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Abstract

Purified human eosinophils treated for 18-24 h with IL-3 adopt a unique activated phenotype 

marked by increased reactivity to aggregated immunoglobulin-G (IgG). To characterize this 

phenotype, we quantified protein abundance and phosphorylation by multi-plexed isobaric 

labeling combined with high-resolution mass spectrometry. Purified blood eosinophils of five 

individuals were treated with IL-3 or no cytokine for 20 hours, and comparative data were 

obtained on abundance of 5385 proteins and phosphorylation at 7330 sites. The 1150 proteins that 

were significantly up-regulated (q<0.05, pair-wise t test with Benjamini-Hoachberg correction) by 

IL-3 included the IL3RA and CSF2RB subunits of the IL-3 receptor, the low-affinity receptor for 

IgG (FCGR2B), 96 proteins involved in protein translation, and 55 proteins involved in 

cytoskeleton organization. Among the 703 proteins that decreased were 78 mitochondrial proteins. 

Dynamic regulation of protein phosphorylation was detected at 4218 sites. These included 

multiple serines in CSF2RB; Y694 of STAT5, a key site of activating phosphorylation downstream 

of IL3RA/CSF2RB; and multiple sites in RPS6KA1, RPS6, and EIF4B, which are responsible for 

translational initiation. We conclude that IL-3 up-regulates overall protein synthesis and targets 

specific proteins for up-regulation, including its own receptor.
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Introduction

Eosinophils (EOS) are terminally differentiated cells that mature in the bone marrow, enter 

the blood stream, and arrest and migrate at sites of inflammation guided by chemoattractant 

proteins (1). At the site of the inflammatory response, EOS become activated and release a 

variety of toxic proteins and mediators that damage tissues and direct the immune response 
(2). Tissue EOS are implicated in many diseases including asthma, eosinophilic esophagitis, 

and hyper-eosinophilic syndrome (3). Maturation and activation of the EOS are enhanced by 

cytokines such as IL-5, which is produced by T lymphocytes and innate lymphoid cells in 

response to an allergen, viral infection and IL-1ß (4). IL-5, along with GM-CSF and IL-3, 

belongs to the IL-5-family cytokines that target receptors with a specific α-chain (IL5RA, 

CSF2RA, or IL3RA) and a common ß-chain (CSF2RB) to initiate signaling pathways. Many 

other agonists acting via other receptors and signaling pathways are physiological activators 

of EOS. Knowledge of the consequences of activation by the different agonists as well as the 

responsible signaling pathways is fundamental to therapeutic targeting of EOS (5).

We have demonstrated that among the three IL-5-family cytokines, IL-3 is uniquely effective 

in prolonging intracellular signaling, maintaining a polarized shape, and up-regulation of the 

abundance of FCGR2B and SEMA7A as assessed by immuno-blotting and flow cytometry 
(6–8). IL-3 is relevant in allergy inasmuch as it is released by activated Th-2 lymphocytes, 

mast cells and basophils following IgE cross-linking (9, 10), and elevated in the airways to as 

much as 10 ng/ml after a segmental allergen challenge (11). In addition, IL-3 is elevated in 

serum in poorly controlled asthmatic patients, and airway IL-3-positive cells are increased 

with asthma severity (12, 13). Importantly we found that EOS chronically activated in vitro 
with IL-3 react vigorously to aggregated immunoglobulin-G (IgG) via activated FCGR2 and 

ITGAM/ITGB2 integrin receptor (8).
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To characterize and understand more completely the EOS phenotype induced by IL-3, we 

quantified global changes of proteins and phospho-sites in IL-3-stimulated EOS by two-

dimensional chromatography coupled to high-resolution mass spectrometry (LC/MS-MS)
(14). Previously, we compared protein abundance and phosphorylation in unactivated EOS 

and EOS activated acutely (5 min) with IL-5 (15). Tryptic peptides were generated 

individually from activated or non-activated EOS of five individuals and labeled with 

isobaric labels, mixed together, and analyzed by LC-MS/MS. The relative amounts of a 

given peptide from each of the ten samples was ascertained by comparison of the respective 

reporter ion signals in the MS2 spectrum. Significant changes (p<0.01, two-tailed t-test) 

were found for 220 of 1819 localized phospho-sites (12.1%) when the two experimental 

conditions were compared. As would be expected given the short time of activation, 

differences in protein abundance were much less striking. We used the same approach to 

compare blood EOS incubated for 20 h with IL-3 to control EOS. We identified 5385 

proteins, including 1150 proteins up-regulated by IL-3, and 7330 phosphorylated sites of 

which more than half were altered in IL-3-treated EOS. The results, therefore, reveal 

reshaping of the EOS proteome and a host of phosphorylation events that support and 

sustain activation.

Methods

Cell preparation

The study protocol was approved by the University of Wisconsin-Madison Health Sciences 

Institutional Review Board. Informed written consent was obtained from subjects prior to 

participation. Peripheral blood EOS were obtained from allergic subjects with rhinitis with 

or without mild asthma, and EOS blood counts between 229 and 308 per μl (Supplemental 

Table 1). Subjects with prescriptions for low doses of inhaled corticosteroids did not use 

their corticosteroids the day of the blood draw. Eosinophils were purified by negative 

selection as previously described (8). Briefly, heparinized blood was diluted 1:1 in HBSS and 

was overlaid above Percoll (1.090 g/ml). After centrifugation at 700 × g for 20 min at room 

temperature, the mononuclear cells were removed from the plasma/Percoll interface, and 

erythrocytes were eliminated from the cell pellet by hypotonic lysis. The remaining pellet 

was resuspended in 2% NCS in HBSS. Cells were then incubated with beads coupled to 

anti-CD16, anti-CD3, anti-CD14, and anti-glycophorin-A (Miltenyi, San Diego, CA) and 

processed with an AutoMACS (Miltenyi). EOS preparations with purity > 99% and viability 

~98% were used the same day, ~5 h after the blood draw. EOS, 1 × 107, were cultured at 

37°C in 10 mL in medium (RPMI 1640 plus 10% fetal bovine serum) without cytokine 

(resting) or with IL-3 (4 ng/mL; BD Biosciences, San Jose, CA, USA) for 20 h. At the end 

of the incubations, cells were washed with PBS, snap frozen in cold ethanol, and stored at 

-80°C until all ten samples (five sets of two) had been obtained.

Proteomic workflow—The samples were thawed and suspended in 100 μL of 6 M 

guanidine HCl and boiled for 5 minutes. Methanol was added to 90% final concentration, 

samples were centrifuged at 10,000 × g for 5 min, and the supernatant was discarded. The 

protein pellet was dissolved in 200 μL 8 M urea, 100 mM TRIS pH 8, 10 mM TCEP, and 40 

mM chloroacetamide. Endoproteinase LysC was added to an estimated 50:1 
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(protein:enzyme) ratio, and the digestion was incubated at ambient temperature for 2 hours. 

Samples were diluted to 2 M urea in 100 mM TRIS, and trypsin was added at a 50:1 ratio 

followed by overnight incubation at ambient temperature. Samples were titrated with TFA to 

pH 2, followed by centrifugation, solid phase extraction of the supernatant peptides, and 

drying. Desalted peptides were dissolved in 100 mM TEAB and labeled with one of the ten 

tandem mass tags (10plexTMT10, ThermoFisher). The concentration of labeled peptides in 

each sample was determined, and equal amounts from each sample were combined and 

dried. The combined sample was dissolved in 80% acetonitrile and 6% TFA (IMAC wash 

solution) and enriched for phospho-peptides using Titanium(IV) immobilized metal ion 

affinity chromatography. In brief, the beads were washed twice with IMAC wash solution, 

incubated with the sample on a shaker for 30 min, washed again three times with IMAC 

wash solution, once with 80% acetonitrile, once with 0.5 M glycolic acid/80% acetonitrile, 

and once again with 80% acetonitrile. Phospho-peptides were eluted with 1% ammonium 

hydroxide/50% acetonitrile. Samples depleted of phospho-peptides were saved from the 

unbound portion following the incubation step. Both types of samples were dried and 

fractionated by high pH reversed phase chromatography on an Agilent 1200 HPLC with 

automated fraction collector using mobile phase A: 20 mM ammonium bicarbonate and 

mobile phase B: 80% methanol/20 mM ammonium bicarbonate. Samples were loaded onto a 

4.6 × 150 mm 3.5 μm BEH C18 column and eluted with increasing mobile phase B. For the 

protein and phosphorylation samples, 15 and 10 fractions were collected, respectively.

LC-MS/MS analysis—Each fraction was dissolved in 0.2% formic acid and injected onto 

an in-house fabricated 75-μm capillary column with an embedded emitter packed to 30 cm 

with 1.7 μm BEH C18 particles and eluted using a Thermo Fisher RSLC nano pump and 

autosampler with mobile phase A: 0.2% formic acid and mobile phase B: 70% acetonitrile/

0.2% formic acid. For protein samples, an estimated 1 μg was injected onto the column, for 

phospho-peptide samples 1/3 of total volume was analyzed each injection. Peptides were 

eluted off the column with increasing mobile phase B, followed by washing with 100% B, 

and equilibration of the column at 0% B. Eluted peptides were analyzed with a Thermo 

Orbitrap Fusion Lumos instrument. For these analyses, survey scans and MS/MS scans were 

performed at 60,000 resolving power in the Orbitrap. Peptide precursors selected for MS/MS 

were isolated in the quad with a 1.6-Da isolation window and fragmented in the HCD cell 

with a normalized collision energy of 35 prior to measurement in the Orbitrap. The AGC 

target was set to 200,000, and the maximum injection time was set to 118 ms. Two injection 

replicates were analyzed for each phospho-peptide fraction.

Data analysis—All data processing was performed with the COMPASS software suite. In 

brief, raw files were converted to text files and then searched with OMSSA against a target-

decoy UniProt reference proteome (downloaded March 2017). Theoretical tryptic peptides 

with up to three missed cleavages were searched for with carbamidomethylation of cysteine 

set as a fixed modification and methionine oxidation set as a variable modification. Phospho-

peptide searches included phosphorylation of S and T with neutral loss and phosphorylation 

of Y. The search tolerance was 75 ppm and 0.01 Da for MS1 and MS2 respectively. Search 

results were filtered to 1% FDR at the unique peptide level with a two-dimensional ppm and 

E-value score filtering. All resulting peptides had < 11 ppm mass error. TMT reporter ion 
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intensity measurements were extracted from the raw files for all peptides spectral matches. 

Proteins were grouped according to subsumable protein grouping rules, groups were filtered 

to 1% FDR, and quantified. Phosphorylation sites were localized and quantified using an 

adapted phosphoRS algorithm. Sites with localization probability >75% were considered 

localized in this analysis.

Analysis of proteins—Differentially expressed genes were analyzed using DAVID 

Bioinformatic Resources 6.8(Beta) (National Institute of Allergy and Infectious Diseases 

(NIAID), NIH) (16). Phosphosites that went up by >+0.5 or down by <-0.5 were analyzed by 

MotifX (17, 18) using the default parameters of p<0.000001 and 20 required occurrences. All 

the sites were used as the background.

Results and Discussion

After a 20-hour culture of eosinophils, 5385 proteins were identified by two-dimensional 

liquid chromatography coupled with high-resolution mass spectrometry (Supplemental 

Spreadsheet 1). Intensities of reporter ions in the MS2 spectra originating from peptides 

derived from the proteins were determined for each of the ten samples: resting and IL-3-

activated eosinophils from five donors. Compared to resting EOS (vehicle), IL-3-activated 

EOS significantly (q<0.05) up-regulated 1150 proteins, whereas 703 proteins were 

significantly down-regulated, as displayed by Volcano plot of log2 differences versus 

significance of differences (Figure 1, left). Because equal amounts of peptides from each 

sample are mixed together before analysis, if some proteins increase, others must decrease. 

To assess whether changes in more minor proteins would be biased by large changes in 

major proteins, we analyzed IL-3-induced changes in the 15 most abundant proteins that 

accounted for 25% of the molar mass of proteins in a prior intensity-based absolute 

quantitation (IBAQ) study of the EOS proteome (15), as shown in Table 1. Two of the four 

histones, which are considered a “proteomic ruler” because cellular histone content is 

proportional to DNA content (19), were increased modestly but significantly in IL-3-treated 

EOS. Two actin remodeling proteins and two cytoplasmic proteins also were increased 

modestly but significantly compared to control. The four major granule proteins were 

slightly decreased, but the changes did not reach significance. The 15 proteins in the IL-3 

treated sample, normalized for abundance, were 104% of control samples.

Regulated proteins were analyzed using DAVID Bioinformatic Resources 6.8 (DAVID). Of 

the 1150 and 703 up- and down-regulated proteins, 1097 and 650 proteins, respectively, 

were recognized and included in DAVID analyses. DAVID cluster analysis indicates that the 

proteins up-regulated by IL-3 are implicated in protein translation, cytoskeleton regulation 

and composition, vesicle transport, intracellular signaling, and leukocyte functions (adhesion 

and migration) (Table 2). Both up- and down-regulated proteins are highly associated with 

nucleotide binding activity and cell death as well (Tables 2 and 3). The list of the 96 up-

regulated proteins associated with protein translation (Supplemental Table 2) includes many 

initiation and elongation factors of the protein translational machinery, and components of 

large and small subunits of the ribosome (Figure 1, right). Fifty-five up-regulated proteins 

are related to cytoskeleton organization, in large part proteins involved in actin cytoskeleton 

organization (Table 2 and Supplemental Table 3). Of the proteins down-regulated by IL-3, 
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78 are connected to the mitochondrion (Table 3 and Figure 1, right), particularly the 

mitochondrial membrane respiratory chain NADH dehydrogenase (ubiquinone; Complex I) 

(Supplemental Table 4). The change in mitochondrial proteins is intriguing given 

publications describing catapulted release of mitochondrial DNA from activated EOS (20, 21). 

In those studies, the discharge of mitochondrial DNA was followed by the release of reactive 

oxygen species (ROS), which was required for vacuolization, loss of membrane integrity, 

and release of granule proteins (21). Based on our prior finding that IL-3 primes EOS for 

release of granule proteins upon exposure to aggregated IgG (8), we speculate that alterations 

in mitochondria may be part of the priming process.

The present studies were motivated by immuno-blotting and qPCR analyses demonstrating 

that SEMA7A and FCGR2B/C are regulated at the translational level in EOS by IL-3, but 

not by the other ß-chain cytokines, IL-5 or GM-CSF (6–8). SEMA7A and two splice variants 

(isoforms 2/5 and 1/3/4) of FCGR2B were among the top 30 proteins up-regulated by IL-3 

as defined by Log2 >0.5 fold increase and q values <0.01 (Figure 1 left and Supplemental 

Spreadsheet 1). Because the peptides, ISALPGYPECR and ISANPTNPDEADK, that define 

the FCGR2B splice variants are not present in FCGR2C, these data resolve the ambiguity in 

previous immuno-blotting studies (8) caused by the inability of the antibody used to 

distinguish between FCGR2B and FCGR2C. However, because the present analysis did not 

detect any peptides unique to FCGR2C, directed reaction-monitored analyses using an 

internal standard would be needed to ascertain if FCGR2C also increases after IL-3 

treatment.

Among the top 30 proteins up-regulated by IL-3, were IL3RA and CSF2RB, the α and 

common ß subunits of the receptor for IL-3 (Supplemental spreadsheet 1 and Figure 1, left). 

In contrast, CSF2RA (GM-CSF receptor α-chain) did not change significantly, and IL5RA 

(IL-5 receptor α-chain) was undetectable. IL-3-enhanced IL3RA is in agreement with the 

previous finding showing that the surface receptor for IL-3 is enhanced on EOS by a 

prolonged (~20 h) activation with the ß-chain cytokines (IL-5, GM-CSF, or IL-3) while the 

amount of surface receptors for IL-5 and GM-CSF are decreased or unchanged, respectively, 

in the same conditions (22, 23). The enhanced amount of both IL3RA and CSF2RB explains 

the unique ability for IL-3 compared to IL-5 and GM-CSF to sustain intracellular signaling 

in EOS (7, 24).

High among the other 26 most up-regulated proteins (Figure 1 left and Supplemental 

Spreadsheet 1) was the well-known leukocyte activation marker, CD69 (25). Of the other 25, 

only five have been previously studied in EOS. CD44 and ICAM1 are proteins involved in 

EOS cell-cell/matrix interaction, migration, and activation (26–28). IL1RAP is co-receptor 

with IL1R1 for IL1 and with IL1RL1 for IL-33 signaling. The receptor for IL-33, IL1RL1/

IL1RAP is expressed on mature blood and airway EOS, and EOS progenitors (29–31). IL-33 

activates EOS to release cytokines such as GM-CSF, which increases their survival in an 

autocrine manner (32, 33). IL-33 also potently triggers EOS degranulation and superoxide 

anion production (29) and up-regulates the membrane proteins CCR3 and CD69 and the 

adhesion molecule ITGB2 (reviewed in (34)). LMNA codes for lamin A and C, which play 

an important role in chromatin organization and nuclear membrane dynamics. In EOS, lamin 

A/C fragmentation occurs following NO-induced apoptosis in a caspase 6-dependent manner 
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(35). Finally, increases in numbered HLA-Ds were found. HLA-Ds are class II molecules 

that play a central role in the immune system by presenting peptides derived from 

extracellular proteins. Class II molecules are expressed on antigen presenting cells (B-

lymphocytes, dendritic cells, and macrophages) and are increased in vivo on airway EOS (36) 

and in vitro on EOS by the ß-chain cytokines (37, 38). Tissue EOS in eosinophilic esophagitis 

also display increased HLA-DR expression (39) and have the potential to act as an antigen-

presenting cell (reviewed in (40)).

The other top proteins up-regulated by IL-3, although unstudied in EOS, have recognized 

cellular functions related to cytoskeleton organization, vesicle and protein transport, cell 

adhesion, and cell trafficking (CCPG1, DSC2, JAML, PRNP, SEMA4A, TAX1BP1, and 

TMF1) (41–46). Some of these proteins also possess pro-survival/anti-apoptotic features 

(CFLAR, PRNP, RARA, and TAX1BP1) (47–49) while others are involved in gene 

transcription (DDX5 and NFE2) (50, 51). P2RY14 (Supplemental Spreadsheet 1), a purinergic 

receptor for UDP-glucose and other UDP-sugars is an asthma risk gene (52). Finally, 

CDC123 (Supplemental Spreadsheet 1) is critical for the eukaryotic translation initiation 

factor 2 (eIF2) activity, which is required for the onset of protein synthesis (53). Conversely, 

EEF2K, a kinase inhibitor of protein translation elongation (54) was one of the top 30 

proteins down-regulated by IL-3 (Supplemental Spreadsheet 1).

Importantly, along with EEF2K, IL-3 reduced levels of PAIP2 and PDCP4, two inhibitors of 

the cap-dependent protein translation initiation, blocking the interaction of PABP with the 

poly(A) RNA tail and the helicase activity of the EIF4 complex, respectively (55–57). 

Additionally, in agreement with a previous study (58), Supplemental Spreadsheet 1 shows 

that IL-3 significantly reduces the amount of CDKN1B, cyclin-dependent kinase inhibitor. 

Interestingly, and relevant to the effect of IL-3 on mitochondrial function discussed above, 

the mitochondrial dehydrogenase DHTKD1 was strongly decreased by IL-3. Although 

DHTKD1 function has not been studied in EOS, its suppression may lead to impaired 

mitochondrial biogenesis and increased production of ROS (59). Finally, histone deacetylase 

1 (HDAC1), which is produced by EOS (15), is targeted by both TSC22D3 (aka GILZ) and 

DDX5. While TSC22D3 and DDX5 were, respectively, highly down- and up-regulated by 

IL-3 (Supplemental Spreadsheet 1), both can repress transcription via HDAC1 (60, 61).

The phospho-proteomic analysis identified 7330 phosphorylated sites, of which 4217 

(57.5%) were significantly (q<0.05) either hyper- or hypo-phosphorylated by IL-3 activation 

(Figure 2 and Supplemental Spreadsheet 2). Changes of phosphorylation state were 

observed on 1765 different proteins, with separate sites in 485 proteins being both hyper- 

and hypo-phosphorylated. Motif-X (17, 18) identified eight motifs that were hyper-

phosphorylated, and four that were hypo-phosphorylated (by >+0.5 or down by <-0.5 log2) 

(Figure 3). The most enriched hyper-phosphorylated motif above the background of all sites 

was K/R.K...S, which is best known as a site of phosphorylation by AKT (62).

The 1765 proteins hyper- or hypo-phosphorylated (Supplemental spreadsheet 2) were 

analyzed using DAVID. DAVID cluster analysis indicates that the proteins with a change in 

phosphorylation state are highly implicated in intracellular signaling, including as many as 

164 kinases, while 226 proteins were also related to the cytoskeleton, and 58 proteins were 
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involved in actin cytoskeleton organization (not shown). Other significant clusters were part 

of intracellular movement, gene transcription and other types of cellular responses such as 

cell death, adhesion, trafficking and degranulation. Another important group of proteins was 

linked to RNA binding and regulation of protein translation. Signaling pathways implicated 

in the regulation of protein translation were further analyzed (Figure 4), according to several 

review articles (63–65) as well as our recent review article describing the regulation of protein 

translation in EOS (54). Figure 4 shows up-regulation and hyper-phosphorylation of proteins 

that are well known to enhance mRNA translatability and protein translation. Notably, a 

major inhibitor of protein elongation, EEF2K was down-regulated and hypo-phosphorylated 

by IL-3. Moreover, our data show that EEF2K activity may be inhibited by numerous 

upstream kinases, including the RPS6 kinases and the MAP kinases in IL-3-activated EOS 

(Figure 4), thus leading to enhanced protein production.

More profound changes in phosphorylation status as defined by q<0.01 and Log2 fold 

change > 0.25, were extracted from the 2099 sites significantly (q<0.05) hyper-

phosphorylated by IL-3 activation. Using these criteria, hyper-phosphorylation was observed 

on 1108 sites and 700 proteins. DAVID cluster analysis indicates that the hyper-

phosphorylated proteins are mostly implicated in intracellular signaling, cytoskeleton 

organization, RNA binding, regulation of protein translation, and intracellular movement 

(Table 4 and Supplemental Tables 5, 6, 7 and 8). The present phospho-proteome confirms 

our previous published study, in which we demonstrated continuous phosphorylation of 

RPS6KA1 (RSK1), RPS6, and EIF4B by a 14 h activation of EOS with IL-3 (7). 

Additionally, we previously found that IL-3-prolonged RPS6KA1 phosphorylation was 

critical for SEMA7A and FCGR2B translation and protein accumulation (7, 8), and as 

described above, SEMA7A and FCGR2B were both highly up-regulated by IL-3.

STAT5A/B phosphorylation on Y694/699 was ranked the second most phosphorylated 

protein by IL-3 (q<0.00001 and fold change Log2 =+2.48; Figure 2 and Supplemental 

Spreadsheet 2). This residue is a substrate for JAKs that bind to ligated IL3RA/CSF2RB 

receptor and tyrosine phosphorylate CSF2RB (66, 67). In our present study, however, no 

phosphorylation of tyrosine in the receptor was found. However, significantly increased 

phosphorylation occurred at S574, S665, and S847 (numbering specific for isoform 2) 

(Figure 2). Interestingly, constitutive phosphorylation of S577 in isoform 1 of CSF2RB 

(corresponding to S582 in isoform 2) has been identified in acute leukemia and is thought to 

contribute to leukemic cell survival (68).

The present study highlights new candidates that may be involved in RPS6 and RPS6KA 

regulation, such as PDPK1, which is a known potential activator of RPS6KA1 (69). Other 

kinases that regulate protein translation are also present in Supplemental Table 5, including 

MKNK1 and MTOR, which increase translation initiation and elongation (Figure 4 and 

reviewed in (54)). It is well known that protein translation is also controlled by RNA binding 

proteins (54). Of interest, among these RNA-binding proteins, YBX1 (YB-1), a regulator of 

mRNA stability in EOS (70), was both hyper-phosphorylated and up-regulated by IL-3 

(Supplemental Tables 7 and 8, and Supplemental Spreadsheets 1 and 2).
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Hypo-phosphorylation by IL-3 as defined by q<0.01 and Log2 fold change >0.25 was 

observed on 732 sites and 483 different proteins. DAVID cluster analysis indicates that the 

hypo-phosphorylated proteins are mostly implicated in DNA/RNA binding, mRNA 

transcription, intracellular signaling, and cytoskeleton organization (Table 5). While not 

present as a functional annotation cluster among the hyper-phosphorylated proteins (Table 

4), one of the most significant clusters among the hypo-phosphorylated proteins is linked to 

mRNA transcription (Table 5). Hypo-phosphorylation of some of these proteins part of 

mRNA transcription (not shown) may lead to increased transcription while others would 

lose their transcriptional activity. Therefore, increased transcription may only target a subset 

of genes. Of interest also is both the hypo-phosphorylation (Supplemental Spreadsheet 2) 

and the down-regulation (Supplemental Spreadsheet 1) of EEF2K (Figure 4), suggesting 

strong enhanced protein translation elongation in IL-3-activated EOS (54). Of note also, 

while 72 kinases were hyper-phosphorylated by IL-3 (Tables 4; p=1.6 ×10−15), only 44 were 

hypo-phosphorylated in this same condition (Tables 5; p=1.8×10−7).

According to our previous (15) and current study, proteomic analyses of EOS demonstrated a 

low level of individual variation with the exception of HLA proteins with coefficients of 

variation >1. Therefore, despite the limited number of EOS donors included in this study, we 

believe our data set to be highly representative of the general allergic population with rhinitis 

with or without mild asthma. We, however, acknowledge that higher number of donors 

would allow testing potential effects of variables such as age, sex, type of diseases, and use 

of medications, as described in Supplemental Table 1. As another limitation, our current 

study did not include combination of other cytokines with IL3 as we have previously shown 

that the combination of TNFα with IL3 led to synergistic increase of activin A and matrix 

metalloproteinase 9 mRNAs and proteins. (71, 72)

Conclusion

These proteome and phospho-proteome analyses indicate that chronic activation of EOS 

with IL-3 leads to widespread changes in protein translation and cytoskeletal organization 

and possible decreases in gene transcription and mitochondrial activity. The results are 

consistent with and greatly extend our recently published description of the IL-3-induced 

phenotype (6–8) of EOS by demonstrating persistent intracellular signaling associated with 

translation of a subset of proteins, including those that support EOS adhesion, spreading, 

degranulation, and cytolysis upon exposure to aggregated IgG. The lengthy list of proteins 

regulated in EOS will allow generation of new hypotheses to understand the biology of this 

inflammatory cell and to target deleterious functions of EOS in human diseases such as 

asthma, eosinophilic esophagitis, and other eosinophilic syndromes. We achieved much 

deeper phospho-site coverage obtained here than previously (15) which we attribute to 

refinement of labeling methodology and use of the latest generation mass spectrometry 

instrumentation. The approach and data provide a point of reference for future proteomic 

and phospho-proteomic investigations of EOS activated with other agonists and in vivo 
populations of EOS in individuals with EOS-associated diseases.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Volcano plots of proteomic changes
Left, all identified proteins. Right, mitochondrial and ribosomal proteins. IL/vehicle: IL-3-

activated versus unactivated EOS. Note that the ranges of horizontal axes are different.
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Figure 2. Volcano plots of phospho-proteomic changes
IL/vehicle: IL-3-activated versus unactivated EOS.
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Figure 3. Phospho-proteome motifs over-represent among phospho-sites that changed 
significantly
The two numbers next to each motif refer to number of times the motif was identified and 

fold increase above background.

Esnault et al. Page 17

J Proteome Res. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Effects of IL-3 on proteins controlling initiation and elongation of protein translation
Changes in protein amount (Supplemental spreadsheet 1) and phosphorylation state 

(Supplemental spreadsheet 2) of initiation factors (EIF), elongation factors (EEF), and 

their upstream regulating kinases are indicated by color. Changed phosphorylation sites at 

serine (S), threonine (T), and tyrosine (Y) of each protein are shown. EIF4B interaction with 

EIF3 (translational initiation) is increased by RPS6KB1- and RPS6KA1/2/3- mediated 

phosphorylation. RPS6KB1 and RPS6KA1/2/3 along with MAPK1 and MTOR increase 

protein elongation by blocking EEF2K activity.
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Table 4

Cluster analysis of the proteins hyper-phosphorylated by IL-3 (q<0.01 and log 2 fold change > 0.25)

DAVID 6.8 Functional Annotating Clustering

Cluster Functional annotation

Signaling

Kinases (72; p=1.6 ×10−15)

Serine/threonine-protein kinase (46, p=1.2 ×10−11)

Regulation of Ras protein signal transduction (25, p=3.9 ×10−4)

MAPKKK cascade (21, p=3.4 ×10−3)

Transmembrane receptor protein tyrosine kinase signaling pathway (21, p=2.2 ×10−2)

Cytoskeleton
Cytoskeleton (96; p=1.3×10−9)

Actin cytoskeleton (29; p=8.9×10−6)

RNA/translation

RNA-binding (41, p=5.1×10−5)

mRNA transport (13, p=9.6×10−5)

Ubiquitin-associated/translation elongation factor EF1B (11, p=1.3×10−4)

Posttranscriptional regulation of gene expression (21, p=1.2×10−2)

Translation regulation (9, p=1.5×10−2)

mTOR signaling pathway (9, p=3.4×10−2)

Golgi apparatus (47, p=2.7×10−2)

Intracellular movement

Vesicle-mediated transport (50, p=3.4×10−5)

Nucleocytoplasmic transport (19, p=3.6×10−3)

Membrane-bounded vesicle (36, p=8.0×10−3)

Other cell responses
Focal adhesion (16, p=6.0×10−5)

Positive regulation of apoptosis (33, p=1.5×10−2)

In parentheses: number of proteins hyper-phosphorylated by IL-3 (q<0.01 and log 2 fold change > 0.25) for each functional annotation; p values 
(Benjamini correction)

Underlined are clusters for which a list of proteins is shown in Supplemental Tables 5, 6, 7 and 8
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Table 5

Cluster analysis of the proteins hypo-phosphorylated by IL-3 (q<0.01 and log 2 fold change <-0.25)

DAVID 6.8 Functional Annotating Clustering

Cluster Functional annotation

DNA/transcription

Chromosome (43, p=1.6×10−11)

Transcription (95, p=1.8×10−7)

DNA binding (114, p=5.2×10−6)

Signaling

GTPase regulator activity (47, p=2.9×10−12)

Kinases (44; p=8.2×10−7)

Serine/threonine-protein kinase (28, p=1.8×10−5)

Regulation of Ras protein signal transduction (19, p=1.6×10−3)

Cytoskeleton

Intracellular non-membrane-bounded organelle (146, p=6.3×10−22)

Cytoskeleton (74; p=1.6×10−8)

Actin binding (28; p=1.2×10−4)

RNA
RNA-binding (n=40, p=7.3×10−3)

RNA processing (n=42, p=1.1×10−5)

Cell response

Response to DNA damage stimulus (33, p=1.5×10−5)

Cellular response to stress (40, p=1.3×10−4)

Establishment and maintenance of cell polarity (9, p=5.7×10−3)

Cell projection (30, p=3.9×10−2)

In parentheses: number of proteins de-phosphorylated by IL-3 (q<0.01 and log 2 fold change > 0.25) for each functional annotation; p values 
(Benjamini correction)
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