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Abstract

The mechanisms contributing to persistent eosinophil activation and poor eosinopenic response to
glucocorticoids in severe asthma are poorly defined. We examined the effect of cytokines typically
overexpressed in the asthmatic airways on glucocorticoid signaling in in vitro activated
eosinophils. An Annexin V assay used to measure eosinophil apoptosis showed that cytokine
combinations of IL-2 plus IL-4 as well as TNFa plus IFNy, or IL-3, GM-CSF and IL-5 alone
significantly diminished the proapoptotic response to dexamethasone. We found that IL-2 plus
IL-4 resulted in impaired phosphorylation and function of the nuclear glucocorticoid receptor
(GCR). Proteomic analysis of steroid sensitive and resistant eosinophils identified several
differentially expressed proteins, namely Protein Phosphatase 5 (PP5), Formyl Peptide Receptor
(FPR2) and Annexin 1. Furthermore, an increased phosphatase activity of PP5 correlated with the
impaired phosphorylation of the GCR. Importantly, suppression of PP5 expression with sSiRNA
restored proper phosphorylation and the proapoptotic function of the GCR. We also examined the
effect of lipoxin A4 on PP5 activation by IL-2 plus IL-4. Similar to PP5 siRNA inhibition,
pretreatment of eosinophils with lipoxin A4 restored GCR phosphorylation and the proaptoptotic
function of GC. Taken together, our results showed 1) a critical role for PP5 in cytokine-induced
resistance to GC-mediated eosinophil death, 2) supported the dependence of GCR phosphorylation
on PP5 activity and 3) revealed that PP5 is a target of the lipoxin A4-induced pathway countering
cytokine-induced resistance to GCs in eosinophils.
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Introduction

Glucocorticoids are among the most potent anti-inflammatory drugs used in clinical
medicine and remain the cornerstone of antiallergic and immunosuppressive therapy in
bronchial asthma (1). While the majority of patients with asthma respond favorably to
inhaled and systemic steroid therapy, the inflammation in bronchial asthma cannot always be
fully controlled by steroid treatment (2, 3). Up to 10% of patients with difficult to control
asthma have poor clinical responses even to high doses of glucocorticoids and these patients
are at highest risk for asthma mortality (4). The absence of an effective therapeutic
alternative for these patients poses both a health challenge as well as a financial burden since
they account for more than 50% of asthma-related healthcare costs (5). Moreover, treatment
of patients with GC’s who are resistant to glucocorticoid therapy also poses health risks as
well.

The molecular mechanism of steroid resistance in asthma remains unclear was indicated to
be multifactorial (6). Some patients with steroid-resistant asthma are characterized with
persistent inflammation, overexpression of proinflammatory cytokines in airways, and a
reduced eosinopenic response to GC treatment (4, 7). Except for non-compliance to GC
treatment, abnormal steroid pharmacokinetics, and rare genetic defects in the GC receptors,
we hypothesize that the majority of GC insensitivity in asthma can be linked to GC receptor
signaling. Reports by others have implicated abnormalities in the glucocorticoid receptor
phosphorylation, ligand binding, as well as interactions with nuclear transcription factors (8-
10). Additionally, a reduction in inflammatory gene expression (e.g. histone deacetylase 2,
and HDAC?2) or overexpression of pro-inflammatory transcription factors (e.g. NF-xB) and
overexpression of the decoy glucocorticoid receptor (GCRp) have been reported to
contribute to steroid-resistance in chronic inflammation (11).

The anti-inflammatory effects of GCs are mediated through the GC receptor (GCR), which
acts mainly via genomic mechanisms (12). Before nuclear ligand binding, the GCR is
predominantly cytoplasmic and bound to a chaperone protein complex containing several
proteins, including heat shock protein 90 (HSP90), p23, and PP5. This complex was
reported to inactivate transcriptional regulatory functions (13). GCs interact with the GCR in
the cytoplasm resulting in phosphorylation and translocation of the hormone-receptor
complex into the cell nucleus. The GCR is a phosphoprotein in the ligand-free form but
additional phosphorylation events occur in conjunction with ligand binding. Three amino
acid residues thought to be involved in the transcriptional activity of the GCR, include S203,
S211, and S226, all of which are substrates for Cdk2 (S203, S211), p38 (S211) and JNK
(5226) (14). Importantly, GCR dephosphorylation of S203 and S226 is reported to be
regulated by PP5, whereas S211 phosphatase has not yet been identified (13-15). PP5 also
binds to HSP90 and acts as a co-chaperone with HSP90 participating in GCR
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nucleocytoplasmic shuttling. Suppression of PP5 with antisense oligonucleotides stimulated
the activity of GC-responsive genes without affecting the binding of GC to the GCR
suggesting a critical role for a serine/threonine protein phosphatase in the regulation of GCR
functionality (16). Transfection studies using a reporter construct containing GC responsive
elements showed that the specific small interfering RNA-induced mRNA knockdown of
PP5, partially reversed impairment of GCR phosphorylation and transactivation in bronchial
smoot muscle cells suggesting a novel role of PP5 in mediating GC resistance in airway
inflammatory cells (17).

To explore the possible mechanism of steroid resistance in allergic inflammation, we have
examined the effect of GCs on eosinophil viability after cytokine stimulation. While GCs
affect virtually all primary and secondary immune cells during treatment of bronchial
asthma, a major therapeutic activity of GCs strongly correlates with the reduction of
circulating and tissue eosinophils (18). Induction of eosinophil apoptosis, inhibition of p2-
integrin mediated eosinophil adhesion and activation and stimulation of non-inflammatory
phagocytosis of apoptotic cells are thought to play the predominant role in GC-induced
reduction of eosinophilia in patients sensitive to glucocorticoid therapy (19). However, some
patients with severe asthma are characterized with a decreased eosinopenic response
suggesting abnormalities in eosinophil responsiveness to glucocorticoids. Thus, herein we
have investigated GC signaling in eosinophils stimulated with cytokines previously reported
to be overexpressed in the airways of severe asthmatics, including IL-2, IL-3, IL-4, IL-5,
GM-CSF, INF+y, and TNFa. Since IL-2 plus IL-4 were indicated in patient studies to
potentially be factors in steroid resistance (20) we sought to further inquire into the
relationship of eosinophil activation and steroid resistance in a broader context. Further,
comparative proteomic analysis of steroid sensitive versus resistant eosinophils identified a
number of differentially expressed protein, notably PP5, FPR2 (Formyl Peptide Receptor 2),
GILZ (Glucocorticoid-Induced Leucine Zipper protein) and Annexin 1. Since these proteins
are known to be active components of GCR signaling, we subsequently investigated their
role in the diminished responsiveness of eosinophils to GCs. We found that PP5 protein
expression and activation were synergistically upregulated by treatment of eosinophils with
IL-2 plus IL4 that correlated with decreased phosphorylation of the GCR protein expression
of FPR2, GILZ and Annexin 1 and diminished eosinophil apoptosis in response to GC.
Inhibiting PP5 in activated eosinophils with specific SiIRNA restored GC-inducible
phosphorylation of the GCR and induction of apoptosis. A similar effect was observed upon
treatment of eosinophils with lipoxin A4 that also suppressed activation of PP5 suggesting
crosstalk between the lipoxin A4 and FPR2 counterregulatory pathway with GCR signaling
is mediated by PP5. Taken together, we show for the first time that proinflammatory
cytokines may protect eosinophils from GC-induced death through activation of PP5
phosphatase that in turn modifies phosphorylation and function of GR. This mechanism may
explain the phenomenon of increased airway eosinophilia and diminished phosphorylation
of GR in a group of severe asthmatics. This effect can be interfered with by inhibition of
PP5 expression or by the use of lipoxin A4 that inhibits PP5 phosphatase activity.
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Materials and Methods

Reagents/materials

Recombinant, human GM-CSF, IFNy, IL-2, IL-3, IL-4, IL-5, and TNFa were newly
purchased from Peprotech (Rocky Hill, NJ). Polyclonal antibodies against phosphorylated
GCR (S203, S211, S226) were from Abcam (Cambridge, MA); and antibodies against GCR,
FPR2, Annexin 1, PP5, GILZ, phospho-Raf-1 and MKP1 were from Santa Cruz
Biotechnology (Santa Cruz, CA). Polyclonal anti-phospho-ERK antibodies and the
secondary HRP-conjugated anti-rabbit antibody were from Cell Signaling Technology
(Danvers, MA). PP5 siRNA and an appropriately scrambled control and transfecting reagent
were purchased from Santa Cruz Biotechnology. PE-conjugated anti-aMp2 monoclonal
antibody and isotype-specific control were also from Santa Cruz Biotechnology.
Dexamethasone was purchased from Calbiochem. For experiments using DMSO, all control
cells were identically treated with DMSO and the final concentration of DMSO never
exceeded 0.1% of the culture volume. The chemiluminescence reagent employed was
purchased from Millipore Corporation (Bedford, MA).

Eosinophil isolation from peripheral human blood

Peripheral blood (120 ml) was drawn from healthy subjects as we previously reported under
a research protocol approved by the IRB committee at the University of Texas Medical
Branch (IRB#04-371)(21). Eosinophils were obtained by sedimentation in 4-6% dextran for
50 min at RT, followed by centrifugation in a Ficoll-Hypaque gradient as described
previously. Following centrifugation at 500xg, upper layers of plasma and mononuclear cells
were removed and saved for further analysis. Eosinophil isolation used hypotomic lysis for
elimination of erythrocytes and negative selection using a combination of anti-CD16, anti-
CD3, anti-CD235, and anti-CD14 microbeads to remove neutrophils and other
contaminating cells using the MACS system 9 (Miltenyi Biotec, Sunnyvale, CA). The final
eosinophil homogeneity was assayed by microscopic examination using a Wright-stained
cytospin preparation was = 98% with activation levels typically < 1% as evaluated by CD69
flow cytometry. Purified preparations were utilized immediately.

Human eosinophil cell culture

Although most experiments relating to eosinophil activation were performed on freshly
isolated cells in the presence of 2% FBS, in certain experiments involving inhibition of PP5
with siRNA, eosinophils were cultured for up to 48 h in the presence of 5% FBS (33).
Briefly, eosinophils were suspended in RPMI 1640 medium (GIBCO BRL, Life
Technologies, Grand Island, NY) supplemented with 2-5% FBS (High Clone Laboratories,
Inc., Logan, UT), 100 U/ml penicillin G, 100 pg/ml streptomycin, and 0.25 pg/ml
amphotericin B (GIBCO BRL/Life Technologies, Grand Island, NY). The effect of GM-CSF
on eosinophils survival was tested by incubation of cells with GM-CSF at 1 ng/ml in the
presence of 2% FBS. Cells were cultured at a density of 1 x 108/ml in a humidified
atmosphere containing 95% air and 5% CO,. The cultures were maintained in 12-well
sterile, flat bottom plates (Costar Corp., Cambridge, MA) previously coated with 1% human
serum albumin.
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Western blot analysis

For protein identification following 1D gel electrophoresis, proteins were transferred to
polyvinylidene difluoride membranes (Millipore, Bedford, MS). After transfer, membranes
were blocked with 5% milk Tris-buffered saline (100 mM Tris-HCI, 150 mM NacCl, pH 7.5)
containing 0.1% (v/v) Tween 20 for 1 h and then incubated with the appropriate antibody
(1:10000 dilution) overnight at 4°C. Membranes were washed 4x in Tris-buffered saline
with 0.1% (v/v) Tween 20 and then incubated with horseradish peroxidase-conjugated
secondary antibody. After washing, immune complexes were detected by reaction with an
enhanced-chemiluminescence assay according to the manufacturer’s protocol.

Densitometry

Densitometry analysis was performed on Western blots from time-course experiments of
protein expression and phosphorylation. Autoradiograms of the immunoblots were scanned
using Adobe Photoshop (Adobe System, Inc., San Jose, CA). The blot’s contrast was
adjusted for minimum background and the mean density for each band was analyzed using
the ImageJ program (NIH, Bethesda, MD). The comparative results were calculated as “fold
change” compared with control for each treatment time.

In-Gel protein phosphatase assay

Whole cell lysates were immunoprecipiated with anti-PP5 antibody and the resulting PP5
immunoprecipitates were fractionted by SDS-PAGE followed by a denaturation/renaturation
process before detection of phosphatase activity using a fluorogenic substrates (22). After
electrophoresis, SDS was removed by washing the gel with two changes of 100 ml each of
20% (v/v) 2-propanol in 50 mM Tris—HCI (pH 7.5) for 1 h at RT. Subsequently, the gel was
treated with two changes of 50 ml of a denaturation buffer containing 50 mM Tris—HCI (pH
7.5), 5 mM 2-mercaptoethanol, and 8 M urea for 1 h at RT, to denature the fractionated
proteins in the gel. Then the gel was put into 100 ml of a renaturation buffer containing 50
mM Tris—HCI, 0.02% (v/v) Tween 20, 20 mM 2-mercaptoethanol, and 1 mM MgCl,, pH
7.5, and gently shaken at 4 °C for 16-20 h with 5 changes. After treatment, the gels were
incubated with a reaction mixture containing 50 mM Tris—HCI, pH 8.0, 0.1 mM EGTA,
0.01% (v/v) Tween 20, 2 mM dithiothreitol, 20 MM MnCl,, and 0.5 mM DiFMUP. The gels
were then incubated at 37 °C for 15 min and the fluorescent bands were observed with a
transilluminator with an excitation wavelength of 365 nm. Results were subsequently
adjusted from the relative expresssion of PP5 based on densitometry results from western
blotting detecting PP5 in whole cell lysates.

PP5 siRNA transfection

Freshly isolated eosinophils were resuspended (106 cells/ml) in antibiotic-free SIRNA
transfection medium (sc-36868, Santa Cruz) without FBS. One ml aliquots of eosinophils in
transfection medium were added to each well of a 12-well culture plate. An aliquot of 3.6 pl
of PP5 siRNA was added to 40 ul of siRNA Transfection Medium (sc-36868, Santa Cruz)
and kept at RT for 5 min. In a separate tube, 2.4 ul of siRNA Transfection Reagent
(sc-29528) was mixed with 40 pl of siRNA Transfection Medium and then kept at RT for 5
min. Subsequently, the contents from both tubes were mixed and incubated at RT for 20 min
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to form an siRNA complex. After 20 min of incubation, 0.32 ml of siRNA Transfection
Medium was added to each tube containing the siRNA transfection complex. Subsequently,
cells were resuspended in 0.4 ml of resulting SiRNA/siRNA transfection complex and
incubated for 8 h at 37°C. After incubation, cells were washed and resuspended in 1 ml of
RPMI 1640 containing 10% of FBS followed by an additional incubation of 36 h.
Transfection efficiency was evaluated by Western blotting for each experiment performed on
eosinophil viability. Control siRNA (sc-370007) was a scrambled sequence that did not
cause degradation of any known cellular mRNA.

Eosinophil viability

An Annexin VPE Apoptosis Detection kit (BD Biosciences) was used to quantify eosinophils
undergoing apoptosis by virtue of their ability to bind Annexin V and exclude 7-
aminoactinomycin (7-AAD). This assay detects viable cells (Annexin V negative/7-AAD
negative), including cells undergoing early apoptosis (Annexin V positive/7-AAD negative),
and dead cells (Annexin V positive/7-AAD positive). Eosinophils (2 x 10° cells) were
stained with Annexin 5 and 7-ADD according to the manufacturer’s instructions. Data were
acquired on a FACScan instrument (BD Biosciences) and analyzed using CellQuest software
(BD Biosciences); 10,000 events per sample were acquired.

Flow cytometry

Flow cytometric analysis for the expression of Annexinl and FPR2 on the surface of
eosinophils was performed after staining cells with PE-conjugated monoclonal antibodies
(Santa Cruz) according to the manufacture’s protocol. For each population, a matched
isotype control mAb was used as a negative marker. Eosinophils were analyzed using a
Becton Dickinson (San Jose, CA) FACSAria machine and at least 30,000 events were
collected for each sample. The results were analyzed using CELL Quest software (Becton
Dickinson).

Statistical analysis

Results

The results of eosinophil viability, phosphatase assay and densitometry measurements were
analyzed using one-way ANOVA with Tukey’s post hoc test for multiple comparisons of the
control and treatment groups using SigmaPlot 11.0 Software (Systat Software). All results
are reported as the mean + SE (7= 3-8) and difference was considered statistically
significant when p < 0.05.

Proapoptotic effect of dexamethasone is diminished in activated eosinophils

To test the effect of proinflammatory cytokines on the eosinophil response to GCs, we first
assessed the time-course of Dex-induced apoptosis of eosinophil /n vitro. We found that
non-activated eosinophils are extremely sensitive to treatment with Dex, entering apoptosis
within hours of stimulation as assessed by induction of Annexin V surface expression and
loss of nuclear membrane integrity. Preincubation of eosinophils with cytokines with known
antiapoptotic effect and elevated expression in the asthmatic airways not only extended cell
viability /n vitrobut also significantly inhibited the proapoptotic effect of Dex as assessed at
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48 h of /n vitro culture (Fig. 1). Since cytokines IL-2 and IL-4 were reported to affect GC
signaling in human monocytes and lymphocytes and were indicated to be factors in clinical
studies of steroid resistance in asthma, we decided to initially focus on the antiapoptotic
effect of IL-2 and IL-4 on eosinophils with /n vitro studies (Fig. 2). Combination of IL-2
plus IL-4 significantly delayed eosinophil apoptosis and protected cells from Dex-induced
apoptosis. Interestingly, neither IL-2 nor IL-4 administered alone showed any protective
effect on the GC response suggesting a synergistic action of IL-2 plus IL-4 signaling in the
propagation of eosinophil resistance to GC-induced cell death. Furthermore, in time-course
experiments we found that the protective effect of IL-2/IL-4 required at least 8 h incubation
of eosinophils with cytokines; shorter times of 2, 4 and 6 h did not elicit the same response
(data not shown). These /n vitro results combined with previous clinical reports linking I1L-2
and IL-4 to steroid resistance in bronchial asthma led us to further explore the mechanism of
IL-2 plus IL-4-inducible insensitivity to GC-induced inhibition of eosinophil activation and
survival.

IL-2 plus IL-4 inhibited upregulation of FPR2, GILZ and Annexin 1 in response to GC

We examined the effect of the IL-2 plus IL-4 cytokine combination on GC-induced
upregulation of MKP 1 phosphatase, FPR2 receptor, GILZ and Annexin 1 (Fig. 3). Western
blot analysis of MKP1 expression showed the upregulation of GRE-dependent MKP1 in
Dex-stimulated eosinophils while preincubation of cells with IL-2 plus IL-4 inhibited the
Dex-induced increase of MKP1 (Fig. 3A). Similar effects were observed on upregulation of
GILZ that was completely suppressed in IL-2/1L-4 activated eosinophils. We also examined
the secretion of Annexinl, known to mediate the antiinflammatory effects of GC viathe
inhibition of phospholipase 2 (cPLA2), COX-2 and NF-xB. Glucocorticoids induced the
extracellular release of Annexin 1 as detected by Western blot analysis in concentrated
culture medium; however, 1L-2 plus IL-4 significantly blocked this effect (Fig. 3A). Since
some of the effects of the anti-inflammatory actions of Annexin 1 are mediated by the FPR2
receptor, we tested its expression on eosinophils cells surface. Flow cytometric analysis (Fig.
3B) showed the upregulation of FPR2 on the surface of eosinophils exposed to Dex and also
the upregulation of Annexin 1 (Fig. 3C). Pretreatment of eosinophils with an IL-2 plus IL-4
combination significantly inhibited upregulation of FPR2 and Annexin 1 expression. Since
MKP1, GILZ and Annexinl were reported to be regulated in a GRE-dependent manner, our
results suggested that IL-2 plus IL-4 affected the GCR-mediated transactivation processes.

Stimulation of eosinophils with IL-2 plus IL-4 caused dephosphorylation of the nuclear GC

receptor

Apoptosis by GCs requires binding to the GCR. Although various GCR isoforms can be
generated due to alternative splicing and different initiation sites, the proapototic activity is
mainly attributed to the full-length 94 kDa GCRa (23). At least six seryl residues are
phosphorylated on the human GCR and studies have shown that phosphorylation-deficient
GCR mutants are compromised in their ability to activate reporter genes in a promoter-
dependent and cell-specific fashion (24). Interestingly, only phosphorylation of GCR on
Ser211 correlated with transcriptional activity of GCR while the phosphorylation on Ser203
was found to be cell-type and agonist dependent. Given the availability of antibodies against
GCR phosphorylated on three different residues (5203, S211, S226), we tested the
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subcellular expression and phosphorylation state in eosinophils at different states of
activation. Western blot analysis detection of the GCR in the cytoplasmic and nuclear
fractions of eosinophils (Fig. 4A) showed an abundant cytosolic expression of the ~90 kDA
GCR in quiescent cells and significant nuclear redistribution of GCR after 1 h of stimulation
with Dex. Nuclear translocation was not affected by pretreatment of eosinophils with IL-5 or
the combination of IL-2 plus IL-4. Interestingly, Western blot analysis with an antibody that
detected GCR phosphorylated on S211 showed intact phosphorylation of GCR remaining in
the cytosol in both quiescent and cytokine-activated cells exposed to Dex (Fig. 4B).
However, phosphorylation of the nuclear GCR was significantly diminished in cells
pretreated with IL-2 plus IL-4 suggesting loss of GCR phosphorylation and phosphatases
actively occurring in the nucleus. IL-5 effect on GCR at S211 was much less pronounced.
Additionally, we found that IL-2 plus IL-4 affected Dex-inducible phosphorylation on other
serine residues as well, including phosphorylation of S203 and S226 (Fig. 5).

Upregulation of PP5 expression and activity in IL-2 plus IL-4 stimulated eosinophils

Dephosphorylation of the GCR in nuclei of steroid resistant eosinophils suggested the
activation of a GCR-targeted protein phosphatase(s) and therefore we examined the
expression and phosphatase activity of several protein phosphatases involved in signaling
relating to eosinophil activation and its GCR involvement. We found no significant change

in the expression of PP1 or PP2A protein phosphatases in cytokine stimulated eosinophils
(results not shown); however, we observed an upregulation of PP5 expression in cells
stimulated with IL-4, IL-2 plus IL-4, IL-5, and IL-3 (Fig. 6A). Furthermore, we identified
increased PP5 in the nuclei of eosinophils stimulated with cytokines (Fig. 6D). To evaluate if
these cytokines regulated phosphatase activity, we immunoprecipitated PP5 from activated
cells and performed an in-gel phosphatase activity assay /n vitro using a fluorogenic
substrate (4-methylumbeliferyl phosphate, MUP) (22). We found a significant upregulation
of PP5 activity by cytokines that rendered eosinophils steroid insensitive (Fig. 6C). Although
IL-5 and IL-2/1L-4 showed a similar increase in PP5 activity as compared with similar
amounts of immunoprecipitated PP5, the gross PP5 activity in IL-2/IL-4 eosinophils was
significantly higher, about at least double amount of detectable PP5 in IL-2/IL-4 stimulated
eosinophils. Furthermore, we identified increased PP5 in the nuclei of eosinophils stimulated
with 1L-4, IL-2/1L-4 and TNFa/IFN-y (Fig. 6D), surprisingly, IL-5 did not induce significant
nuclear translocation of PP5. Overall, these experiments demonstrated increased expression
and activation of PP5 in the proximity of the nuclear GCR suggesting the involvement of the
cytokine-upregulated nuclear protein PP5 in the modulation of phosphorylation and function
of the GCR in steroid-insensitive eosinophils.

Inhibition of PP5 restored GCR phosphorylation and functionality

The short-lived nature of PP5 expression allowed us to use siRNA to decrease the expression
of PP5 using small interfering RNA (siRNA) after concurrent cytokine activation. We found
that inhibition of PP5 with siRNA increased the phosphorylation of GCR on S203 and
restored the Dex-inducible GCR phosphorylation on S203 and S211 (Fig. 7A). Moreover,
the diminished expression of PP5 restored the upregulation of MKP1 and GILZ by Dex and
increased the constitutive expression of FPR2 (Fig. 7B). The inhibition of PP5 in eosinophils
did not affect their extended viability typically induced by cytokines as eosinophil survival
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rates remained identical in PP5 siRNA treated and the nonspecific siRNA control treated
group. However, the inhibition of PP5 expression had a significant effect on eosinophil’s
response to Dex as eosinophils with diminished PP5 showed an apoptotic response to Dex
comparable to the response observed in control, steroid-sensitive cells (Fig. 7C). We also
examined the effect of PP5 inhibition on IL-5-induced resistance to GCs. Inhibition of PP5
increased Dex-inducible-phosphorylation of the GCR on S211 (Fig. 8A) and decreased
eosinophil viability in response to Dex (Fig. 8B); however, this effect was less pronounced
than with IL-2 plus IL-1L-4 pretreated cells suggesting the involvement of other, perhaps
IL-5 pathways specific components mediating resistance of eosinophils to GC (25). In
additional experiments (Fig. 9) we addressed the effect of PP5 inhibition on the activation of
Raf-1-MEK-1-Erk1 kinase since 1) previous studies on cancer cells suggested the role of
PP5 as a key dephosphorylation regulator of Raf-1 (26), 2) possible role of Erk-fos in steroid
resistance (27) and 3) the role of Raf-1 in inhibition of apoptosis in IL-5-stimulated
eosinophils (28). We found that IL-2/IL-4 stimulation did induce phosphorylation of Raf-1
on Ser338 that is responsible for its enzymatic activation and concomitant phosphorylation
of Erkl and Erk 2 kinases. However, the suppression of PP5 by siRNA did not increase
phosphorylation and hence the activation of the Raf-1/Erk1 kinase pathways in eosinophils
activated with 1L-2/1L-4 for 36 h argues against the effect of PP5 inhibition on Raf-1/Erk
pathway in the late stage of cells activation.

Lipoxin A4 reversed the effect of IL-2 plus IL-4 on the eosinophilic response to GC

Lipoxin A4 is a natural anti-inflammatory eicosanoid that is reported to have a potent
inhibitory effect on the function of activated eosinophils. We have reported that lipoxin A4
counter-regulates the prosurvival effects of GM-CSF and inhibits the expression of integrins
and the release of cytokines (29). The lipoxin A4 effect on eosinophils is thought to be
mediated by the FPR2-receptor, which also transduces the anti-inflammatory effect of
Annexin 1. Thus, we examined the effect of lipoxin A4 on eosinophil apoptotic response to
GC after exposure to a combination of IL-2 plus IL-4 cytokines. We found no effect of
lipoxin A4 on the survival of the control, nonstimulated eosinophils; however, in IL-2 plus
IL-4 stimulated cells there was significant inhibition of antiapoptotic signaling in response to
lipoxin A4 (Fig. 10A). For this reason, we examined the effect of lipoxin A4 added after 24
h of exposure to IL-2 plus IL-4 and 1 h before treatment with GC. In these experiments we
found that IL-2 plus IL-4 stimulated eosinophils responded to GC with increased apoptosis
when exposed to lipoxin A4 suggesting the reversal of cytokine-induced insensitivity to GC.
This apoptosis-restoring effect of lipoxin A4 was highest when the eicosanoid was added
before GC treatment; however, significant apoptosis was also observed when eosinophils
were stimulated with lipoxin A4 2 h after adding GC. We also examined the phosphorylation
of the GCR and expression of PP5 and FPR2 in lipoxin A4 treated cells to evaluate for
possible targets and the mechanisms of lipoxin A4-driven restoration of apoptotic response
to GC and found increased expression of FPR2 in lipoxin A4-treated eosinophils (Fig. 10B).
Western blot analysis showed phosphorylation of the GCR on S203, S211 and S226 residues
in cytokine stimulated cells after exposure to lipoxin A4 and Dex indicating a reversal effect
of the applied eicosanoid on impaired phosphorylation of GCR in activated cells (Fig. 11A).
In addition, PP5 expression and phosphorylation, had no lipoxin A4 effect on the expression
of PP5 as tested by Western blot analysis within 24 h of lipoxin A4 stimulation (not shown).
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However, lipoxin A4 had a significant effect on PP5 activity and this effect was detectable as
early as 2 h of stimulation with eicosanoid (Fig. 11B). There was no significant effect on the
expression of Annexin 1 observed in cytokine-stimulated eosinophils treated with lipoxin A4
for 24 h. These results showed a suppressive effect of lipoxin A4 on PP5 activation that
restored GCR phosphorylation and supported the dependence of GCR phosphorylation on
PP5 which suggested that PP5 was one of the targets of the lipoxin A4-induced pathway
involved in the reversal of cytokine-induced resistance to GC in eosinophils.

Discussion

This comprehensive molecular signaling /7 vitro study has shown that human blood
eosinophils activated by cytokines known to be important factors in disease pathogenesis,
e.g. asthma, are relatively steroid resistant through a PP5 related mechanism involving
phosphorylation of the GCR. Specific inflammatory conditions are believed to underlie
insensitivity to therapeutic effects of GCs; however, the mechanism of steroid resistance in
airway inflammatory cells has been elusive. Seven well studied cytokines have been found to
inhibit proapoptotic effect of GC on eosinophils in our study, including IL-2, IL-3, IL-4,
IL-5, GM-CSF, TNFa, and IFN~y all of which are known to activate eosinophils. We have
found that eosinophil resistance to GC-induced apoptosis correlated with the activation of
protein phosphatase 5 (PP5) and dephosphorylation of the GR. In this paper we also present
evidence for diminished expression of FPR2 receptor in activated eosinophils suggesting
impairment of lipoxin A4 anti-inflammatory signaling transduced by FPR2 and the ability of
Lipoxin A4 to inhibit PP5 activity and restore function of GR in eosinophils. Thus we
identified a possible biological basis for the resistance to GC therapy seen in certain types of
asthma with elevated cytokines IL-2, IL-4 and IL-5 and increased number of activated
eosinophils.

We and others have reported the inhibition of IL-5-activated eosinophils to GC-induced
apoptosis (25, 30, 31) which in the present study we have extended to cytokines previously
reported to play a role in modulating GCR function in airway inflammatory cells. Of note,
Kam and others showed that a combination of IL-2 plus IL-4 inhibited GC-induced
apoptosis and cell proliferation in lymphocytes and macrophages and this effect correlated
with decreased nuclear translocation, affinity binding, and impaired transactivational
function of the GCR (32). Although we observed an increased expression of PP5 that
effected the GCR in the cytoplasm, we did not observe any change in GCR nuclear
translocation in activated eosinophils. Surprisingly, we did observe the nuclear translocation
of PP5 in cells exposed to GC supporting the possibility of a direct interaction of PP5 and
phosphorylated GCR occurring in the nucleus. The effect of PP5 on GCR function with a
potential for targeting it for therapeutic purposes was previously reported in leukemic cells;
this effect was believed to rely on the physical cytoplasmic retention of the GCR interacting
with PP5 that served as a scaffold function in GCR-HSP90 complexes. Although we cannot
fully exclude the mechanism of restoring GCR function upon inhibition of PP5 expression,
there are several lines of evidence supporting the possibility of PP5 dephosphorylating the
GCR in the nucleus. First, GC-induced phosphorylation of the GCR and changes in the
interaction of the GCR with PP5 in the cytoplasm and nuclear translocation of the GCR
remains similar in steroid sensitive and steroid resistant eosinophils. Second, the increased
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expression of PP5 and decreased phosphorylation of the GCR are detectable in the nuclei
from steroid resistant eosinophils. Third, resistance-inducing cytokines upregulated PP5
activity while the lipoxin A4 restoring effect on the GCR phosphorylation correlated with
decreased activity of PP5. Furthermore, our study indicated the importance of
phosphorylation of the GCR for the antiinflammatory function of GC as dephosphorylation
of GCR and its restoration positively correlated with the expression of MKP1, FPR2, and
Annexinl which are molecules known to transduce the antiinflammatory effects of GCs. Six
serine residues (S113, S141, S203, S141, S226, and S404) are reported to be phosphorylated
on the human GCR (14). Kinases identified as phosphorylating the GCR include MAPKSs,
cyclin-dependent kinases, and GSK-3 (glycogen synthase kinase-3). A previous report on T
lymphocytes showed that GC-induced apoptosis required GCR-induced transactivation and
is dependent on phosphorylation of the GCR on S211 (33, 34). Our studies showed a
constitutive phosphorylation of the GCRa on S203 and GC stimulation also increased
phosphorylation on S203, S211 and S226. However, preincubating eosinophils with
cytokines IL-2 together with IL-4 abolished phosphorylation on residues S203, S211, and
S226, which correlated with the loss of GC’s ability to induce eosinophil apoptosis. Whether
PP5 is directly responsible for the loss of phosphorylation on three seryl residues examined
is not known since the possibility of the involvement of other phosphatases in GCR function
has been reported, e.g. PP2A (35). Interestingly, PP5 is known to associate with a number of
protein kinases, including Rafl, ASK1, ATM, ATR/Chk1, DNA-PKcs, elF2a kinase, and
IKKp although the role of PP5 in the regulation of these kinases is unclear. We addressed
the possible effect of PP5 inhibition of Raf-1-MEK-Erk pathways and found no effect of
diminished expression of PP5 on late phosphorylation state of these kinases. While our
findings are consistent with the transient nature of Raf-1 activation in the propagation of
early (within 15 min) cytokine signal for cell activation that may be not affected by
relatively late (requiring at least 8 h) upregulation of PP5 phosphatase, we could not assess
the effect of PP5 inhibition on early Raf-1 signaling given requirement for concurrent
cytokine activation of eosinophils to achieve a meaningful suppression of PP5 by siRNA.
Nonetheless, many signaling proteins that associate with PP5 interact with HSP90 (eg. GCR
or Raf-1) and these interactions may occur on separate subcellular sites. Our findings
suggest nuclear interaction between activated PP5 and phosphorylated GCR thus affecting
GCR function. Whether dephosphorylation of GCR by PP5 modulates interaction of GCR
with other signaling molecules (e.g. Med14) or affects transrepression or transactivation
remains to be investigated in an eosinophil- and cytokine-specific context.

Further mechanistic studies leading to increased PP5 activity in cytokine-activated
eosinophils are ongoing. To date, the only reported activators of PP5 activity include the
S100 proteins (A1, B, P), suramin, caveolin-1 and arachidonic acid (35-38). Our proteomic
characterization of peripheral blood eosinophils identified expressed S100 proteins and
caveolin in quiescent cells (39); however, whether the proteins are upregulated in activated
eosinophils and play a role in the activation of PP5 remains to be investigated. Importantly,
we also report here that lipoxin A4 inhibited PP5 activity and restored phosphorylation and
function of the GCR receptor. Lipoxin A4 is a natural antiinflammatory eicosanoid with
potent inhibitory effect on the function of activated eosinophils (29, 40). We have previously
reported that lipoxin A4 counterregulates the prosurvival effects of GM-CSF, and inhibits
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the expression of integrins and the release of cytokines (29). The proposed mechanisms
underlying pathological airway responses in severe asthma include diminished production of
lipoxin A4 and decreased expression of the lipoxin A4 receptor(s) (40, 41). Lipoxin A4’s
effect on eosinophils is thought to be mediated by the FPR2-receptor, which also transduces
the antiinflammatory effect of Annexin 1 (42). Both Annexin 1 and FPR2 are upregulated by
GC’s and lead to the inhibition of arachidonic acid (AA) production in a cytosolic
phospholipase A2 (cPLA2)-dependent manner (43, 44). While the increased production of
AA is directly associated with synthesis of proinflammatory leukotrienes, AA may also
directly activate the phosphatase activity of PP5 (45). Our screening of steroid-resistant
eosinophils showed the downregulation of Annexin 1 and FPR2, indicating that some of the
mechanism of steroid resistance may be characterized by defective FPR2-mediated counter-
regulatory circuits. Most importantly, we found that exposure of steroid-resistant eosinophils
to lipoxin A4 inhibited the activity of PP5 and restored the phosphorylation and function of
the GCR. This finding links the beneficial effect of lipoxin A4 reported in previous studies
on severe asthma with the activation of PP5 and impaired function of GCR pathway.

Of note, a recent study on children with severe asthma has reported a decreased level of
lipoxin A4 that correlated with the diminished expression of FPR2 on peripheral blood
granulocytes and decreased phosphorylation of the GCR (46). Interestingly, /n vitro
stimulation of granulocytes from asthmatic children with lipoxin A4 increased expression of
FPR2 and restored phosphorylation of GR. These clinical observations complement our
mechanistic /n vitro study linking impaired phosphorylation of the GCR with the diminished
expression of lipoxin A4 indicating that a critical role of PP5 mediated this crosstalk.

Although our /n vitro model of steroid resistance in activated eosinophils has number of
limitations, the implications of our findings are intriguing. For example, synergistic effect of
IL-2 and IL-4 combination as opposed to effect of IL-2 or IL-4 applied alone on activation
of PP5 phosphatase and induction of steroid resistance imply that inhibiting either I1L-2 or
IL-4 alone may abrogate synergy between these signals and exert therapeutic effect. In this
regard, the best response of anti-cytokine therapy in severe asthma that is by definition
steroid resistant date was observed in a selected group of patients characterized by high
airway eosinophilia in spite of treatment with high doses of GCs (47, 48). Promising trials of
anti-1L-4 and anti-I1L-5 therapies in patients with high eosinophilia and inadequate GC
therapy in these patients are consistent with the /n vitro conditions tested in the present
study. Of importance was our observation that inhibition of PP5 had limited effect on IL-5-
activated eosinophils as compared with activation by IL-2 plus IL-4. The basis for this
difference is not known, and may involve a differential effect of IL-5 on PP5 expression and
nuclear translocation as compared with IL-2 and IL-4. It is also possible that IL-5-specific,
other than PP5 mediated mechanism may protect eosinophils from GC-induced apoptosis
even with inhibited PP5 phosphatase. In this regard, we recently reported the role of NFIL3
in mediating resistance of IL-5-activated eosinophils (25). Interestingly, although NFIL3
was reported to be upregulated in IL-4-stimulated macrophages, we did not observe
upregulation of NFIL3 in IL-2 and IL-4 stimulated eosinophils suggesting specificity of
cytokine signaling mediating resistance of eosinophils to GC-induced apoptosis.
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This study is the first to examine at the molecular level the network of signaling pathways
from inflammatory stimuli that modulate the phosphorylation and function of the GCR in
eosinophils that gives rise to an impaired eosinopenic response to steroid therapy. Our
findings have identified and characterized mechanisms and cellular compartments of
crosstalk between inflammatory signals and the GCR; e.g. activation of protein phosphatases
and dephosphorylation of the GCR within the cytoplasm, with a subsequent disconnection of
proapoptotic signaling. Of particular interest this study also demonstrated a role of lipoxin
A4 and the FPR2 receptor in the reversal of eosinophil effector functions and the inhibition
of survival. We expect that these findings will lead to future studies concerning the
molecular mechanisms underpinning steroid resistance in activated eosinophils and asthma.
All cytokines tested in our study were potent activators of eosinophil function suggesting
that measurable scale of eosinophil activity (e.g. PP5 expression and activation) could be
used for selecting or excluding asthmatic patients with persistent eosinophilia for GC
therapy.

Acknowledgments

We thank Mark Griffin for technical assistance in conducting flow cytometry analyses.

This research was supported by the NIH/NHLBI Proteomics Initiative NO1-HV-00245 (HHSN26820100-0037-
C-001) (to AK), NIH/NCRR KL2RR029875 (to KP), NIH/NIEHS Center Grant P30-ES006676 (to C. Elferink/AK)
and a Medimmune LLC grant MA-409325.

Abbreviations used in this article

aMp2 CD11b/CD18 integrin

AAD aminoactinomycin
DSP dithio-bis(succinimydl)propionate
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Figure 1.
Effect of stimulation with cytokines and Dex on eosinophil viability /n vitro. Eosinophil

apoptosis was assessed by staining with PE labelled Annexin V and 7 AAD; viable, non-
apoptotic cells are represented as Annexin V/7AAD-negative cells. Freshly isolated
eosinophils were suspended in RPMI 1640 supplemented with 10% FBS and stimulated
with different cytokines (IL-5 at 10 ng/ml, GM-CSF at 1 ng/ml, combination of IL-4 and
IL-2 at 10 ng/ml and 10 ng/ml respectively, and combination of TNFa and INFy at 10 ng/l
and 20 ng/ml) for 16 h followed by treatment with Dex (1 uM) for an additional 48 h. The
one way ANOVA was used to compare cytokine/Dex treated samples with Dex/control and
Dex/control vs non-treated control as indicated. The asterisks are for p <0.05. The error bars
represent the standard error of n=4-8 experiments.
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Figure 2.
Effect of stimulation of 1L-2 together with IL-4 on Dex-induced eosinophil apoptosis.

Eosinophil apoptosis was assessed by staining with PE labelled Annexin V and 7 AAD;
viable, non-apoptotic cells are represented as Annexin V/7AAD-negative cells. Eosinophil
viability was tested for 72 h after exposure to IL-2 and IL-4 separately or in combination for
16 h followed by treatment to Dex at concentration of 1 uM. The error bars represent the
standard error of n=3-8 experiments. The asterisk are for p values <0.05 by one-way
ANOVA.
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Figure 3.

Effect of Dex on expression of GC-regulated proteins FPR2, MKP1 and secreted (S) and
cytosolic (C) Annexin 1 in eosinophils stimulated with IL-2 plus IL-4. A. Western blot
analysis of FPR2, MKP1, GILZ and Annexin 1. Eosinophils were stimulated with IL-2/1L-4
or control medium overnight (16 h) followed by treatment with Dex for 8 h. Cytosolic
fraction of eosinophil and collected culture medium were analyzed for expression of
cytosolic and secreted Annexin 1, respectively. B. Flow cytometric analysis of the surface
expression of FPR2 showing FPR modulation in response to Dex treatment and effect of
IL-2 and IL-4 stimulation. The one-way ANOVA test was used to compare indicated means
with * p<0.05 considered significant. The bars represent the SEM for n=3 experiments. C.
Flow cytometric analysis of surface expression of Annexin 1. These results are
representative of 4 experiments and expressed as standard error of the mean. * p<0.05 was
considered significant for intergroup comparisons..
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Western blot analysis of subcellular localization of the total and phosphorylated form of GR.
Eosinophils were preincubated wil IL-5 or combination of IL-2 and IL-4 for 16 h followed
by stimulation with Dex for 1 h. Cytosolic and nuclear extracts were analyzed for nuclear
translocation of the GR and purity was assessed by expression of cytosolic and nuclear
proteins, B-tubulin and histone-3, respectively. A. Effect of cytokines on Dex-induced GCR
translocation from the cytosolic to the nuclear compartment. B. Phosphorylation of GCR in
cytosolic and nuclear compartments upon Dex and cytokine exposure. These results are

representative of two independent experiments
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Figureb.
Western blot analysis of Dex-induced GR phosphorylation in IL-2 plus IL-4 activated

eosinophils. Freshly isolated eosinophils were cultured for 16 h in the presence of 1L-2 plus
IL-4 or control carrier followed by 1 h treatment with Dex at the concentration of 1 uM.
Whole cell lysates were analyzed for the phosphorylation of the GCR using phospho-
specific antibodies as indicated. These results are representative of three independent
experiments.
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NUCLEAR EXTRACT: PP5 EXPRESSION
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Expression and activation of PP5 in activated eosinophils. Eosinophils were cultured in the
presence of different proinflammatory cytokines for 16 h followed by analysis of the PP5
expression and activity and nuclear translocation. A. Western blot analysis of the whole cell
lysates showing PP5 expression in cells stimulated with IL-4, IL-2 plus IL-4, IL-5 and GM-
CSF. Equal protein content was confirmed by detection of F-actin. B. Densitometry analysis
of the PP5 expression in whole cell lysates. Values are representative of 3 independent
experiments and adjusted to actin expression. One way ANOVA was used to compare
cytokine-treated groups with control, * p<0.05 was considered significant. The error bars
represent the standard error of the mean. C. PP5 phosphatase activity in whole cell lysates
from activated eosinophils. Equal amounts of PP5 immunoprecipiatted with anti-PP5
antibody were assayed for phosphatase activity using MUP fluorogenic substrates. Values
are presented for the same amount of PP5 protein. One way ANOVA was used to compare
cytokine-treated groups with control, * p<0.05 was considered significant. The error bars
represent the standard error of the mean, n=5 D. Nuclear expression of PP5 in activated
eosinophils. The results are representative of three independent experiments.
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Effect of PP5 inhibition on GCR signaling and apoptotic response to GC treatment in IL-2
plus IL-4 stimulated eosinophils. Eosinophils were incubated in the presence of PP5 specific
siRNA or scrambled RNA nonspecific control for 24 h followed by 16 h stimulation with
IL-2 plus IL-4 and treatment with Dex at the concentration of 1 uM for time dependent
assays. A. Effect of PP5 inhibition (top Western blot) on phosphorylation of the GCR
receptor on S203 and S211 in response to 1 h stimulation with Dex. B. Effect of PP5
inhibition on expression of MKP1, GILZ, FPR2 and Annexin 1 in response to 8 h
stimulation with Dex. C. Effect of PP5 inhibition on proapototic response to Dex as assessed
by Annexin V/7-AAD flow cytometric analysis after 24 Dex treatment. The ANOVA test
was used to compare indicated means with *p<0.05 considered significant. The bars
represent the standard error of the mean for n=4.
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Effect of PP5 inhibition on GCR signaling and apoptotic response to GC treatment in IL-5
stimulated eosinophils. Eosinophils were incubated in the presence of PP5 specific SiRNA or
scrambled RNA nonspecific control for 24 h followed by 16 h stimulation with IL-5 and
treatment with Dex at the concentration of 1 uM for time dependent assays. A. Effect of PP5
inhibition (top Western blot) on phosphorylation of GCR on Ser-211 in response to 1 h
stimulation with Dex. B. Effect of PP5 inhibition of PP5 on apoptosis in IL-5 stimulated
cells exposed to Dex. The * p value <0.05 was considered significant by ANOVA. The bars

represent the standard error of the mean for n=4.
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Figure9.
Effect of PP5 inhibition on IL-2/1L-4 phosphorylation of Raf-1 (Ser338) and Erk1 and Erk 2

kinases (Thr202 and Tyr204, respectively). Whole cell lysates from eosinophils were
cultured in the presence of 1L-2/1L-4 and control or PP5 siRNA for 15 min and 36 h were
analyzed for phosphorylation of Raf-1 and Erk1 and Erk2 kinases.
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Figure 10.

Effect of lipoxin A4 on eosinophil response to Dex. Freshly isolated eosinophils were
stimulated with IL-2 plus IL-4 for 16 h followed by stimulation with lipoxin A4 (100 pM)
for 4 h and treatment with Dex for 24 h. A. Eosinophil apoptosis assessment using flow
cytometric analysis of Annexin V/7 AAD. The asterisk for p<0.05 indicated significance by
one-way ANOVA. The bars represent the standard error of the mean for n=3. B. Effect of
lipoxin A4 stimulation on the expression of FPR2 in control and Dex treated eosinophils.
The results are representative of 3 independent experiments.
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Figure 11.

Effect of lipoxin A4 on GCR phosphorylation and PP5 activity. A. Eosinophils were
stimulated with IL-2 plus IL-4 for 16 h followed by stimulation with lipoxin A4 (100 uM)
for 4 h and treatment with Dex for 1 h and tested for GCR phosphorylation and expression
by Western blotting. B. PP5 activity in PP5 immunoprecipiates obtained from eosinophils
treated with lipoxin A4 for 4 h with or without prior stimulation with IL-2 plus IL-4. PP5
activity was assessed with a fluorogenic substrate MUP. The one-way ANOVA test was used
to compare indicated groups with *p<0.05 considered significant for n=3-5. The bars
represent the standard error of the mean.
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