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Abstract

Human blood eosinophils exhibit a hyper-active phenotype in response to chemotactic factors
following cell “priming” with IL-5 family cytokines. Earlier work has identified ERK1/2 as
molecular markers for IL-5 priming, and herein we show that IL-3, a member of IL-5 family, also
augments fMLP-stimulated ERK1/2 phosphorylation in primary eosinophils. Besides ERK1/2, we
also observed an enhancement of chemotactic factor-induced Akt phosphorylation following IL-5
priming of human blood eosinophils. Administration of a peptide antagonist that targets the Src
family member Lyn prior to cytokine (IL-5/IL-3) priming of blood eosinophils inhibited the
synergistic increase of fMLP-induced activation of Ras, ERK1/2 and Akt, as well as the release of
the proinflammatory factor leukotriene-C4. In the current study, we also examined a human
eosinophil-like cell line HL-60 clone-15, and observed that these cells exhibited significant
surface expression of IL-3 and GM-CSF receptors, as well as ERK1/2 phosphorylation in response
to the addition of IL-5 family cytokines or the chemotactic factors fMLP, CCL5 and CCL11.
Consistent with the surface profile of IL-5 family receptors, HL-60 clone-15 recapitulated the
enhanced fMLP-induced ERK1/2 phosphorylation observed in primary blood eosinophils
following priming with IL-3/GM-CSF, and siRNA-mediated knockdown of Lyn expression
completely abolished the synergistic effects of IL-3 priming on fMLP-induced ERK1/2
phosphorylation. Altogether, our data reveal a central role for Lyn in the mechanisms of IL-5
family priming, and suggest that Lyn contributes to the up-regulation of the Ras-ERK1/2 and
PI3K-Akt cascades as well as the increased leukotriene-C4 release observed in response to fMLP
in “primed” eosinophils.
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Introduction

Asthma is an inflammatory airway disease that has experienced an increase in global
incidence in recent years (1, 2). Eosinophils are a multifaceted granulocyte and prominent
effector cell in asthma, and the infiltration of these cells into the airways is a hallmark of
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asthma exacerbation (3-6). The function of human eosinophils is largely regulated by IL-5
family cytokines, including IL-5, IL-3 and GM-CSF (7-10). Recently, several lines of
evidence demonstrate that IL-5 family members can enhance blood eosinophil
responsiveness to a second stimulus, such as the chemotactic factors CCL5 and formyl-Met-
Leu-Phe (fMLP), resulting in a synergistic response known as “priming” (10-15). The
capacity of 1L-5 family cytokines to prime blood eosinophils for altered chemoattractant
responsiveness has been associated with changes in intracellular signaling events, e.g. an
increase in chemoattractant-induced phosphorylation of the mitogen-activated protein
kinases ERK1 and 2 (11), and biological responses, such as chemotaxis, degranulation and
the release of proinflammatory mediators (7, 9, 10, 12, 14, 15). Furthermore, the priming of
blood eosinophils with 1L-5 family members allows for these cells to exhibit a similar
phenotype and hyper-responsiveness as that observed with airway eosinophils (9, 16-19).
Therefore, understanding the molecular bases of priming is key for delineating the function
of eosinophils in asthma.

The capacity of IL-5 family cytokines to prime the action of a wide variety of chemotactic
factors that signal via G-protein-coupled receptors (GPCRs) (9, 11, 14) suggests the
presence of a fundamental mechanism by which IL-5 family members serve to enhance the
responses induced by GPCR ligands. In addition, the effects of cytokine priming on
chemoattractant-induced intracellular signaling (ERK1/2 phosphorylation) are rapid and
relatively long lasting (11). Therefore, we hypothesized that the crosstalk between IL-5
family- and GPCR- mediated pathways is a key characteristic of priming, and given the
rapid nature of cytokine priming on chemoattractant-induced ERK1/2 phosphorylation, it is
likely that it entails the modification and/or reorganization of signaling molecules via pre-
assembly of adaptor proteins and localization of downstream effectors.

With respect to the molecular mechanisms of eosinophil priming by IL-5 family cytokines,
little is known, although it has been reported that the Src family member Lyn can physically
associate with the I1L-5 receptor  chain (which is shared with the IL-3 and GM-CSF
receptors) upon receptor ligation. This association appears critical for the subsequent
activation of the Ras-Raf-MEK-ERK pathway (20-25). Previous research focusing on the
role of Lyn in human eosinophil function has also revealed that this tyrosine kinase is
important for IL-5-induced ERK1/2 phosphorylation as well as cell survival and
differentiation (20-27). Additionally, Src family members, including Lyn, have been
suggested to initiate events leading to ERK1/2 activation in numerous GPCR systems (28—
31). Accordingly, in the present study we tested the idea that Lyn is central to IL-5 family
cytokine-mediated eosinophil priming, and we show that Lyn is not only important for IL-5
induced signaling and cellular responses, but that it also serves as a key component in the
crosstalk between IL-5 family cytokines and the chemotactic factor fMLP. We demonstrate
that the synergistic increase of fMLP-induced activation of the Ras-ERK1/2 and PI3K-Akt
cascades following IL-5/1L-3 priming is dependent on Lyn activity in human primary blood
eosinophils and the human eosinophil-like cell line HL-60 clone-15. Furthermore, we
observed that the enhanced release of the proinflammatory mediator leukotriene-C4 (LTC4)
in response to fMLP treatment of IL-5- or IL-3-primed human blood eosinophils is also
dependent upon Lyn, supporting the concept that Lyn is involved in the enhanced
inflammatory capacity of “primed” eosinophils. These results advanced our understanding
of the molecular basis of priming in human blood eosinophils and provide a potential
therapeutic target for suppressing the appearance of the hyper-responsive phenotype of
airway eosinophils in individuals with asthma.
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Materials and Methods

Reagents and Cells

The human promyelocytic cell line HL-60 clone-15 (catalog number CRL-1964) was
purchased from ATCC and maintained in the growth medium as instructed. All experiments
were performed on cells within the first ten passages to minimize phenotypic reversion. The
HL-60 clone-15 cells were differentiated by treatment with freshly prepared 0.5 mM sodium
butyrate for 5 days. Recombinant human IL-5, IL-3, GM-CSF and CCL11 were obtained
from R&D Systems (Minneapolis, MN), and CCL5 from Peprotech (Rocky Hill, NJ).
Sodium butyrate, fMLP and human serum albumin (HSA) were purchased from Sigma-
Aldrich (St. Louis, MO). Chemical PP2 and PP3 were obtained from EMD (Gibbstown, NJ).
The following antibodies were used in immunoblotting: anti-phosphoERK1/2 (Invitrogen-
Biosource, Carlsbad, CA), anti-phosphoAkt (Cell Signaling Technology, Danvers, MA),
anti-actin (BC Bioscience, San Jose, CA), anti-Grb2 (Santa Cruz Biotechnology, Santa
Cruz, CA) and anti-p-tubulin (Sigma-Aldrich, Saint Louis, MO). To assess receptor
expression by flow cytometry, we used phycoerythrin (PE)-conjugated antibodies against
IL-5 receptor a, IL-3 receptor a, as well as fluorescein isothiocyanate (FITC)-conjugated
antibodies for GM-CSF receptor o and the corresponding 1gG controls that were obtained
from BD Bioscience (San Jose, CA).

Isolation of Human Eosinophils from Peripheral Blood

Human subjects recruited to this study were between 18 and 55 years old and included non-
allergic, atopic and physician-diagnosed allergic asthmatic individuals. Human blood
eosinophils were purified from heparinized peripheral blood as described previously (11).
Briefly, peripheral blood was subjected to hypotonic shock to remove erythrocytes and
followed by centrifugation through a Percoll monolayer (1.090 g/ml) to obtain a granulocyte
mixture. Subsequently, neutrophils were removed by negative selection using anti-CD16
paramagnetic microbeads and Automacs machine obtained from Miltenyi Biotechnology
(Auburn, CA). The recovered mixture was at least 96% eosinophils and greater or equal to
95% viability by Giemsa's-based Diff-Quik stain (Baxter Scientific Products, McGaw Park,
IL) and trypan blue exclusion respectively. The purified eosinophils were then resuspended
in Hanks' Balanced Salt Solution supplemented with 2% newborn calf serum. This study has
been reviewed and approved by The Health Science Institutional Review Board at
University of Wisconsin-Madison.

Peptide Inhibitor of Lyn Recruitment (PILR) and siRNA of Lyn

Custom synthesized peptides PILR (IL-5 receptor p chain 450-465: stearyl-
YGYRLRRKWEEKIPNP-NH>) and control peptide (stearyl-YEKRWNPKGEPRLIRY -
NH,) were purchased from AnaSpec with >95% purity as assessed by HPLC. A validated
SiRNA for human Lyn (Hs_LYN_12) and Allstar Negative Control siRNA were purchased
from Qiagen (San Jose, CA).

Cell Stimulation and Immunoblotting

Cells were suspended in incubation medium (RPMI1640, 25 mM HEPES, 0.1% HSA) and
rested at 37°C for 1 hr and 2 hr for human blood eosinophils and HL-60 clone-15
respectively. Subsequently, the cells were stimulated with IL-5 family cytokines and/or the
chemotactic factors fMLP and CCLS5 for the indicated time periods. In the priming
experiments, cells were treated for 1 hr with IL-5 family cytokines, followed by stimulation
with the specified chemotactic factors for 2 min. When indicated, the Lyn peptide PILR and
the control peptide were added 30 min prior to IL-5 family cytokine treatment. Cell lysates
were prepared using RIPA buffer (0.1% triton x-100, 0.25% deoxycholate, 0.1% SDS) and
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were subjected to SDS-PAGE and immunoblotting as described previously (11). To ensure
that equal protein levels were being evaluated, loading controls (Grb2, actin, B-tubulin) were
also blotted on the same membranes. Chemiluminescense was captured using an EpiChemi
Il Darkroom (UVP, Upland, CA) equipped with a 12-bit cooled CCD camera and quantified
using Image J (NIH). Band intensities of the proteins of interest were normalized to the
corresponding loading controls.

Flow Cytometry

Cells (10°) were suspended in 150 ul FACS buffer and incubated on ice with 5 ul of
antibodies of PE-IL-5Ra, PE-IL-3Ra FITC-GM-CSFRa or corresponding mouse 1gG
control for 30 min in the dark. The reactions were stopped by the addition of 2 ml ice-cold
PBS and centrifugation. Cell pellets were resuspended in 250 pl of ice-cold FACS buffer
and were analyzed by flow cytometry.

Nucleofection

HL-60 clone-15 cells (2x10%) were suspended in 100 pl of nucleofection solution V (Lonza,
Swizerland) and 5 pl of negative siRNA or si-Lyn (Qiagen, San Jose). The transfection was
carried out according to the manufacturer's manual (Lonza) using program T-19. Cells were
then allowed to recover in growth medium for 48 hr in 37°C incubator with 5% CO, before
stimulation.

Ras Pull-down Assay

An active-Ras pull-down assay was performed as described previously (32). Briefly, after
stimulation, cell lysates were prepared by sonication and insoluble components were
removed by centrifugation. The soluble mixtures were then incubated with GST-beads
preconjugated with the Ras-binding domain of Raf (RBD) for 2.5 hr at 4°C. After several
washes, the beads were resuspended in 2x sample buffer. Protein analysis was carried out by
SDS-PAGE and immunoblotting for Ras.

Eosinophil LTC4 Release

Human blood eosinophils (3.25x10° cells/ml) were suspended in 125 ul RPMI+0.1%HSA
and preincubated with 10 uM control peptide or PILR for 30 min. Cells then were primed
with control, 100 pM IL-5, or 1 nM IL-3 for 1 hr followed by a 20-minute stimulation with
100 nM fMLP. Supernatants were collected by centrifugation and snap frozen in a mixture
of methanol and dry ice and stored at —80°C. The LTC4 content in the supernatants was
measured using an enzyme-linked immunosorbent assay (Cayman Chemical Co., Ann
Arbor, MI). All supernatants were assayed in duplicate.

Statistical Analysis

Results

Statistical analysis was carried out using a paired two-tailed t test unless stated otherwise. A
p value of <0.05 was considered significant.

Effects of IL-5 family cytokines on chemotactic factor-induced ERK1/2 and Akt
phosphorylation in human primary blood eosinophils

Previous studies have established that ERK1/2 phosphorylation can be used as a molecular
marker for IL-5 and GM-CSF priming of chemotactic factor-induced responses in human
blood eosinophils (11). However, another IL-5 family member, IL-3, is also detected in the
peripheral blood and the airway (33-36), and numerous reports have shown that IL-3 and
GM-CSF can elicit similar effects as IL-5, such as prolonged cell survival and the activation
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of ERK1/2 and PI3K in human blood eosinophils (21, 37, 38). Given the biological
relevance of 1L-3 to eosinophil function, we first tested whether IL-3 can also induce a
similar priming response as IL-5 with respect to chemoattractant-induced ERK activation. In
these experiments, purified human blood eosinophils were primed with IL-5 or IL-3 for 1 h.
Subsequently, the cells were stimulated with 200 nM fMLP for 2 min. Consistent with the
previous findings, IL-5 priming increased fMLP-induced ERK1/2 phosphorylation in human
blood eosinophils (Fig. 1A). Likewise, IL-3 also induced the synergistic enhancement of
ERKZ1/2 phosphorylation in fMLP-stimulated human blood eosinophils (Fig. 1A) to a level
comparable to that observed with IL-5. These data suggest that the molecular mechanisms of
priming are conserved between IL-5 family members, and therefore most likely involve at
least in part the common B chain shared by the IL-5, IL-3 and GM-CSF receptors.

It has been reported that IL-5 family members and selected chemotactic factors can activate
the PI3K-Akt pathway in human blood eosinophils (38-42). Akt is a known downstream
effector of the PI3K pathway and activation of PI3K-Akt pathway regulates survival and
migration in many cell systems, including murine eosinophils (39, 40, 42, 43). In addition, it
has been reported that, in eosinophils, PI3K can be found in a complex with the Src family
member Lyn, which is known to regulate IL-5-induced ERK1/2 phosphorylation (39).
Therefore, in addition to ERK1/2, we hypothesized that the PI3K-Akt pathway is also up-
regulated in response to chemotactic factors fMLP and CCLS5 in IL-5-primed eosinophils.
Our results demonstrate that, following IL-5 priming, both fMLP and CCL5 were able to
induce an enhanced phosphorylation of ERK1/2 (Fig. 1B) and Akt (Fig. 1C). However, IL-5
priming alone or the addition of chemotactic factors (FMLP and CCL5) alone had little to no
effect on the levels of ERK1/2 and Akt phosphorylation. These results suggest that IL-5
priming is able to enhance the activation of both ERK1/2 and Akt in response to fMLP or
CCL5, which supports the idea that the ERK1/2 and PI3K-Akt activation are enhanced by
common upstream cascades following IL-5 priming.

Peptide inhibitor of Lyn attenuates ERK1/2 and Akt phosphorylation in fMLP-stimulated
human blood eosinophils following priming with IL-5 family cytokines

The tyrosine kinase Lyn is a Src family member and has been reported to be recruited to the
common B chain of IL-5 family receptors upon ligand activation. The activation of Lyn is
thought to be important for IL-5-induced activation of ERK1/2 and PI13K-Akt pathways (20,
21, 23, 26, 27, 39). To assess the involvement of Lyn in eosinophil priming, we utilized a
peptide inhibitor of Lyn recruitment (PILR). PILR is an oligo-peptide corresponding to the
intracellular domain of the common 8 chain of IL-5 family receptors that has been shown to
bind to the N-terminal domain of Lyn, which contains the lipid modification sites for
membrane targeting (44). This peptide has been used to block Lyn recruitment to the
common B chain and the subsequent activation of Lyn and ERK1/2 following IL-5
stimulation of human blood eosinophils (22, 44).

To assess the capacity of PILR to antagonize eosinophil priming by IL-5, we performed
experiments similar to those described in Fig. 1 but with the addition of a step involving the
pre-incubation of eosinophils with PILR or control peptide for 30 min. As shown in Fig. 2A,
fMLP-induced ERK1/2 phosphorylation in IL-5 primed eosinophils was significantly
reduced (~ 50%) by PILR at doses of 10 uM (p<0.0003, N=6, Fig. 2A) and 15 uM (p<0.002,
N=6, Fig. 2A). The control peptide had no significant effects on fMLP-induced ERK1/2
phosphorylation following IL-5 priming even at the highest concentration (15 pM) tested.
Similarly, 10 uM and 15 pM PILR was able to significantly decrease fMLP-induced Akt
phosphorylation in IL-5 primed eosinophils by approximately 50% (p<0.05, N=4, Fig. 2B),
although the control peptide also promoted a small level of inhibition (not significant) at a
peptide concentration of 15 pM. Overall, the phosphorylation of ERK1/2 and Akt in
response to fMLP in IL-5-primed blood eosinophils exhibited a dose-dependent decrease in
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response to PILR administration. To minimize potential non-specific inhibitory effects, we
chose 10 uM PILR as the inhibitor concentration for all subsequent experiments. In addition,
cell viability was not affected by incubation with 10 pM PILR or control peptide as
determined using an MTS assay (data not shown).

Because the common f chain is a component of both the IL-5 and IL-3 receptors, and
because Lyn is associated with the common 3 chain, it is conceivable that Lyn is also central
to the mechanism of IL-3 priming. To begin to address this issue, we tested the effects of
PILR on fMLP-induced ERK1/2 phosphorylation in IL-3-primed human blood eosinophils.
At a 10 uM concentration, PILR was able to suppress ERK1/2 phosphorylation in response
to fMLP stimulation following IL-3 priming in blood eosinophils (p<0.05, N=5, Fig. 2C). It
was also noted that PILR exhibited a slight inhibitory effect on ERK1/2 phosphorylation
(not significant) stimulated with fMLP alone (Fig. 2C). The inhibitory effects of PILR on
ERKZ1/2 phosphorylation appeared to be Lyn-selective, as PILR had no detectable effect on
IL-3-induced STATS phosphorylation or PMA-induced ERK1/2 phosphorylation in human
blood eosinophils (Figs. 2 D and E). Altogether, these data support an important role of Lyn
in the enhanced ERK1/2 and Akt phosphorylation in response to fMLP following priming
with IL-5 family members in human blood eosinophils, and implicate Lyn involvement in
the early steps of the crosstalk between IL-5/IL-3- and fMLP-stimulated events.

Differential responses of the naive and differentiated HL-60 clone-15 to cytokines and the
chemotactic factors fMLP and CCL5

Investigations on the cell signaling events that are operative in human eosinophils have been
hampered by the limited supply of these cells as well as their resistance to molecular
manipulation. Although murine models of airway inflammation have been very useful for
studying the contribution of murine eosinophils to airway inflammation, it is recognized that
murine eosinophils exhibit a number of differences from their human counterparts (45, 46).
Thus, to overcome these limitations, we chose to establish an in vitro cell line model for the
study of cytokine priming of human eosinophils. Such a model cell line would facilitate our
ability to modify the expression of key signaling molecules and thus allow for us to more
thoroughly test for the importance of discrete molecules in eosinophil priming and function.
Although several cell lines (such as: EoL-1, EoL-3 and AML14.3D10) have been used to
study selected aspects of eosinophil biology, there is no recognized cell line model for the
study of eosinophil priming. To this end, we first examined the responses of the human
eosinophil-like cell line, HL-60 clone-15 (HC15) in terms of its responsiveness to the
coordinate action of IL-5 family cytokines and chemotactic factors.

The HC15 cell line has long been recognized for its ability to differentiate into eosinophil-
like cells that express eosinophil granule proteins and mRNA for several cytokine and
chemokine receptors (47-50). Furthermore, HC15 has been reported to undergo chemotaxis,
to release granule proteins, and to produce reactive oxygen species when stimulated with
various chemotactic factors (50-55). Using previously reported protocols, we differentiated
HC15 by incubating with 0.5 mM sodium butyrate for 5 days (dif-HC15) (47, 48). Although
the dif-HC15 cells show an eosinophil-like phenotype, the intracellular signaling events that
occur in response to the addition of cytokines and chemotactic factors have not been studied.
In this regard, we first stimulated naive and dif-HC15 cells with IL-5 or the chemotactic
factors CCL5, fMLP and CCL11 for the indicated times. With the naive HC15 cells, little or
no ERK1/2 phosphorylation was detected following treatment with IL-5, CCL5 or fMLP
(Fig. 3A). In contrast, the cells were considerably more responsive to IL-5 and chemotactic
factors after differentiation with sodium butyrate for 5 days. The dif-HC15 cells exhibited a
significant increase in ERK1/2 phosphorylation in response to 100 pM IL-5 at 5 min and 15
min (Fig. 3A). Stimulation of dif-HC15 cells with either 10 nM CCL5, 100 nM fMLP or
another CCR3 ligand, i.e., 100 nM CCL11, all induced a robust ERK1/2 phosphorylation,
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although fMLP was also able to promote a low level of ERK1/2 phosphorylation in naive
HC15 cells as well (Fig. 3B). These data suggest that the dif-HC15 cells are, in general,
more responsive to various stimuli than the naive HC15 and this observation is consistent
with previous reports on the phenotype of the dif-HC15.

Kinetics of ERK1/2 phosphorylation in the dif-HC15 in response to IL-5 family cytokines
and the chemotactic factors fMLP and CCL5

The dif-HC15 were stimulated with 100 pM IL-5 for up to 60 min, or with chemotactic
factors (100 nM fMLP or 10 nM CCLS5) for up to 5 min. Our results reveal that IL-5-
induced ERK1/2 phosphorylation in the dif-HC15 is time-dependent with the maximum
level being observed within the first 15 min (p<0.04, N=6 Fig. 4A) and returning to baseline
by approximately 60 min. The other IL-5 family members IL-3 and GM-CSF also induced a
rapid (within 5 min) ERK1/2 phosphorylation in the dif-HC15 as shown in Fig. 4B (p<0.05,
N=3). Of note, at the doses tested, GM-CSF appeared to promote the greatest level of
ERKZ1/2 phosphorylation among the IL-5 family members (Fig. 4B). The time-dependent
phosphorylation of ERK1/2 observed in the dif-HC15 in response to IL-5 family members
appears to recapitulate the kinetics of ERK1/2 phosphorylation in human primary blood
eosinophils in response to IL-5 family members, as shown by our lab and others previously
(11, 39). Similarly, comparable profiles of ERK1/2 phosphorylation in response to fMLP or
CCL5 were detected in the dif-HC15 cells and human primary blood eosinophils (Figs. 4 C
and D, respectively) with maximal phosphorylation being observed within 2 min of
stimulation. Altogether, these data indicate that IL-5 family cytokines and selected
chemotactic factors stimulate equivalent responses of ERK1/2 phosphorylation in the dif-
HC15 and human primary blood eosinophils, further supporting the idea that HC15 may be
used to pilot studies relevant to an understanding of the intracellular signaling pathways
associated with human primary blood eosinophils.

Expression profile of IL-5 family member receptors and priming of fMLP-induced ERK1/2
phosphorylation in HC15

Although the IL-5 receptor has been documented to be expressed in dif-HC15 as determined
by mRNA analyses and by ligand binding experiments, the surface expression of the
receptors for IL-5 family members has not been reported (56-58). Because we are interested
in the priming mechanisms involved with IL-5 family members, we evaluated the expression
profile of the receptors for all three family members in the naive and dif-HC15 cells in
comparison to that in human primary blood eosinophils utilizing PE/FITC-conjugated
antibodies targeting the specific o subunit of each IL-5 family receptor. Overall, both the
naive and dif-HC15 expressed lower levels of the ligand-specific a subunit of each I1L-5
family receptor compared to human blood eosinophils (Fig. 5A). IL-5Ra appeared to be
marginally up-regulated upon HC-15 differentiation. Interestingly, the level of IL-3Ra was
readily detectable and did not appear to be affected by differentiation (Fig. 5A). Similarly,
GM-CSFRa was detected in both the naive and dif-HC15 cells; however, the dif-HC15
showed a significant decrease in GM-CSFRa levels when compared to the naive HC15 cells
(p<0.006, N=4, Fig. 5A). Among all three receptors, IL-3Ra was the only subunit that
exhibited a comparable level of expression in the cell line and in primary human blood
eosinophils. Furthermore, our data reveal differential regulation of the a subunits of IL-5
family receptors during differentiation in HC15.

To further investigate whether HC15 can be used as a model to study intracellular signaling
as it pertains to cytokine priming, we examined fMLP-induced ERK1/2 phosphorylation
with and without priming by IL-5 family members. Cells were primed with 1 nM IL-5
family members for 1 hr followed by 100 nM fMLP for 2 min. IL-3 was able to potentiate
the responses of both the naive and dif-HC15 cells, resulting in an enhancement (~ 2 fold) of
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fMLP-induced ERK1/2 phosphorylation. However, the naive HC15 appeared to respond
more to IL-3 priming than dif-HC15 (Fig. 5B). Furthermore, GM-CSF also induced a
modest increase (~1.5 fold) in fMLP-induced ERK1/2 phosphorylation in the naive and dif-
HC15 (Fig. 5C). In contrast, IL-5 failed to induce the synergistic increase of ERK1/2
phosphorylation followed by fMLP in both the naive and dif-HC15 cells (data not shown).
Overall, we detected the greatest priming responses using IL-3 in both the naive and dif-
HC15 cells, followed by GM-CSF, which is a pattern that is consistent with the receptor
profile shown in Fig. 5A. Because of the comparable expression level of IL-3 receptor a in
the cell line and primary eosinophils, and given that IL-3 can prime chemoattractant
responses in both primary eosinophils (Figs. 1 and 2) and naive or differentiated HC15 cells
(Fig. 5), we chose to use IL-3 as the priming agent for subsequent experiments performed in
the cell line.

Effects of siRNA-mediated knockdown of Lyn on fMLP-induced ERK1/2 phosphorylation in
IL-3-primed naive HC15 cells

To further investigate the role of Lyn in the intracellular mechanisms of priming, we utilized
SiRNA to knock down Lyn in the naive HC15 cells. As shown in Fig. 7A, siRNA directed
against Lyn decreased Lyn expression by approximately 67% when compared to the
negative siRNA-treated and mock transfection-treated cells (p<0.02, N=4, Fig. 6A). Cell
viability was assessed by trypan blue staining 48 hr post transfection and was found to be
not significantly different between the mock, si-Lyn and negative siRNA transfectants (data
not shown). To test the influence of Lyn knockdown on cytokine-mediated priming of
chemoattractant responses, cells were treated 48 hrs post nucleofection with IL-3 or control
vehicle for 1 hr (priming) followed by a 2-min stimulation with fMLP. As shown in Fig. 6B,
the effect of priming was largely retained in the cells transfected with the control siRNA,
whereas the synergistic enhancement of fMLP-induced ERK1/2 phosphorylation following
IL-3 treatment was diminished when Lyn expression was reduced by approximately 67%
(p<0.02. N=4, Fig. 6B). In addition, we observed a significant decrease in ERK1/2
phosphorylation in IL-3-treated cells after Lyn knockdown, consistent with a role of Lyn in
IL-5 family-induced ERK1/2 phosphorylation (p<0.02, N=4, Fig. 6B). Conversely, fMLP-
stimulated ERK1/2 phosphorylation in the absence of IL-3 priming appeared to be
minimally affected in Lyn-knockdown cells, suggesting that Lyn is not critical for this
activity. Altogether, these data are consistent with the observed effects of PILR on human
primary blood eosinophils, and demonstrate that suppressing the expression, localization or
activity of Lyn can disrupt the synergy between IL-5 family cytokine receptors and fMLP
receptors. These observations further support the idea that Lyn is critical for priming to
occur between IL-5 family cytokine- and fMLP-induced events.

Effects of PILR on Ras activation in fMLP-stimulated human blood eosinophils following
IL-5 family priming

The small MW G protein Ras has been previously shown to be critical for IL-5-induced
ERKZ1/2 phosphorylation in human blood eosinophils (32) and is a known upstream effector
of both the ERK1/2 and PI3K-Akt cascades (59-61). A previous report from our lab has
showed that Ras activity is up-regulated in concert with the enhanced ERK1/2
phosphorylation in fMLP-stimulated human blood eosinophils upon IL-5 priming (62), and
the data in the present report (Figs. 1 and 2) reveal that a Ras-associated pathway, namely
chemoattractant-induced Akt phosphorylation/activation, is also sensitive to cytokine
priming. Thus, we hypothesized that Lyn can participate in regulating Ras activity in
response to IL-5 family cytokines, thereby modulating ERK1/2 phosphorylation/activation
following fMLP-stimulation of human blood eosinophils. Accordingly, we employed an
active-Ras pull-down assay using cytokine and/or chemoattractant-stimulated primary blood
eosinophils. In these studies, pre-incubation of the cells with the Lyn recruitment antagonist
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PILR, but not with the control peptide, diminished the enhanced Ras activation in response
to fMLP in IL-5-primed eosinophils (Fig. 7), indicating that Lyn appears critical for fMLP-
stimulated Ras activation following IL-5 priming. Similar inhibitory effects of PILR on Ras
activation were also observed with 1L-3 priming in human eosinophils (data not shown). On
the contrary, analogous to the lack of effect of SIRNA knockdown of Lyn on fMLP-induced
ERKZ1/2 phosphorylation in HC15 cells, treatment with PILR appeared to have no effect on
fMLP-stimulated Ras activation in primary eosinophils. Overall, these data support a model
wherein Lyn regulates and amplifies fMLP-stimulated ERK1/2 activation following priming
with IL-5/IL-3 via Ras-dependent pathways.

PILR decreases LTC4 release in response to fMLP in IL-5/IL-3-primed human blood

eosinophils

Although the above studies are consistent with a role for Lyn in IL-5 family cytokine
signaling in primary human blood eosinophils and a human cell line (HC15), it is important
to assess whether this effector plays a role in the biological action of these cytokines. In this
regard, LTC4 is a member of the cysteinyl-leukotrienes, which are potent mediators of
airway inflammation and hypersensitivity (63—-67), and major sources of LTC4 include mast
cells and eosinophils. In the case of eosinophils, the enhanced release of LTC4 in response
to fMLP following IL-5/IL-3 priming has been reported (11, 68). Furthermore, the fMLP-
stimulated LTC4 release following IL-5 priming has been shown to be an ERK1/2-
dependent process (11). These data, along with the present report, lead us to propose a
model wherein the Lyn-Ras-ERK axis is important for the enhanced LTC4 release observed
following fMLP treatment of IL-5/IL-3-primed eosinophils. To test this model, we examined
the effect of the Lyn recruitment inhibitor PILR on fMLP-induced LTC4 release following
priming of human blood eosinophils with IL-3 or IL-5. As shown in Fig. 8, treatment with
PILR significantly decreased fMLP-induced LTC4 release following IL-5 or IL-3 priming
compared to the control peptide (p<0.04 and p<0.02 respectively, N=7, Fig. 8). However,
PILR had little effect on LTC4 release in response to fMLP alone when compared to the
control peptide (N=7, Fig. 8). Furthermore, pretreatment with PILR or control peptide did
not alter the production of LTC4 (~ 60 pg/ml) in response to IL-5/IL-3 priming alone (data
not shown). These results are consistent with the effects of PILR on fMLP-stimulated Ras
and ERK1/2 activation following IL-5/IL-3 priming, and suggest that Lyn activity is critical
for the enhanced release of LTC4 from “primed” eosinophils in response to fMLP
stimulation.

The Src family inhibitor PP2 attenuates fMLP-induced ERK1/2 phosphorylation in IL-5-
primed human blood eosinophils

Although the above data support an important role of Src family member Lyn in potentiating
eosinophils responsiveness following IL-5/IL-3 priming, it is not clear whether the kinase
activity and/or the structural function of Src family member is essential for this process. To
investigate the function of the kinase activity of Src family members in the priming
mechanisms, we pretreated human blood eosinophils with a Src inhibitor PP2, its inactive
analog PP3, or vehicle (DMSO) alone for 30 min. The cells were then primed with IL-5 for
1 hr and stimulated with fMLP for 2 min. With the pretreatment of DMSO or the inactive
analog PP3, the priming effect of IL-5 on ERK1/2 phosphorylation was observed (Fig. 9).
However, the Src inhibitor PP2, as opposed to the inactive analog PP3, was able to
significantly inhibit fMLP-induced ERK1/2 phosphorylation following IL-5 priming by
approximately 80% (p<0.04, N=6, Fig. 9). These data suggest that the kinase activity of Src
family members is an integral part of the priming mechanisms, and support the possible
involvement of other Src family members in the mechanisms of IL-5 priming of human
blood eosinophils.
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Discussion

The observation of synergistic activation of downstream pathways in the presence of two
factors, so called “priming”, has been reported in various cell types, including neurons and
immune cells (69-71). In eosinophils, priming with I1L-5 family members is known to
increase cellular responsiveness to chemoattractants and to render a hypersensitive
phenotype. The goal of the present study was to test the importance of the Src family
member Lyn in the fMLP-induced activation of Ras-ERK1/2 and PI3K-Akt pathways as
well as the release of LTC4 in human blood eosinophils following priming with IL-5 family
members. In particular, we focused on Ras-ERK pathway that has been previously shown by
our lab to be a molecular marker for IL-5 priming in human blood eosinophils.

As one of the “primed” pathways, chemoattractant-stimulated ERK1/2 phosphorylation is
synergistically increased following IL-5 priming of blood eosinophils. In the present study,
we extend this observation to IL-3-primed eosinophils, supporting the idea that the
mechanisms underlying priming are conserved between IL-5 family members. In addition,
we provide evidence that fMLP-induced Akt phosphorylation is enhanced upon IL-5
priming of human blood eosinophils, which is also a Ras associated process and is consistent
with the prolonged survival of airway eosinophils and IL-5 family-primed blood eosinophils
in vitro. We further delineate that the enhanced activation of Ras-ERK1/2 and PI3K-Akt
pathways in response to fMLP following priming with IL-5/IL-3 is, at least in part,
dependent on the activity of the Src family kinase member Lyn, which physically associates
with the common B chain of the IL-5, IL-3 and GM-CSF receptors (23, 44, 72). Lyn is also
critical for the enhanced release of LTC4 in response to fMLP following priming with IL-5/
IL-3. Our data are consistent with previous reports that LTC4 generation is an ERK1/2-
dependent event and suggest the existence of a Lyn-Ras-ERK1/2-LTC4 cascade in fMLP-
stimulated human blood eosinophils following IL-5/1L-3 priming. These results support a
model wherein the Lyn-regulated crosstalk between IL-5 family- and fMLP-mediated
pathways leads to activation of the Ras-ERK1/2 and PI3K-Akt cascades, which in turn
contribute to the increased inflammatory capacity and survival of “primed” eosinophils.

The processes by which Lyn contributes to the crosstalk between IL-5 cytokines and
chemoattractant-regulated events such as activation of the Ras-ERK1/2 and PI3K-Akt
networks are not fully understood. Association of Lyn with the common (3 chain of I1L-5
family receptors has been reported (23, 44, 72) and there is evidence for complex formation
between several Src kinases and CCR3 as well as the activation of Src family members,
including Lyn, in response to eotaxin (28-31). Our investigations show that Lyn is not
critical for fMLP-mediated activation of Ras and ERK1/2 as well as LTC4 release in the
absence of IL-5 family priming, suggesting the involvement of other Src family members in
fMLP-mediated pathways. Although attenuation of Lyn activity or its level of expression
substantially reduced Ras activation, ERK1/2 phosphorylation, and LTC4 release in
response to fMLP following IL-5 or IL-3 priming, this manipulation of Lyn status did not
completely abolish the effects of 1L-5/IL-3 priming. Interestingly, the Src inhibitor PP2
induced a greater attenuation of fMLP-induced ERK1/2 phosphorylation following IL-5
priming compared to that observed with the peptide antagonist PILR, which is consistent
with the idea that other Src members may be involved in the mechanisms of priming.
Among the Src kinase family, Fyn has been reported to be activated by I1L-3 or IL-5 in other
cell systems (73, 74). In addition, Fyn knock-out mice demonstrated exacerbation of
pulmonary inflammation as well as an increase in airway eosinophils upon antigen challenge
(75), suggesting a negative regulatory role of Fyn in airway inflammation in murine
systems. Therefore, as opposed to the proposed role of Lyn, Fyn may function in the
negative regulation of eosinophil activation.
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Given our data, we propose that IL-5 family cytokines prime/modulate the Src kinase Lyn to
allow for its further activation, which in turn facilitates the enhanced signal propagation of
Src family-regulated pathways upon stimulation with chemotactic factors. Analogous to
other Src family members, membrane targeting is known to be critical for controlling Lyn
activity. Thus, priming with IL-5 family cytokines may lead to the recruitment of Lyn into
membrane domains (e.g., lipid rafts), which have been shown to protect the phosphorylation
at tyrosine 397 and to increase the basal activity of Lyn (76, 77). Additionally, fMLP
receptors are known to cluster into lipid rafts upon ligand stimulation, which could bring the
receptors into close proximity with Lyn (76, 78, 79), and thereby lead to the enhanced
activation of downstream pathways. Furthermore, adaptor proteins, such as Shc and Grb2,
may also be involved by forming a complex with Lyn and protecting it from inactivation by
phosphatases (20, 80). In this regard, it is noteworthy that two modes of action have been
proposed for Src family members, i.e., they may function as a kinase and/or as an adaptor
protein. Our studies using the Src inhibitor PP2 provide evidence to support the concept that
the kinase activity of Src family members is critical for the priming process. Although these
data do not exclude a possible adaptor function of these proteins in IL-5 priming, it appears
that the kinase activity of Src family members is a key factor in the crosstalk between IL-5-
and fMLP-mediated signaling pathways in human blood eosinophils.

Because of the difficulty in transfecting/infecting primary human eosinophils, the present
study also entailed an analysis of a suitable cell line for initially assessing the role of specific
signaling molecules in the priming actions of IL-5 cytokine family members. To evaluate
the relevance of an in vitro cell line model for studying the role of Lyn in the mechanism of
priming in human blood eosinophils, we tested several human eosinophil-like cell lines
including HC15, EoL-3, and AML14.3D10 (data not shown for EoL-3 and AML14.3D10).
Only HC15 recapitulated the GM-CSF/IL-3 priming of chemoattractant-induced Ras-
ERKZ1/2 activation observed in human primary eosinophils. Although analysis of the
activation of Ras-ERK1/2 pathway in both the naive and dif-HC15 cells using IL-5 revealed
that differentiation increased ERK1/2 phosphorylation in response to IL-5, the o subunit of
IL-5 receptor was detected at very low level in both the naive and dif-HC15 by flow
cytometry. In contrast, IL-3 receptor a subunit was detected at comparable levels as human
blood eosinophils in both the naive and dif-HC15 cells. Furthermore, the modest priming
responses to IL-5, which may be partly a result of the low level of IL-5 receptor a suggest
that IL-5 is not an ideal candidate to study priming in this cell line. However, both IL-3 and
GM-CSF were able to induce priming responses in fMLP-simulated Ras-ERK1/2 activation
in naive and dif-HC15 cells, which reflects the greater levels of receptor for these cytokines.
Because IL-3 and GM-CSF were both able to prime chemoattractant-induced ERK1/2
phosphorylation, it appears that the common [ chain is not a limiting factor.

During the process of characterizing IL-3 priming of chemoattractant-induced effects in HC
15 cells, we observed that attenuation of Lyn expression using siRNA abolished IL-3
mediated priming of fMLP-induced ERK1/2 phosphorylation. This observation reveals that
the Lyn-Ras-ERK1/2 pathway is intact in this cell line and parallels the observation that Lyn
recruitment inhibitor PILR antagonizes fMLP-induced ERK1/2 phosphorylation in IL-5-
primed eosinophils. However, in these cells, Akt phosphorylation levels were high under
basal conditions and were thus less sensitive to IL-5 family cytokine stimulation (data not
shown). This high Akt phosphorylation status may arise from likely alternations in survival
signaling in this immortalized cell line. Together with the previous findings, we conclude
that the naive HC15 can be used as an in vitro cell line model to study selected signaling
pathways in human blood eosinophils, and that the dif-HC15 exhibit a greater range of
sensitivity to various IL-5 family cytokines and chemotactic factors. The advantage of using
undifferentiated cells is that they are more amendable to molecular manipulations because
they are continuously dividing. This system permits the establishment of stable cell lines
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with heterologous expression of desired proteins including the o subunit of IL-5, IL-3 or
GM-CSF receptors. In sum, given the limited number and lifetime of human eosinophils,
together with their limited capacity for use with various molecular approaches, HL-60
clone-15 cells should facilitate the more rapid development of methods and hypotheses that
can then be taken back for the study of selected signaling mechanisms of priming in human
primary eosinophils.

The present work reveals that the mechanisms by which IL-5 family members prime
chemoattractant-induced Ras-ERK1/2 and PI3K-Akt pathways in human eosinophils
involves a role for the Src kinase family member Lyn. This mechanism also contributes to
the enhanced release of LTC4 in response to fMLP following IL-5/IL-3 priming. Therefore,
our data support Lyn as one of the key players in the mechanisms underlying the hyper-
active phenotype of primed blood eosinophils, as well as airway eosinophils, and may
contribute to airway inflammation and exacerbation. This knowledge regarding the
molecular mechanisms of priming in eosinophils also suggests that Lyn could be a potential
therapeutic target for suppressing/modulating eosinophil hyper-activity in the airway or at
other sites of eosinophilic inflammation.
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Figure 1. IL-5 and IL-3 prime chemotactic factor-induced phosphorylation of ERK1/2 and Akt
A. Purified human blood eosinophils were primed with control buffer, IL-5 or IL-3 for 1 hr,
followed by stimulation with fMLP or control for the indicated time points. Cell lysates
were processed by SDS-PAGE and immunoblotted for pPERK1/2 and actin (A, N=3) as
detailed under Materials and Methods. B and C. Eosinophils were primed with control
buffer or IL-5 for 1 hr followed by a two-min stimulation with fMLP or CCL5. Cell lysates
were subjected to SDS-PAGE and immunoblotted for pERK1/2 (B, N=5), pAkt (C, N=4)
and Grb2.
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Figure 2. PILR inhibits fMLP-stimulated ERK1/2 and Akt phosphorylation in human blood
eosinophils primed with IL-5 family members

Blood eosinophils were preincubated with the Lyn recruitment antagonist PILR or control
peptide for 30 min prior to priming with 100 pM IL-5 (A, B. D) or 1 nM IL-3(C) for 1 hr,
followed by stimulation with 100 nM fMLP for 2 min. Phosphorylation of ERK1/2, Akt and
STATS was assessed by SDS-PAGE and immunoblotting as detailed under Materials and
Methods. Levels of actin were used as loading controls in all blots. Band intensities of
pPERK1/2 (A, *p<0.002, N=6, PILR vs. Con Peptide) and pAkt (B, **p<0.05, N=4, PILR vs.
Con Peptide) were quantified by densitometry analysis and normalized to that of actin on the
same blot. Data are summarized as the mean + (SEM). C. Representative immunoblots are
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shown for five independent experiments. Data are summarized in the lower panel as the
mean = (SEM). ***p<0.05, N=5. D. Immunoblots of pSTAT5 and actin are shown as
representatives of three independent experiments. Normalized band intensities expressed as
fold induction are shown under the pSTATS5 immunoblot. E. Eosinophils were pretreated
with control buffer, 10 uM control peptide or PILR for 30 min prior to the stimulation with
10 ng/ml PMA for 10 min. Representative immunoblots of pERK1/2 and actin of three
independent experiments are shown.
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Figure 3. Differential responses of ERK1/2 phosphorylation in the naive and dif-HC15 in
response to IL-5 and chemotactic factors fMLP and CCL5

A. The naive (lane 1-4) and dif-HC15 (lane 5-8) cells were stimulated with 100 pM IL-5 for
0 min (lane 1, 5), 5 min (lane 2, 6), 15 min (lane 3, 7) or 10 ng/ml PMA for 10 min (lane 4,
8). Band intensities of pERK1/2 were normalized to that of Grb2, and then normalized to
that of lane 1. Data are summarized as the mean + (SEM) from three independent
experiments. NS=Not Significant. * p<0.05, N=3. B. Naive and dif-HC15 cells were treated
with 10 nM CCL5, 100 nM fMLP or 100 nM CCL11 for 0 or 2 min. Cell extracts were then
prepared and immunoblotted as detailed under Materials and Methods. Representative
immunoblots of pERK1/2 and Grb2 from three independent experiments are shown.
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Figure 4. Kinetics of ERK1/2 phosphorylation in the dif-HC15 cells in response to IL-5 family
cytokines and chemotactic factors fMLP and CCL5

A. The dif-HC15 were stimulated with 100 pM IL-5 or control vehicle for the indicated
times. Cell lysates were subject to SDS-PAGE and immunoblotting for pERK1/2 and Grb2.
The upper panel shows representative immunoblots of pERK1/2 and Grb2 of six
independent experiments. ERK1/2 phosphorylation levels were normalized to that of Grb2,
and IL-5-treated at time 0 was set to be 1. Data are summarized as the mean + (SEM) of six
experiments in the lower panel. *p<0.05, N=6. A two-way ANOVA was used for the
statistical analysis. B. The dif-HC15 cells were stimulated with control (Con), 1nM IL-3,
IL-5 or GM-CSF (G) for 0 or 5 min. The upper panel shows representative immunaoblots of
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pERK1/2 and B-tubulin of three independent experiments. The lower panel is the summary
of the mean £ (SEM). The control-treated cells at time 0 was set to be 1. **p<0.05 N=3. The
dif-HC15 cells (C) and human blood eosinophils (D) were stimulated with 10 nM CCL5 or
100 nM fMLP for 0, 2 or 5 min. Representative immunoblots of pERK1/2 and the
corresponding loading controls of three independent experiments are shown.
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Figure 5. Surface expression profile of I1L-5 family receptors and priming in HC15 cells

A. Naive HC15, dif-HC15 and human blood eosinophils (Blood EOS) were examined for
surface expression of IL-5Ra, IL-3Ra and GM-CSFRa using flow cytometry as described
under Materials and Methods. Geometric means of the a subunits were normalized by
subtracting the geometric means of the corresponding 1gG control and are presented as the
mean = (SEM); similar results were obtained when the data were normalized to a positive
control (primary eosinophils) The data are summarized from four independent experiments
for each receptor. #p<0.006, N=4. HC15 cells were primed with 1 nM of IL-3 (B) or GM-
CSF (C) for 1 hr, and stimulated with 100 nM fMLP for 2 min. Protein levels of pERK1/2
and actin were detected by immunoblotting. Band intensities of pPERK1/2 were normalized
to that of actin. Cells treated with fMLP alone were set to be 1 in both panels. The data are
presented as the mean + (SEM). *p<0.02 **p<0.003 N=6, ***p<0.004 N=3.
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Figure 6. Suppressing Lyn expression using siRNA inhibits the enhanced ERK1/2
phosphorylation in response to fMLP following IL-3 priming in the naive HC15

Naive HC15 cells were transfected with no siRNA (Mock), siRNA against Lyn (si-Lyn) or
negative control siRNA (Neg. si) for 48 hr as detailed under Materials and Methods. The
expression levels of Lyn were examined by immunoblotting (A, upper panel) and
summarized as the mean + (SEM) from four independent experiments (A, lower panel).
Following Lyn knockdown for 48 hr, the cells were treated with 1 nM IL-3 for 1 hr and then
stimulated with 100 nM fMLP for 2 min. Representative immunoblots of pERK1/2 and actin
(B, upper panel), and the summary of the mean + (SEM) from four independent experiments
(B, lower panel) are shown. *p<0.02, N=4.
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Figure 7. PILR inhibits fMLP-stimulated Ras activation following IL-5 priming in human blood
eosinophils

Human primary eosinophils were preincubated with 10 uM control peptide or PILR for 30
min. The cells were then primed with 100 pM IL-5 or buffer control for 1 hr followed by
100 nM fMLP for 2 min. Cells lysates were subjected to the RBD pull-down assay as
detailed under Materials and Methods. An aliquot of the whole cell lysate (WCL) from each
treatment was removed to assess levels of pERK1/2 and actin (upper panel). The levels of
active Ras were detected in the pull-down samples via immunobloting (upper panel) and
normalized to that of actin in the whole cell lysates. The mean + (SEM) from four
independent experiments are summarized in the lower panel.
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Figure 8. PILR inhibits LTC4 release in response to fMLP stimulation in IL-5/IL-3-primed
human blood eosinophils

Human blood eosinophils were preincubated with 10 uM control peptide or PILR for 30
min. Cells were then primed with control buffer, 100 pM IL-5, or 1 nM IL-3 for 1 hr
followed by a 20 min stimulation with 100 nM fMLP. Supernatants were then collected and
assayed for immunoreactive LTC4 as described under Materials and Methods. The data are
normalized to the LTC4 released from the leftmost bar and presented as fold increases. The
dark bars and open bars represent the pretreatment with control peptide and PILR,
respectively. Seven independent experiments are summarized and presented as the mean +
(SEM). * p<0.04 **p<0.02, N=7.
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Figure 9. Src inhibitor PP2 attenuates fMLP-induced ERK1/2 phosphorylation in IL-5-primed
human blood eosinophils

Human blood eosinophils were pretreated with 10 uM PP2, PP3 or vehicle (DMSQ) control
for 30 min. Subsequent to this treatment, the cells were primed with 100 pM IL-5 for 1 hr
followed by the addition of 100 nM fMLP for 2 min. Cell lysates were collected and
subjected to SDS-PAGE. The phosphorylation status of ERK1/2 (pERK1/2) was detected by
immunoblotting and actin was used as a loading control. Representative immunoblots of
PERKZ1/2 and actin are shown in the upper panel. Fold increases in pPERK1/2 were
ascertained by normalizing the band intensity of pERK1/2 to the corresponding actin
control. Six independent experiments are summarized as the mean £ (SEM) in the lower
panel. *p<0.04, N=6.
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