde, per-
meabilized and blocked with mouse FcyIII/II receptor block-
ing antibodies (BD Biosciences) for mouse cells and 2.5%
human serum for human cells. Cells were incubated with
antibodies against phosphorylated ERK (Alexa Fluor 488-
conjugated anti-ERK1/2, pT202/pY204), phosphorylated-p38
(Alexa Fluor 488-conjugated anti-p38 MAPK, pT180/
pY182), or isotype controls (all from BD Biosciences). Data
were acquired using the LSRII flow cytometer (BD Bio-
sciences) and the analysis software, Flow Jo (Tree Star).
AMFI (mean fluorescence intensity) was calculated by sub-
tracting the geometric mean fluorescence of the samples
stained with an isotype-matched negative control antibody
from that of the samples stained with specific antibodies.
AMFI fold increases were calculated by the formula: AMFI
fold increase = AMFI of the nonstimulated cell sample/
AMFT of the stimulated cell samples.

Western blotting

Eosinophils were lysed in lysis buffer: Tris buffer (10 mM,
pH 7.4) containing 100 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 10% glycerol, 1 mM PMSF, pro-
tease inhibitors mixture (Sigma-Aldrich), and phosphatase
inhibitor cocktails 2 and 3 (Sigma-Aldrich). Samples were
loaded on 10% Bis-Tris gels (Invitrogen, Life Technologies,
Grand Island, NY, USA) under denaturing conditions. Gels
were transferred to PVDF membranes (Pierce Biotechnology,
Rockford, 1L, USA), blocked overnight with 5% nonfat dry
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milk (Bio-Rad, Life Science Research, Hercules, CA, USA),
and probed with rabbit anti-phospho-ERK antibodies that
detect dually phosphorylated Thr-202 and Tyr-204 (1:2000;
Cell Signaling Technology, Inc., Danvers, MA USA),
followed by anti-rabbit secondary antibodies conjugated to
HRP (1:5,000; Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA, USA). Membranes were developed with
SuperSignal West Femto chemiluminescence kits (Pierce
Biotechnology). After membrane striping, membranes were
reblocked and reprobed with rabbit anti-ERK antibodies
(1:2000; Cell Signaling), as a load control.

Analyses of integrin expression by flow cytometry

Mouse eosinophils were stimulated at 37°C for 15 min with
100 ng/ml murine CCL11 in OVA-RPMI medium and placed
on ice. Cells were blocked with mouse FcyIII/II receptor
blocking antibodies (BD Biosciences). Antibodies against
murine B1 and P2 integrins (Santa Cruz Biotechnology Inc,
see above), or the 9EG antibody (BD Biosciences) against
the B1 activation epitope, or isotype controls (BioLegend)
were added to the cell suspension for further 30 min incuba-
tion on ice, followed by Alexa488-conjugated secondary anti-
body (Molecular Probes, Life Technologies). Data were
acquired by flow cytometry and analyzed, as detailed above.
Percent fluorescence intensities were calculated by the for-
mula: % fluorescence intensity = 100 x (AMFI of the stimu-
lated cell sample/AMFT of the nonstimulated cell samples).

Statistical analysis

Levels of significance between groups were analyzed by two-
tailed paired Student’s z-tests. P values <0.05 were considered
statistically significant. Asterisks represent P values <0.05 (¥),
or <0.01 (**).

Results

EARs are released from CCL11- and CCL24-stimulated
mouse eosinophils

The chemokine CCLI11, a chemoattractant and stimulator of
eosinophils that express its receptor, CCR3, can induce mouse
eosinophils to secrete preformed EARs, EPO, MBP, and
B-hexosaminidase (11). CCL24 (eotaxin-2) shares only 38.9%
sequence identity with mouse CCL11 (18), but binds the same
G-protein-coupled receptor, CCR3. Although CCL24 induces
migration of mouse eosinophils, it is not clear whether
CCL24 can elicit EAR or other granule protein secretion
from mouse eosinophils. Therefore, we studied the capability
of CCL24 to induce EAR secretion. Using RNase activity
assay to measure the presence of EARs in supernatants, we
found that CCL24-stimulated mouse eosinophils (1 h, 37°C)
showed significant increase in extracellular mEAR secretion
in a dose-dependent manner (Fig. S1A). The increase of 1.5-
fold at the lowest CCL24 concentration of 10 ng/ml (1.2 nM)
and 2.5-fold at the higher CCL24 concentration of 100 ng/ml
(11.9 nM) over that of nonstimulated cells was comparable to

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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CCL11-mediated EAR secretion (Fig. S1B) (1.5-fold increase
with 10 ng/ml and 1.8-fold with 100 ng/ml). This chemokine-
mediated EAR secretion was not cytotoxic for eosinophils
(>93% alive). Both mouse CCL11 and CCL24 had compara-
ble potencies to stimulate mouse eosinophils (Fig. 1).

Chemokine-mediated secretion of mEARs is CCR3- and
Gao;-dependent

As expected, pretreatment of mouse eosinophils with the
highly potent and selective CCR3 antagonist, SB 328437,
which acts as a competitive inhibitor of eotaxins (19),
decreased CCLI11- and CCL24-mediated secretion of
mEARs, as measured by RNase activity (Fig. 2A). The
CCR3 chemokine receptor belongs to the G-protein-coupled
receptor family that can exert its downstream signaling via
Ga  proteins. The Go; inhibitor, pertussis toxin, also
decreased CCL11- and CCL24-mediated secretion of mEARs
(Fig. 2B). CCR3-initiated signaling accords with earlier
observations (20) that Go; is involved in CCR3-mediated
migration of human eosinophils.

PI3K is involved in CCR3-mediated secretion of EARs

To further investigate the signaling pathway involved in
chemokine-mediated secretion of EARs, we examined the
downstream effector of G-protein-coupled receptor signaling,
PI3K (21). It was previously shown in human eosinophils
that survival and migration in vivo as well as toll-like recep-
tor-mediated activation (22, 23) require the activity of PI3K.
However, in vitro CCL11-mediated human eosinophil chemo-
taxis and PAF-induced leukotriene C4 secretion (24) were
found to be PI3K independent. In a different study, CCL11-
mediated cytokine secretion from human eosinophils was
found to be PI3K dependent (25). However, little is known
about the involvement of PI3K in chemokine-mediated

Figure 4 Chemokine-mediated mEAR secretion from mouse
eosinophils is p38 MAPK- and ERK dependent. (A) Phosphorylation
of ERK and p38 MAPK in CCL11-stimulated mouse eosinophils
was measured using flow cytometry. AMFI fold increase of phos-
phorylated ERK or p38 MAPK in cells was calculated, as described
in Material and methods. Data are means + SD of two indepen-
dent experiments. (B) Phosphorylation of ERK in CCL11- or CCL24-
stimulated (100 ng/ml) mouse eosinophils was measured using a
multiplex signaling assay. Percentage of phosphorylated ERK from
total ERK was calculated, as described in Material and methods.
Data are means + SD of two independent experiments. P values
are compared with nonstimulated eosinophils. (C-F) Mouse eosin-
ophils were stimulated with 100 ng/ml of CCL11 or CCL24 in the
presence of the p38 MAPK activation blocker, SB203580 (C, D), or
the ERK activation inhibitors, PD98059 (E, F), U0126 (G), and
PD184352 (H), as described in Material and methods. RNase activ-
ity was measured in supernatants. Data are means + SD from trip-
licate wells and are representative of two-three independent
experiments. P values are compared between eosinophils stimu-
lated with and without inhibitors. Asterisks represent P values
<0.05 (*), or <0.01 (**).

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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degranulation and EAR secretion in both human and mouse
eosinophils. Therefore, we sought to delineate the involve-
ment of PI3K in both CCLI1-stimulated human and mouse
eosinophils. Using a specific PI3K inhibitor, LY294002, we
found both CCLI11- and CCL24-mediated secretion of
mEARs from mouse eosinophils to be PI3K dependent
(Fig. 3A, B) in a dose-dependent manner as shown by at
least a 5 fold decrease in mEAR secretion. CCL11 stimula-
tion elicited RNase secretion also from human eosinophils,
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as detected by RNase activity assay (Fig. S2A), and was fur-
ther confirmed by measuring the presence of human ECP in
cell supernatants by ELISA assay (Fig. S2B). Measuring
human EAR secretion in the presence of LY294002 by
RNase activity assay also revealed that EAR secretion from
human eosinophils was PI3K dependent (Fig. S2A). We fur-
ther confirmed these results using a different PI3K inhibitor,
wortmannin, demonstrating that RNase secretion from both
mouse and human eosinophils was inhibited in the presence
of wortmannin (data not shown). These results indicate that,
in addition to chemokine-mediated eosinophil migration,
PI3K is also involved in chemokine-mediated EAR secretion
from both human and mouse eosinophils.

p38 MAPK and ERK are involved in chemokine-stimulated
secretion of EARs

The MAPK kinase pathway is known to be activated upon
CCR3 stimulation (10). To delineate the involvement of
MAPK kinase pathways in mEAR secretion, we briefly stim-
ulated mouse eosinophils with CCLI11 (2 min, 37°C) and
evaluated the phosphorylation of both ERK and p38 MAPK
by flow cytometry analyses with anti-phospho-ERK and
phospho-p38 antibodies. Phosphorylation of both ERK and
p38 MAPK was increased ~50% above the basal level
(Fig. 4A) in mouse eosinophils. We further confirmed ERK
phosphorylation in mouse eosinophils in response to CCL11
or CCL24 using multiplex signaling assays (Fig. 4B).

Using the p38 MAPK-specific inhibitor, SB203580, we
found significant blockage of both CCLI11- and CCL24-
elicited mEAR secretion from mouse eosinophils (Fig. 4C,
D). Moreover, SB203580 affected the basal levels of secretion
in the absence of chemokine as indicated by the negative val-
ues of inhibited cells (Fig. 4C, D). To evaluate ERK involve-
ment, we blocked the upstream MAP ERK kinase (MEK1)
that activates ERK by phosphorylation of tyrosine and thre-
onine residues on ERK. Pretreatment of mouse eosinophils
with the MEK1 inhibitor PD98059 inhibited ERK phosphor-
ylation as detected by flow cytometry (Fig. S3A) and
Western blotting (Fig. S3B) analyses. In the presence of
PD98059, RNase secretion from mouse eosinophils was
inhibited in response to CCL11 or CCL24 (Fig. 4E-F). We
confirmed these results with different MEKI1 inhibitors,
U0126, and the very potent and specific MEKI1 inhibitor,
PD184352. Functional concentrations that blocked ERK
phosphorylation, as evaluated by Western blotting analysis
(Fig. S3B) and flow cytometry (Fig. S3C), also inhibited
CCLI11-mediated EAR secretion from mouse eosinophils
(Fig. 4G-H). Therefore, ERK and p38 MAPK are required
for CCR3-mediated secretion in mouse eosinophils.

As the RNase assay allows us to detect the effect of inhibi-
tors on secretion from mouse and human eosinophils, we fur-
ther delineated the involvement of ERK in EAR secretion in
human eosinophils. Similar to mouse eosinophils, the p38
MAPK inhibitor, SB203580, inhibited both the CCLI11-
mediated p38 MAPK phosphorylation (Fig. 5A) and CCLI11-
mediated hEAR secretion (Fig. 5B). The ERK inhibitor,
PD98059, which decreased ERK phosphorylation evaluated
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Figure 5 Chemokine-mediated hEAR secretion from human eosin-
ophils is p38 MAPK- and ERK dependent. (A, C) Phosphorylation of
ERK and p38 MAPK in human eosinophils in response to CCL11 in
the presence of p38 MAPK inhibitor, SB203580 (A), or ERK activa-
tion inhibitor, PD98059 (C), was measured using flow cytometry.
AMFI fold increase of phosphorylated ERK in nonstimulated cells
over stimulated cells was calculated, as described in Material and
methods. Data are representative of two (A, C) independent experi-
ments. (B, D, E-F) Human eosinophils were stimulated with
300 ng/ml of CCL11 in the presence of the p38 MAPK activation
blocker, SB203580 (B), or the ERK activation inhibitors, PD98059
(D), PD184352 (E) and U0126 (F), as described in Material and
methods. RNase activity was measured in supernatants. Data are
means + SD from triplicate wells and are representative of five (B)
and two-four (D-F) independent experiments. P values are com-
pared between eosinophils stimulated with and without inhibitors.
Asterisks represent P values <0.05 (*), or <0.01 (*%*),

by Western blotting analysis (Fig. S4A) and flow cytometry

(Fig. 5C), further decreased hEAR secretion from human
eosinophils (Fig. 5D). In addition, we further confirmed the

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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requirement of ERK for EAR secretion using other ERK
inhibitors, PD184352, and U0126 (Fig. S4 and Fig. SE, F).
Collectively, these results suggest that p38 MAPK and ERK
are involved in CCR3-mediated EAR secretion in both
mouse and human eosinophils.

CCL11-mediated EAR secretion requires intact integrins

It was previously shown that functional B2 integrins are
required for cytokine-mediated hEAR secretion (26), but
such had not been evaluated for mouse eosinophils.
Moreover, the involvement of B1 integrins in secretion from
human eosinophils is still controversial (27-29), dependent
on the stimulator and the secreted protein that was studied,
and has not been studied in mouse eosinophils. Therefore,
we blocked the major integrins expressed on mouse eosinoph-
ils using blocking antibodies against the f1 and the B2 inte-
grin chains and examined the effect on the CCR3-mediated
secretion of mEARs from mouse eosinophils. These blocker
antibodies were shown previously to effectively block the
integrins without activating effects (15, 16). Both CCLI11-
and CCL24-mediated mEAR secretions were blocked by
anti-p1 (Fig. 6A) as well as by anti-f2 integrin blocking anti-
bodies (Fig. 6B), confirming that the secretion of mEARs

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 6 CCL11- and CCL24-mediated mEAR secretion from
mouse eosinophils requires functional integrins. Mouse eosinophils
were stimulated with 100 ng/ml CCL11 or CCL24 in the presence
of anti-B1 integrin (ap1) blocking antibodies (A), anti-p2 integrin (ap2)
blocking antibodies (B) or isotype controls (IC). Data are
means + SD from duplicate wells and are representative of five (A)
and four (B) independent experiments, respectively. P values are
compared with stimulated, noninhibited eosinophils. (C) Spreading
of mouse eosinophils stimulated with 100 ng/ml CCL11 was evalu-
ated by microscopy. Numbers of round cells (white bars) vs spread
cells (black bars) are expressed as percentages of total adherent
cells. Data are means + SD of cells from two random fields from
two-three independent experiments. P values of spread or round
stimulated eosinophils are compared with nonstimulated cells. (D)
Spreading of mouse eosinophils stimulated with 100 ng/ml CCL11
in the presence of B1 and B2 integrin blocking antibodies (ap1 or
ap2) or isotype control (IC) was evaluated by microscopy. Numbers
of round cells (white bars) vs spread cells (black bars) are expressed
as percentages of total adherent cells. Data are means + SD of
cells from two random fields and are representative of two indepen-
dent experiments. P values of spread or round stimulated cells are
compared with nonstimulated eosinophils, or of antibody-treated
spread cells compared with isotype control-treated eosinophils (D).
(E) Surface expression of B1 integrins (left panel) or B2 integrins
(right panel) in mouse eosinophils stimulated with 100 ng/ml CCL11
for 15 min. Surface expression of integrins was detected by flow
cytometry using anti-p1 (left) or anti-B2 integrins (right) or isotope
control (IC) antibodies. Percentage of integrin surface expression
from basal expression found in nonstimulated cells was calculated,
as described in Material and methods. Data are means + SD of
three independent experiments. Inset: Expression of the activation
epitope in B1 integrins (9EG) or isotype control (IC) in the presence
of CCL11 as above. Asterisks represent P values <0.05 (*), or <0.01
(**). N.S. stands for nonsignificant.

requires functional Bl and 2 integrins. To understand the
mechanism by which integrins affect the CCR3-mediated
secretion, we examined cell adhesion and spreading in
response to CCL11 and the effect of anti-integrin antibodies
on adhesion and spreading. Our light microscopy observa-
tions showed an increase in cell adhesion in the presence of
CCLI1 (15 min) by 1.4-fold (+ 0.2 SD, n = 3), compared
with nonstimulated mouse eosinophils. Moreover, cell
spreading was also significantly increased by 2.8-fold in
response to 15-min stimulation with CCL11 (Fig. 6C).

Interestingly, anti-f2 antibodies did not affect CCL11-med-
iated mouse eosinophil adhesion (1.1 + 0.4-fold decrease with
anti-B2 vs isotype control (IC), n = 3). However, anti-f2 anti-
bodies inhibited cell spreading in both CCL11-stimulated and
nonstimulated cells (Fig. 6D and Fig. S5A). Moreover, anti-
B1 antibodies did not decrease CCL11-mediated mouse eosin-
ophil adhesion (1.0 £ 0.05-fold decrease with anti-B1 vs IC,
n = 2) or cell spreading (Fig. 6D and Fig. S5A). These results
suggest that B2-mediated cell spreading may be required for
mEAR secretion from mouse eosinophils.

We next examined how CCR3-mediated signaling contrib-
utes to this cell spreading by determining surface levels of
integrins. Surface expression levels of B2, but not of I,
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integrins on mouse eosinophils were significantly increased by
~30%, as measured by flow cytometry after 15-min stimula-
tion with CCL11 (Fig. 6E). Measuring the Bl integrin activa-
tion epitope using the 9EG antibody (30) revealed negligible
expression of this activation epitope in the absence or pres-
ence of CCLI1 (Fig. 6E, Inset). Due to the lack of specific
antibodies recognizing activation epitopes on murine 2 inte-
grins, we could not evaluate whether a B2 integrin activation
state is increased in response to CCLI11.

Integrins have the capacity to signal ‘outside-in” and poten-
tially can affect EAR secretion. Therefore, we measured the
effect of B2 integrin blockage on ERK and p38 MAPK phos-
phorylation. Interestingly, CCL11-induced phosphorylations
of p38 and ERK, in the presence of B2 integrin blocking
antibodies, were not affected by this treatment (Fig. S5B,C).
These results suggest that if integrin-mediated signaling
occurs, it was not via ERK and p38 MAPK pathways,
because blocking of B2 integrins did not inhibit CCL11-medi-
ated ERK or p38 MAPK phosphorylation.

Divalent cations are essential for integrin functions, by
stabilizing integrin structure and modulating integrin-ligand
binding. The removal of divalent cations by EDTA inhibits
integrin-ligand binding. To further confirm the necessity of
integrin-mediated spreading, we pretreated mouse eosinophils
with 5 mM EDTA to block integrin-mediated function and
found a remarkable decrease in RNase secretion (Fig. 7A)
together with inhibition of spreading (Fig. 7B). Adhesion
(number of adherent eosinophils after washing) was not
affected by EDTA (120 £+ 11.3 cells for CCLI11-stimulated
cells vs 122 £ 10 cells for EDTA and CCLI11-treated cells).
RNase secretion from human eosinophils was similarly
robustly decreased by EDTA pretreatment (Fig. 7C), suggest-
ing that both human and mouse eosinophils are required to
spread via their integrins to release their EARs.

In summary, our unique assay to measure eosinophil EAR
secretion allowed us to examine the signaling pathways
involved in chemokine-mediated EAR secretion in both
human and mouse eosinophils. Our results suggest that
CCR3-mediated signaling through PI3K, ERK, and p38
MAPK induces EAR secretion. In addition, CCR3-mediated
signaling induces P2 integrin expression and B2-mediated cell
spreading that is required for EAR secretion. 1 integrins are
also required for EAR secretion, although both B1 expression
level and affinity did not increase upon CCLI11 stimulation
and blocking B1 integrins did not affect cell spreading.

Discussion

Our study identifies mechanisms by which CCLI11 and
CCL24 induce EAR secretion and reveals specific signaling
pathways that are required for CCR3-mediated EAR secre-
tion from mouse and human eosinophils. Upon binding of
CCLI11 or CCL24 to the CCR3 receptor, G-protein o; sub-
unit is activated as confirmed by our studies with pertussis
toxin. Activation of P13K, potentially achieved by binding to
the released B-y-subunits of the GTP-binding protein (31), is
further required for the downstream signaling. ERK and p38
MAPK were found to be activated upon CCL11 and CCL24
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Figure 7 CCL11-mediated EAR secretion is inhibited in the pres-
ence of EDTA. EAR secretion from mouse eosinophils (A) and
human eosinophils (C) stimulated with CCL11 (100 ng/ml or
300 ng/ml, respectively) in the presence of 5 mM EDTA. Data are
means + SD from duplicate wells and are representative of two
(A) and three (C) independent experiments, respectively. P values
(<0.05 (*)) are compared with stimulated, noninhibited eosinophils.
(B, D) Spreading of mouse eosinophils (B) and human eosinophils
(D) stimulated with CCL11 (100 ng/ml or 300 ng/ml, respectively)
in the presence of 5 MM EDTA. The numbers of round cells (white
bars) vs spread cells (black bars) are expressed as percentages of
total adherent cells. Data are means + SD of cells from two ran-
dom fields from two independent experiments. Asterisks represent
P < 0.05 of spread or round cells after EDTA pretreatment and
CCL11 stimulation compared with stimulated but not EDTA-treated
cells.

stimulation and are crucial for EAR secretion in mouse and
human eosinophils. The CCLI11-initiated signaling leads to
an increase in B2 integrin surface expression and cell spread-
ing. As a result of this signal transduction, EARs are proba-
bly loaded into secretion vesicles and secreted extracellulary.

The involvement of ERK activation was previously found
for increased leukotriene C4 biosynthesis in human eosinoph-
ils in response to fMLP (f-Met-Leu-Phe) (32). More specific
for CCR3-mediated signaling, Kampen et al. (10) have shown
that ERK and p38 MAPK activation are involved in hEAR
secretion from human eosinophils in response to CCL11. Our
findings are consistent with these earlier studies in human
eosinophils and document the common involvement of ERK
and p38 in EAR secretion from mouse eosinophils.

The links between adhesion and secretion in human eosin-
ophils have been studied with human eosinophils indicating

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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that B2 integrins are required for ECP secretion from human
eosinophils (26, 33, 34). The requirement of B2 integrins for
mEAR secretion that we found with mouse eosinophils dem-
onstrates a commonality between mouse and human eosin-
ophils.

Unlike B2 integrins, B1 integrins were previously found not
to be required for EDN secretion from leukotriene D4-stimu-
lated human eosinophils (29). Moreover with human eosin-
ophils, blocking the o4 chain of VLA-4 integrins, although
reducing eosinophil adhesion, enhanced (35) or had no affect
on IL-5- or GM-CSF-mediated EDN secretion (36), but
decreased secretion of leukotrienes and EPO (27, 28). With
mouse eosinophils, our results show robust inhibition of
mEAR secretion from mouse cells with blocking of B1 inte-
grins.

Integrins can mediate adhesion as well as ‘outside-in’ sig-
naling that hypothetically can affect EAR secretion. A pre-
vious study with human eosinophils has shown that upon
integrin ligation, a cascade of protein phosphorylation
takes place together with secretion of EDN (37, 38). Walsh
et al. (39) have shown that Bl integrin-mediated adhesion
of human eosinophils to the extracellular matrix protein,
laminin, induces autocrine secretion of survival cytokines,
such as IL-5 and GM-CSF. Our experimental design could
not distinguish whether integrin-mediated spreading or inte-
grin-mediated cell signaling was required for EAR secre-
tion. However, if indeed integrin-mediated signaling occurs,
it was not via ERK and p38 MAPK, because blocking of
B2 integrins did not inhibit CCLI11-mediated ERK or p38
MAPK phosphorylation.

Although the necessity of integrins for secretion has been
known for a long time, mechanisms by which integrins affect
secretion are not clear in human or mouse eosinophils. Our
observations, as well as others, showed that in response to
chemokines, such as CCLI11, the expression level of B2 inte-
grins increased. In our hands, although anti-f2 integrin anti-
bodies blocked CCLI11-mediated EAR secretion, they only
mildly blocked adhesion. A similar effect was found in the
presence of EDTA. This may suggest that additional surface
receptors or a portion of integrin receptors not fully blocked
by the antibodies or EDTA may be involved in cell adhesion.
In contrast to adhesion, we found that cell spreading was
blocked by B2 integrins and EDTA, and therefore, we sug-
gest that cell spreading is required for EAR secretion. The
observation that blocking Bl or B2 integrins inhibited mEAR
secretion, but only B2 surface expression was increased upon
CCLI11 stimulation, and that spreading was affected only by
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