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Abstract

The mainstay of asthma therapy, glucocorticoids (GCs) exert their therapeutic effects through the 

inhibition of inflammatory signaling and induction of eosinophil apoptosis. However, laboratory 

and clinical observations of GC-resistant asthma suggest that GCs' effects on eosinophil viability 

may depend on the state of eosinophil activation. In the present study we demonstrate that 

eosinophils stimulated with IL-5 show impaired prop-aptoptotic response to GCs. We sought to 

determine the contribution of GC-mediated transactivating (TA) and transrepressing (TR) 

pathways in modulation of activated eosinophils' response to GC by comparing their response to 

the selective GC receptor (GR) agonist Compound A (CpdA) devoid of TA activity to that upon 

treatment with Dexamethasone (Dex). IL-5-activated eosinophils showed contrasting responses to 

CpdA and Dex, as IL-5-treated eosinophils showed no increase in apoptosis compared to cells 

treated with Dex alone, while CpdA elicited an apoptotic response regardless of IL-5 stimulation. 

Proteomic analysis revealed that both Nuclear Factor IL-3 (NFIL3) and Map Kinase Phosphatase 

1 (MKP1) were inducible by IL-5 and enhanced by Dex; however, CpdA had no effect on NFIL3 

and MKP1 expression. We found that inhibiting NFIL3 with specific siRNA or by blocking the 

IL-5-inducible Pim-1 kinase abrogated the protective effect of IL-5 on Dex-induced apoptosis, 

indicating crosstalk between IL-5 anti-apoptotic pathways and GR-mediated TA signaling 

occurring via the NFIL3 molecule. Collectively, these results indicate that 1) GCs' TA pathway 

may support eosinophil viability in IL-5-stimulated cells through synergistic upregulation of 

NFIL3; and 2) functional inhibition of IL-5 signaling (anti-Pim1) or the use of selective GR 

agonists that don't upregulate NFIL3 may be effective strategies for the restoring pro-apoptotic 

effect of GCs on IL-5-activated eosinophils.
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Introduction

Synthetic glucocorticoids (GCs) remain a first-line therapy for eosinophilic inflammatory 

disorders such as allergy, asthma, eosinophilic esophagitis and hypereosinophilic syndromes 

(HES) [1-3]. The action of GCs on cells producing eosinophil-active cytokines is considered 

a major mechanism of reduced eosinophilic inflammation in asthma, as decreased 

expression of IL-4 and IL-5 in the bronchial mucosa correlates with lower numbers of 

eosinophils, T cells and tryptase-only positive mast cells in the airways of asthmatic patients 

during GC therapy [3]. Although the direct, pro-apoptotic of GC on eosinophils is also 

appreciated, several lines of evidence suggest that it may depend on their state of activation. 

First, GCs induce eosinophil apoptosis within hours of cell culture in vitro, however, IL-5 at 

concentrations higher than 23000 fM protects cells from GC-induced cell death [4-6]. 

Second, rapid eosinopenic effect of GCs is followed by the full anti -eosinophilic clinical 

response that is delayed for days in patients even with GC-responsive eosinophilic disorders. 

In the bone marrow, GCs have been shown to stimulate IL-5-mediated eosinopoiesis [7], 

further arguing against pro-apoptotic effect of GCs on IL-5-activated eosinophils. Finally, 

recent clinical trials revealed group of severe asthmatics with high levels of IL-5 and 

eosinophilia in spite of high doses of GCs, an observation consistent with resistance of 

eosinophils to apoptosis upon exposure to IL-5 at high concentrations [8-10].

The cellular effects of GCs are mediated via the GC receptor (GR). Upon GC binding, the 

GR translocates to the nucleus, where it regulates gene expression via transactivation (TA) 

and transrepression (TR). TA requires binding of GR homodimers to palindromic 

glucocorticoid-responsive elements (GREs)[11], while TR results from inhibiting 

interactions between GR and other transcription factors, such as NF-κB, AP-1, p53, STATs, 

IRF-3 and CREB [12,1]. The TR interaction does not require GR dimerization. The role of 

TA in mediating anti-inflammatory and proapoptotic signaling has been reported in 

lymphoid cells [13]; however, there is growing evidence that, in parallel with inhibiting 

cytokine production, TA can mediate anti-apoptotic signaling, as has been shown in some 

cancer cells that became resistant to chemotherapy and GC treatment [14]. Since IL-5-

activated eosinophils show an impaired pro-apoptotic response to GC, it is reasonable to ask 

whether IL-5-signaling pathways modulate TA-inducible components of GR pathways.

In the present study we sought to determine the contribution of GR-mediated TA and TR in 

the modulation of eosinophil survival after activation with IL-5. We compared eosinophils' 

response to the nonselective TR/TA GR agonist Dexamethasone (Dex) and the selective GR 

agonist Compound A (CpdA). CpdA exhibits the distinct profile of a dissociating GR ligand, 

preventing GR dimerization and subsequent TA [15]. IL-5-activated eosinophils showed 

contrasting responses to Dex and CpdA, as IL-5-treated eosinophils were protected from 

Dex-induced apoptosis, while CpdA elicited an apoptotic response regardless of IL-5 

stimulation. We found that MAP Kinase Phosphatase 1 (MKP1) and Nuclear Factor 
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Interleukin-3 (NFIL3) were synergistically upregulated by Dex in IL-5-activated 

eosinophils, while inhibiting NFIL3 only abrogated the protective effect of IL-5 on GC-

induced apoptosis. A similar effect was observed upon inhibition of the IL-5-inducible Pim1 

kinase, suggesting crosstalk between IL-5/Pim1 anti-apoptotic pathways and GR-mediated 

TA signaling occurring via the NFIL-3 molecule. Taken together, we show for the first time 

that GR-mediated TA may protect IL-5-activated eosinophils from GC-induced apoptosis 

through synergistic upregulation of NFIL3. This mechanism may explain the steroid- 

resistant phenotypes of eosinophilic disorders characterized with high level of IL-5. This 

effect can be interfered with by inhibition IL-5 signaling (anti-Pim1) or by the use of 

selective GR agonists that don't upregulate NFIL3.

Materials and Methods

Reagents/materials

Recombinant, human IL-5 was purchased from Peprotech (Rocky Hill, NJ). Polyclonal 

antibodies against NFIL-3, Pim1 and MKP1 were from Santa Cruz Biotechnology (Santa 

Cruz, CA), and polyclonal antibodies against GR, pGRS11 were from Abcam (Cambridge, 

MA). Secondary HRP-conjugated anti-rabbit antibody was from Cell Signaling Technology 

(Danvers, MA). NFIL3 and MKP1 siRNA and the appropriately scrambled control and 

transfecting reagent were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). 

Dexamethasone and RU 486 were from Sigma-Aldrich (St. Louis, MO), and Compound A 

was purchased from Enzo Life Sciences (Farmingdale, NY) and dissolved in ethanol. The 

Pim-1 inhibitor AZD1208 was purchased from SelleckChem (Houston, TX). In experiments 

involving Pim inhibitor, all control cells were treated with solutions used for dissolving the 

AZD1208 (DMSO); 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 (27) 

under a research protocol approved by the IRB at the University of Texas Medical Branch 

(IRB#04-371). Eosinophils were obtained by sedimentation in 4-6% dextran for 50 min at 

room temperature (RT), followed by centrifugation in a Ficoll-Hypaque gradient as 

described previously [16]. After centrifugation at 500 × g, the upper layers of plasma and 

mononuclear cells were removed and saved for further analysis. Erythrocytes were 

eliminated by hypotonic lysis, and eosinophils then negatively selected using anti-CD16 

immunomagnetic beads to remove neutrophils using the MACS system 9 (Miltenyi Biotec, 

Sunnyvale, CA). The final eosinophil purity was assessed by microscopic examination using 

a Wright-stained cytospin preparation. The purity of eosinophil preparations was ≥ 98%.

Human eosinophil cell culture

Although most experiments relating to eosinophil viability were performed on freshly 

isolated cells in the presence of 10% FBS, in experiments involving inhibition of NFIL3 or 

MKP1 with siRNA, eosinophils were cultured for the first 8 h in the absence FBS (40). 

Briefly, eosinophils were suspended in RPMI 1640 medium (GIBCO BRL, Life 
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Technologies, Grand Island, NY) supplemented with 10% FBS (High Clone Laboratories, 

Inc., Logan, UT), 100 U/ml penicillin G, 100 μg/ml streptomycin, and 0.25 μg/ml 

amphotericin B (GIBCO BRL/Life Technologies, Grand Island, NY). Cells were cultured at 

a density of 1 × 106/ml in a humidified atmosphere containing 95% air and 5% CO2. The 

cultures were maintained in 12-well sterile, flat-bottom plates (Costar Corp., Cambridge, 

MA).

Western blot analysis

For protein identification after 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-HCl, 150 mM NaCl, 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 4× 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 the 

enhanced-chemiluminescence assay (Millipore) per the manufacturer's protocol.

MKP1 and NFIL3 siRNA transfection

Freshly isolated eosinophils were resuspended (106/ml) in antibiotic-free siRNA 

Transfection Medium (sc-36868, Santa Cruz, CA). One ml aliquots of eosinophils in 

transfection medium were added to each well of a 12-well culture plate. An aliquot of 3.6 μl 

of MKP1 siRNA (sc-35937) or 4.4 μl of NFIL3 siRNA (sc-37821) was added to 40 μl of 

siRNA Transfection Medium (sc-36868, Santa Cruz, C) and kept at RT for 5 min. In a 

separate tube, 2.4 μl of siRNA Transfection Reagent (sc-29528) was mixed with 40 μl of 

siRNA Transfection Medium and kept at RT for 5 min. Subsequently, the contents from 

both tubes were mixed and incubated at RT for 20 min to form an siRNA-siRNA 

Transfection Reagent Complex. After 20 min of incubation 0.32 ml of siRNA Transfection 

Medium was added to each tube containing the siRNA-siRNA Transfection Reagent. Cells 

were subsequently resuspended in 0.4 ml of resulting siRNA/siRNA Transfection reagent 

mixture and incubated for 8 h at 37°C (in the absence of FBS). After incubation, cells were 

resuspended in 1 ml of RPMI 1640 containing 10% of FBS and incubated for additional 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 does not 

cause degradation of any known cellular mRNA.

Eosinophil viability

An Annexin VPE Apoptosis Detection kit (BD Biosciences) was used to quantitatively 

determine eosinophils undergoing apoptosisby virtue of their ability to bind annexin V and 

exclude 7-aminoactinomycin(7-AAD). This assay detected viable cells (Annexin V 

negative/7-AAD negative) undergoing early apoptosis (Annexin V positive/7-AAD 

negative), and dead cells (Annexin V positive/7-AAD positive). Eosinophils (2 × 105) were 

stained with annexin A and 7-ADD per 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.
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Data analysis for eosinophil viability

The results of eosinophil viability measurements are expressed as means ± SD. To 

determine significant differences between the two groups, a two-tailed Student's t test was 

performed using a Sigma-Plot software program (SPSS); p< 0.05 was considered significant.

Results

Modulation of eosinophil survival by Dexamethasone (Dex)

When quiescent eosinophils isolated from peripheral blood are cultured in the absence of 

any modulators of apoptosis, approximately half exhibit morphological features of apoptosis 

after 36-40 h, depending on donor status and the assays used [17]. We used Annexin V/7-

ADD flow cytometry analysis as our major assay due to its high sensitivity and similar 

performance across different stimuli; however, all experiments were controlled with 

secondary assessments of cell viability, including morphological examination or staining 

with Calcein AM (R&D Systems, Minneapolis, MN). Flow cytometric analysis of quiescent 

eosinophils isolated from non-allergic donors cultured in vitro showed a spontaneous 

decrease in the number of viable (Annexin V- and 7AAD-negative) cells from 91% at 4 h to 

68% at 16 h and 45% at 24 h. Exposure of freshly isolated eosinophils to Dex at a 

concentration of 1 μM induced a significant decrease in cell viability, as the Annexin V/

7ADD-negative cell percentages declined to 81% and 42% at 4 and 16 h of in vitro culture, 

and decreased to 21% and 18% 2 and 3 days later (Fig. 1A, B). This effect was dose-

dependent, as eosinophil apoptosis occurred more slowly when Dex was used at 0.1 and 

0.01 μM (data not shown). Similar to previous reports, the GR antagonist RU486 at 1 μM 

blocked the increase in eosinophil apoptosis when added before Dex, indicating that Dex-

induced apoptosis was mediated by GR (Fig. 1A). Upon testing eosinophil viability in the 

presence of IL-5 we found a significant inhibition of cell apoptosis compared to treatment of 

quiescent cells with Dex alone as the percentage of Annexin V/7ADD-positive cells did not 

exceed 10% after the first 24 h of IL-5 stimulation at concentrations 0.01, 0.1 and 1 ng/ml 

(data not shown). Since the percentage of viable, non-apoptotic eosinophils at 24 h was still 

above 90% at all used concentrations of IL-5, to assess Dex's effect we tested cell viability 

after 48 and 72 hours. At a concentration of 0.1 ng/ml IL-5completely inhibited Dex-

induced cells death, as there was no significant difference in the number of viable cells 

between stimulation with Dex/IL-5 and IL-5 alone on day 1 and 3. Surprisingly, the 

percentage of Annexin/7ADD-negative eosinophils upon IL-5/Dex stimulation was 

consistently 4-6% higher than the viability of cells stimulated with IL-5 alone for 48 h, 

reaching statistical significance (Figure 1B). This anti-apoptotic effect was more pronounced 

at higher concentrations of Dex (0.1 μM > 0.01 μM), suggesting a Dex-mediated effect (not 

shown); however, at longer incubation times the difference between IL-5/Dex- and IL-5-

stimulated cells was not statistically significant. This effect was reproducible using other cell 

viability assays, including the Calcein AM cell viability assay (not shown). On the other 

hand, IL-5 at low concentrations (≤ 0.01 ng/ml) had less protective effect from Dex-induced 

apoptosis, showing a significant decrease in cell viability compared to cells stimulated with 

IL-5 alone (Figure 1B). However, cells exposed to low concentrations of IL-5 and treated 

with Dex exhibited higher viability than eosinophils exposed to Dex alone. The observed 

delay in cell apoptosis observed after 48 h of stimulation with IL-5 and Dex diminished 
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upon pretreatment with RU486, suggesting the involvement of GR signaling pathways in the 

inhibition of eosinophil apoptosis (Fig. 1C). We also investigated whether the order and time 

of Dex addition to IL-5 stimulation affects eosinophil viability (Figure 1D). We found that 

eosinophils pretreated with Dex up to 1 h before stimulation with IL-5 or stimulated 

simultaneously with Dex and IL-5 showed delayed apoptosis vs. cells cultured with IL-5 

alone; however, addition of Dex 3 hours before IL-5 stimulation initiated pro-apoptotic 

signals that were not fully recoverable by IL-5. Taken together, our findings indicate the 

crosstalk between IL-5-inducible and GR-inducible pathways resulting in diminished pro-

apoptotic response to Dex in IL-5 activated eosinophils.

Modulation of eosinophil survival by Compound A

To investigate the involvement of transactivating GR activity in the propagation of GR-

mediated cell apoptosis, we exposed eosinophils to the selective GR agonist Compound A 

(CpdA). CpdA was highly effective at inducing rapid apoptosis in quiescent eosinophils, 

matching the kinetics of eosinophil apoptosis observed when Dex was used at lower 

concentrations (Fig 2A). Although more than 70% of eosinophils stained positive for both 

Annexin V and 7AAD at 24 h of culture, the high percentage (>35%) of Annexin V detected 

4 h after addition of CpdA suggested apoptosis as a major mechanism of CpdA -induced cell 

death. Concurrent treatment with RU486 blocked apoptosis induced by CpdA, indicating a 

GR-dependent mechanism. Since these cells were not stimulated with any proinflammatory 

or activating cytokines, our results indicated that CpdA prompts apoptotic pathways 

independently of blocking cytokine-induced anti-apoptotic cascades.

Importantly, CpdA exerted different effects on IL-5-stimulated eosinophils than Dex, as 

CpdA effectively induced apoptosis in eosinophils cultured for 4, 16 and 24 h (Figure 2B). 

The GR antagonist RU486 blocked CpdA's proapoptotic effect on IL-5-activated cells (not 

shown). Thus, we found for the first time that 1) the selective GR agonist CpdA induces 

apoptosis in eosinophils, and 2) that IL-5-induced activation does not interfere with this 

process.

MKP-1 and NFIL3 Expression in Activated Eosinophils

Map Kinase Phosphatase 1 (MKP-1) is upregulated and activated in cytokine-induced 

granulocytes and in GC-treated cells, and was proposed as one of the major mediators of the 

anti-inflammatory actions of GCs [18]. Nuclear Factor IL-3 (NFIL3), also known as the 

basic leucine zipper transcription factor E4BP4, is expressed at low levels in natural killer 

(NK) cells, B cells, T cells, dendritic cells (DCs) and macrophages, and is upregulated by 

several cytokines such as IL-3, IL-4, IL-10 and hormones including GCs [19,20]. We tested 

the expression of MKP-1 and NFIL3 in IL-5-stimulated eosinophils by Western blotting and 

found low basic expression of both proteins in quiescent eosinophils. MKP1 and NFIL3 

levels increased within 1 h of IL-5 stimulation and reached a steady-state level within 6 h. 

However, the expected upregulation of MKP1 in eosinophils treated with Dex alone was not 

detected within the first 6 h of incubation, while interpretation of MKP1 expression at the 16 

and 24 h time points was affected by the occurrence of apoptosis and protein degradation 

(Figure. 3A). MKP1 and NFIL3 were clearly upregulated by Dex in IL-5-stimulated 

eosinophils compared to cells exposed only to IL-5 (Figure 3A, B), suggesting an additive 
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effect of Dex and IL-5 stimulation on MKP1 and NFIL3 expression. CpdA failed to produce 

a further increase of NFIL3 and MKP1 in IL-5-stimulated cells as assessed after 6 and 24 h 

of stimulation, suggesting that GR TA was required for the upregulation of these molecules 

by Dex. We also tested the effects of Dex and CpdA on phosphorylation of GR on Ser 211, 

as this phosphorylation is critical for GR TA and for MKP1 induction by GC (Fig 3B). We 

found that Dex upregulated the phosphorylation of GR on Ser 211; however, neither CpdA 

nor IL-5 had an effect on GR phosphorylation.

Role of MKP1 and NFIL3 in IL-5-induced inhibition of apoptosis

The inducible nature of MKP1 and NFIL3 expression allowed us to use siRNA to prevent 

upregulation of these molecules after concurrent stimulation with IL-5 and Dex. Treatment 

of eosinophils with small interfering RNA against MKP1 or NFIL3 blocked upregulation of 

MKP1 and NFIL3 proteins, respectively indicating efficient silencing of targeted RNA 

(Figure 4). Inhibition of MKP1 had no significant effect on expression of GR and did not 

affect the abundance of F-actin indicating specificity of siRNA-mediated post-

transcriptional gene silencing. Similarly, inhibition of NFIL3 did not lead to downregulation 

of the β chain of IL-5 receptor and did not have significant effect on F-actin expression. We 

found that the absence of MKP1 had a modest effect on eosinophil viability upon 

stimulation with GC and IL-5, and did not decrease the viability of cells stimulated with 

IL-5 alone (Figure 5). Although not significant, a slight prolongation of eosinophil survival 

was observed in IL-5-stimulated cells with inhibited MKP1, suggesting increased MAP 

kinase signaling unopposed by MAP kinase phosphatase. Taken together, these observations 

indicate that GR-mediated transcriptional activation of MKP1 does occur in IL-5-stimulated 

cells; however, its inhibition has no significant effect on eosinophil viability.

On the other hand, inhibition of NFIL3 expression by siRNA had a much stronger effect on 

eosinophils' response to GC and IL-5 stimulation. In IL-5-stimulated cells, inhibition of 

NFIL3 decreased the prolongation of survival compared to cells with intact NFIL-3, 

although the percentage of viable cells was still significantly higher than in quiescent cells. 

Importantly, Dex was highly effective in inducing apoptosis in IL-5-activated cells with 

inhibited NFIL3, with apoptosis rates comparable to that of quiescent cells exposed to Dex.

NFIL3 upregulation by eosinophils is Pim1-dependent

Pim-1 is a constitutively active serine/threonine kinase inducibly expressed in IL-5-

stimulated eosinophils [21,22]. It is involved in an anti-apoptotic action of IL-5, and is 

associated with phosphorylation of Jak2 kinase and increased levels of the anti-apoptotic 

molecule Mcl-1 [21]. Since NFIL3 has been reported to be regulated in a Jak/STAT-

dependent manner, we tested whether inhibition of Pim-1 affects s the expression of NFIL-3 

in eosinophils. We used a novel pan-Pim kinase inhibitor AZD1208 that has shown efficacy 

in models of acute myeloid leukemia [23]. The compound has been shown to preferentially 

inhibit Pim-1 over Pim-2 and Pim-3 at concentrations lower than 1 nM. At 1 nM, AZD1208 

had no effect on the viability of quiescent eosinophils, but it completely blocked the 

prolongation of eosinophil survival when IL-5 was present (Figure 6B). Further, the addition 

of IL-5 and Dex to AZD1208-pretreated eosinophils increased cell apoptosis to rates 

comparable to that observed in quiescent cells treated with GCs. Consistent with previous 
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reports, AZD1208 did not affect the induction of Pim-1 expression, (Figure 6A). 

Importantly, eosinophils with inhibited activity of Pim-1 kinase failed to upregulate the 

expression of NFIL3, in both IL-5-activated and IL-5/Dex-treated cells. Taken together, our 

results indicate a requirement for activated Pim-1 kinase in upregulation of NFIL3 by IL-5 

and Dex.

Discussion

GCs are highly effective in inducing apoptosis in quiescent eosinophils; however, the 

apoptosis of eosinophils is delayed upon IL-5 stimulation at low concentrations, and 

completely abrogated or reversed in cells exposed to high levels of IL-5. In this paper we 

present evidence that NFIL3 protects eosinophils from apoptosis and GCs are able to 

enhance the expression of NFIL-3 via a GR-dependent trans-activation pathway. 

Importantly, the latter ability is only realized in activated eosinophils in the context of 

concomitant signaling from proinflammatory cytokines in a Pim-1-dependent manner. Thus 

we identified a possible molecular basis for the resistance of activated eosinophils to steroid-

induced apoptosis.

Inhibition of signaling pathways prolonging eosinophil survival have been considered to be 

a one of the major mechanisms underlying the anti-inflammatory and anti-eosinophilic 

action of GC therapy in disorders characterized by eosinophilic inflammation, such as 

asthma [24]. Our in vitro findings showing that GCs' apoptosis-inducing effect is limited to 

quiescent eosinophils suggest a perhaps bigger role of inhibition of IL-5 production by other 

cell types than direct pro-apoptotic action as a major therapeutic mechanism of anti-

eosinophilic therapy with GCs. Similar observations of resistance of activated eosinophil to 

GC-induced apoptosis were reported previously, although no mechanism for such an effect 

was investigated. An early report by Wallen et al showed that GC inhibited IL-5-induced 

eosinophil survival in a dose-dependent manner; however, this effect required at least 48 h 

of GC exposure, and was observed only in eosinophils exposed to IL-5 at concentrations 

below 23000 fM (∼1 ng/ml) [6]. The next study from the same group extended these 

observations to 8 different GCs, again confirming their suppressive effects on the 

prolongation of eosinophil survival induced by low concentrations of IL-5; however, the 

pro-apoptotic action of even the most potent GCs could be overcome by IL-5 applied at 100 

pg/ml [5]. The authors concluded that GCs do inhibit IL-5-mediated eosinophil viability, in 

spite the observations that survival rate of IL-5 activated eosinophils exposed GC was 

significantly higher than survival of quiescent cells or cells exposed to GC alone. 

Interestingly, in the same study fluticasone 17-propionate prolonged survival of quiescent 

eosinophils, a phenomenon suggesting anti-apoptotic effects of some GCs. Similar 

observations were reported later by Brode et al showing the potential inhibitory action of 

IL-5 on GC-induced apoptosis occurring in a dose-dependent manner and reaching maximal 

effect at 0.1 ng/ml [4].

Our findings of a delayed apoptosis in the first 48 h of incubation of activated eosinophils 

with Dexamethasone suggest the enhancement of anti-apoptotic signaling by Dex treatment. 

GCs have been shown to enhance certain IL-5-induced eosinophil functions, as GCs can 

increase IL-5-induced eosinopoiesis [7], and IL-5 and Dex have been shown to act 
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synergistically in the upregulation of HLA II [25]. Our results suggest that this synergy may 

depend on the crosstalk between IL-5-induced signaling with the GR-mediated TA pathway. 

Whether the IL-5-dependent action of GCs observed in our study is related to the therapeutic 

effectiveness of GCs in vivo is unknown, but the prospects are intriguing. For example, the 

number of apoptotic eosinophils in the allergic airways is not significantly affected by 

treatment with inhaled GCs, supporting our in vitro observations on resosistance of activated 

eosinophils to GCs-induced apoptosis [26,27]. A number of studies reported elevated 

concentrations of IL-5 in the airways, ranging from 7 pg/ml in the bronchoalveolar lavage 

fluid (BALF) to 70 pg/ml in the sputum after allergen challenge, the concentration range 

producing resistance to GC-induced apoptosis in our study [28-30]. Moreover, IL-5 

concentrations higher than 1000 pg/ml have been measured in the sera and BALF of patients 

with eosinophilic pneumonia and hypereosinophilic syndromes (HES)[31,32]. Accordingly, 

our findings of IL-5-mediated resistance to GC-induced eosinophil apoptosis imply a similar 

mechanism occurring during exposure to high concentrations of IL-5 in HES, as up to 40% 

of HES patients show inadequate response to GC therapy [33]. Interestingly, these patients 

respond favorably to anti-IL-5 therapy and regain responsiveness to GCs [32], another 

analogy to the restoration of GC-inducible apoptosis observed upon inhibition of IL-5 

signaling observed in our study. Along this line, the most efficient clinical response of anti-

IL-5 therapy in asthma to date was observed in a selected group of patients characterized by 

high airway eosinophilia in spite of treatment with high doses of GCs [8,9]. The findings of 

high eosinophilia, high concentrations of IL-5, aggressive yet inadequate GC therapy, and 

the effectiveness of anti-IL5 therapy in these patients are consistent with the in vitro 

conditions tested in the present study.

Here we report for the first time the role of NFIL3 in IL-5 signaling. NFIL3, a basic leucine 

zipper transcription factor, was first identified as a transcriptional activator of the human 

IL-3 promoter, and recently has been shown to prevent apoptosis of IL-3-dependent cells 

during cytokine deprivation [34]. The inducible nature of NFIL-3 expression allowed us to 

use siRNA to prevent its upregulation; this in turn inhibited the prolongation of eosinophil 

survival. These observations were complemented with blockade of Pim-1, which prevented 

upregulation of NFIL3 and inhibited eosinophil survival. Although both Pim-1 and NFIL-3 

are thought to depend on Jak and STAT pathways [35,19], the exact mechanism of how 

Pim-1 regulates NFIL-3 expression is currently not known. Experiments using Pim-1 

inhibitors on cancer cells showed significant decrease in NFIL3 expression and 

phosphorylation of BAD, confirming a functional link between Pim1, NFIL3 and 

antiapoptotic signaling. Another intriguing question is the mechanism leading to increased 

expression of NFIL3 via the TA activity of the GR receptor. Our observations that Pim1 is 

not upregulated by Dex alone, and that a Pim1 inhibitor blocks expression of NFIL-3 

expression in IL-5/Dex- stimulated cells, suggest that 1) Dex alone may not upregulate 

NFIL3, or 2) IL-5 stimulation leads to the expression of additional components necessary 

for GR transactivation to occur. The other rather trivial possibilities include rapid induction 

of apoptotic processes induced by Dex in quiescent eosinophils, preventing timely 

expression of NFIL3. In agreement with this possibility, recently published microarray 

analysis revealed NFIL3 as one of the several GC-regulated genes associated with the 

inhibition of apoptosis in breast epithelial cells [14]. Furthermore, although NFIL3 
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expression was upregulated within 1-2 h of IL-5 stimulation, the possible GR transactivation 

of NFIL3 may rely on a different mechanism. Previous studies showed the dependence of 

NFIL-3 expression on new protein synthesis in IL-3-stimulated cells, however, IL-4 and 

IL-10 induced NFIL3 in the protein synthesis-independent mechanism [36,34,20], 

supporting the possibility of late, Pim-1-independent transactivation of NFIL3 by Dex.

The observed pro-apoptotic effect of the dissociated GR agonist and delayed apoptosis in 

response to Dex suggests that the products of GR trans-activated genes protect cells from 

GC-induced apoptosis. GCs has been shown to activate inhibitors of apoptosis such as the 

MKP1 (resulting in AP1 inhibition) and the pro-survival serum and GC-inducible protein 

kinase 1 (SGK1) [37,38]. Signaling from the IL-5 receptor is propagated via a Stat1 and 

Stat5 mechanism [39,22], and in CD34+ cells a direct GR modulation of STAT5 was 

suggested to play a role in Dex-induced inhibition of apoptosis [7]. In this regard, GR was 

shown to act as a co-activator of STAT5 and enhance STAT5-dependent, transcription 

suggesting possible synergy between GR and STAT in propagating anti-apoptotic signaling 

[40]. However, since the latter mechanism occurred in a GRE- and thus TA-independent 

manner, the possible role of GR and STAT5 in enhancement of NFIL3 remains to be 

investigated.

As a novel piece of information on GR signaling in eosinophils, we found that a non-

dimerizing GR agonist with limited TA and preserved TR GR action induced apoptosis in 

quiescent cells. These results are in contrast to a previous report on T lymphocytes showing 

that GC-induced apoptosis requires GR TA and is dependent on phosphorylation of GR on 

S211 [41,13]. How CpdA induces apoptosis in quiescent cells in the absence of apparent 

pro-inflammatory signals targeted by TR is currently unknown, however, we can't rule out a 

mechanism of GR-induced apoptosis other than TR and TA occurring through a non-

genomic mechanism. In this regard, early activation of JNK kinases and mitochondrial 

dysfunction occurring during early, Dex-induced apoptosis of eosinophils has been reported 

[42]; whether the same processes occur upon CpdA treatment remains to be investigated. It 

was also reported that the aziridine metabolites of CpdA could induce apoptosis of various 

cell types, including lymphocytes ex vivo, even in the absence of functional GR [43]. Our 

experiments with the GR antagonist RU486 addressed and excluded this possibility, 

showing that CpdA induced eosinophil apoptosis in a GR-dependent manner. The molecular 

target of the TR action of CpdA in IL-5-stimulated eosinophils is currently unknown. 

Although CpdA has been shown to downregulate AP1, c-fos, and NF-κB signaling in cells 

stimulated with TH1 and Th17 cytokines [44,45,12,46], only one recent study showed an 

inhibitory effect on IL-4-mediated STAT-6 nuclear translocation and binding [47]. Our 

experiments showed no effect of CpdA on IL-5-induced upregulation of Pim1; however, it 

did inhibit NFIL-3 upregulation in IL-5-stimulated cells, though Dex did not. Thus it is 

conceivable that signaling molecules repressed by GR are downstream of the Pim-1 kinase.

Although the goal of our use of CpdA was purely mechanistic, to dissociate signaling, the 

significant implication of our study is that GR-transactivated signals contributing to an IL-5-

induced inhibition of apoptosis may ultimately play a role in the resistance to steroid therapy 

observed in eosinophilic disorders. The goal for the development of selective GR agonists 

was to diminish multiple metabolic and atrophogenic side effects and overcome resistance to 
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steroid therapy [48]. Our study presents a possible mechanism of resistance to GC-induced 

apoptosis in activated eosinophils that is driven by Pim-1-induced NFIL-3 and enhanced by 

GR TA. Blocking of Pim-1/NFIL-3 or selective elimination of GR TA restores GR-mediated 

apoptosis in IL-5-activated eosinophils. We hope that defining the molecular mechanisms by 

which GCs regulate NFIL-3 in activated eosinophils will lead to the development of novel 

approaches for the treatment of eosinophilic disorders resistant to steroid therapy.
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Abbreviations used in this paper

AAD aminoactinomycin

AP1 the Activator Protein 1

Bcl2 B-cell lymphoma 2

BclXL B-cell lymphoma-extra large

CpdA Compound A

IL interleukin

HES hypereosinophilic syndromes

Jak Janus tyrosine kinase

JNK c-Jun N-terminal kinases

Mcl-1 myeloid leukemia cell differentiation protein 1

MKP1 MAP kinase phosphatase

NFIL3 Nuclear factor Interleuki-3 regulated

Pim1 Proviral integration site for Moloney murine leukemia virus 1

Stat Signal Transducer and Activator of Transcription
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Figure. 1. 
Effect of Dexamethasone and IL-5 on eosinophil viability in 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. A). Changes in eosinophil viability upon 

incubation with Dex at a concentration of 0.1 μM. * = p<0.05 vs. control B). Effect of IL-5 

at 0.01 ng/ml and 0.1 ng/ml on eosinophil viability upon exposure to Dex at 0.1 μM. IL-5 

was added at the same time as Dex, * = p<0.05 vs. cell stimulated with Dex alone, § = 

p<0.05 vs cells stimulated with IL-5 alone. C). The GR antagonist RU486 (1μM) inhibits the 

effect of Dex (1 μM), * = p<0.05 vs. control, D) The effect of preincubating eosinophils 

with Dex or IL-5 on eosinophil viability. Eosinophils were preincubated with Dex for 3 h or 

1 h before stimulation with IL-5, or Dex was added at the same time or 1 h after IL-5, 

followed by viability assessment at 48 h; * = p<0.05 vs. eosinophils stimulated with IL-5 

alone. The error bars represent the standard deviation of at least 3 independent experiments.
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Figure 2. 
Effect of the selective GR agonist CpdA on the viability of quiescent and IL-5-stimulated 

eosinophils. A) Induction of apoptosis in quiescent eosinophils stimulated with CpdA (1 

μM) and the antagonistic effect of RU486 (1 μM) for 48 h; * p<0.05 vs. control cells. B). 

The concentration-dependent effect of CpdA on viability of eosinophils stimulated with IL-5 

for 48 h. The error bars represent the standard deviation of at least 3 independent 

experiments.
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Figure 3. 
Western blot analysis of MKP1, NFIL3 and GR expression. A), Time-course of MKP1 

expression shows upregulation by IL-5 and synergistic upregulation by the combination of 

IL-5 and Dex. There was no detectable expression of MKP1 in CpdA-treated eosinophils. 

B), Time-course of NFIL3 expression shows upregulation by IL-5 and synergistic 

upregulation by the combination of IL-5 and Dex. Treatment with CpdA did not produce 

upregulation of NFIL3 in either quiescent or activated eosinophils. C) Differential effect of 

Dex and CpdA on phosphorylation of GR on S211. Analysis of the total GR protein level 

showed a similar content of GR stimulated and control eosinophils within the first 6h of 

stimulation, and degradation of GR protein at later times. Blots representative of two 

independent experiments are shown.
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Figure 4. 
SiRNA-mediated inhibition of MKP1 and NFIL3 expression in IL-5-stimulated eosinophils. 

Eosinophils were transfected with siRNA against MKP1 (A), against NFIL3 (B), control 

scrambled RNA (A, B) or no RNA (A, B) for 8 h, followed by stimulation with IL-5 (0.1 

ng/ml) and Dex (1 μM) for an additional 40 h in the presence of 10% FBS. A), Western blot 

of MKP1 showed significant inhibition of MKP1 expression in cells transfected with MKP1 

siRNA and no effect of MKP1 siRNA on expression of GR or F-actin B), Western blot of 

NFIL3 showed inhibition of MKP1 expression in cells transfected with NFIL3 siRNA and 

no downregulation of F-actin or the β chain of IL-5 receptor. Western blots are 

representative of at least 2 independent experiments.
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Figure 5. 
Effect of inhibition of MKP1 and NFIL3 on eosinophil viability in the presence of IL-5 (0.1 

ng/ml) and/or Dex (1 μM) for 40 h. Two controls including eosinophils exposed to 

transfection reagents and transfected with scrambled RNA were used to exclude a potential 

effect of RNA on eosinophil viability. Inhibition of MKP1 had no effect on eosinophil 

viability upon stimulation with IL-5 or Dex, while inhibition of NFIL3 decreased the 

viability of IL-5-stimulated cells and restored the pro-apoptotic effect of Dex. The error bars 

represent the standard deviation of 3 experiments from 2 independent donors.
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Figure 6. 
Effect of the Pim1 inhibitor AZD1208 on the expression of NFIL3 (at 24 h) and viability of 

eosinophils (at 48 h) stimulated with IL-5 and Dex. A) AZD1208 at a concentration specific 

for inhibition of Pim1 activity (1ng/ml) blocked upregulation of NFIL3 by IL-5 and Dex/

IL-5 (24 h) without a significant effect on Pim1 expression. B) Inhibition of Pim1 activity 

by AZD1208 blocked the anti-apoptotic effect of IL-5 and restored the proapoptotic effect of 

Dex on activated eosinophils, * p<0.05 vs. control cells. The error bars represent the 

standard deviation of 4 experiments from 3 independent donors.
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