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Abstract

Despite major advances in our understanding of TGF-β signaling in multiple cell types, little is 

known about the direct target genes of this pathway in human eosinophils. These cells constitute 

the major inflammatory component present in the sputum and lung of active asthmatics and their 

numbers correlate well with disease severity. During the transition from acute to chronic asthma, 

TGF-β levels rise several fold in the lung which drives fibroblasts to produce extracellular matrix 

(ECM) and participate in airway and parenchymal remodeling. In this report, we use purified 

blood eosinophils from healthy donors and analyze baseline and TGF-β responsive genes by RNA 

Seq, and demonstrate that eosinophils (PBE) express 7,981 protein-coding genes of which 178 

genes are up-regulated and 199 genes are down-regulated by TGF-β. While 18 target genes have 

been previously associated with asthma and eosinophilic disorders, the vast majority have been 

implicated in cell death and survival, differentiation, and cellular function. Ingenuity pathway 

analysis revealed that 126 canonical pathways are activated by TGF-β including iNOS, TREM1, 

p53, IL-8 and IL-10 signaling. As TGF-β is an important cytokine for eosinophil function and 

survival, and pulmonary inflammation and fibrosis, our results represent a significant step toward 

the identification of novel TGF-β responsive genes and provide a potential therapeutic opportunity 

by selectively targeting relevant genes and pathways.
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Introduction

Pro-inflammatory cell infiltration of the bronchial airway, mucosa and wall in response to 

allergen is pathogneumonic of all forms of asthma (1). While all lineages are present, 

eosinophils typically comprise >50% of the airway inflammatory infiltrate despite being a 

minor (1–3%), and rapidly turning over constituent of the circulating white blood cell 

population. Tissue entry is unidirectional with eosinophilic inflammation lasting for weeks 

to months as the cells resist apoptosis through exposure to prosurvival signals induced by 

IL-3, IL-5, GM-CSF and other agonists. While in the lung, eosinophils can present antigen, 

enhance inflammation and fibrosis by the release of cytokines and chemokines, and drive 

airway remodeling by the release of metalloproteinases (MMP) and TGF-β as well as other 

critical functions.

TGF-β is generally considered anti-inflammatory however its levels are increased (2) in the 

bronchoalveolar lavage (BAL) of patients with allergic asthma and correlates well with 

airway and parenchymal remodeling (3). While pulmonary eosinophils release and are 

exposed to TGF-β, it remains unclear what genes are induced by TGF-β nor how they are 

regulated. In fibroblasts, TGF-β modulates the expression of a variety of ECM genes 

including collagens, MMPs, and tissue inhibitors of MMP (TIMP) (4). Most of these genes 

are related to tissue morphology and fibrosis, cancer development, cell growth and 

differentiation, and response to injury. Thus TGF-β responsive ECM genes are major 

contributors to both normal and pathological tissue fibrosis in the lung, liver, kidney as well 

as in cancer. The role of TGF-β in the immune system is broad, and plays fundamental roles 

in the regulation of cytokine gene expression during immune cell development and response 

to microbe infection as well as in many immune disorders (5).

Intracellular pathways mediating TGF-β signaling include Smad2/3, MAPKs, and PI3Ks, all 

of which have been implicated in the profibrotic response of fibroblasts (6). Despite the 

presence of TGF-β receptors (type I and II) and Smad2/3, little is known of the signaling or 

gene expression of eosinophils after exposure to TGF-β. In this study, we conducted RNA 

Seq analysis with control and TGF-β treated eosinophils from peripheral human blood and 

identified several hundred differentially regulated genes. Pathway analysis revealed that 

TGF-β activates ~126 canonical pathways including those implicated in carcinogenesis, 

nitric oxide biology, TREM1, and p53, IL-8, and IL-10 signaling. Since TGF-β is an 

important factor for cell survival, and pulmonary inflammation and fibrosis, our data provide 

new information to understand TGF-β signaling at the molecular level in eosinophils and 

possibly help identify novel targets for therapeutic intervention.
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Methods

Subjects and eosinophil preparation

Peripheral blood was obtained by venipuncture from healthy or mildly atopic donors. 

Eosinophils from the blood were purified as described (7). Only populations >96% 

eosinophils were used for the studies. Eosinophils were cultured at a density of 1×106 

cells/ml in RPMI-1640 medium, 10% FBS and gentamycin (50 mg/ml). All participants 

have a clinical record at the University of Wisconsin Hospital and written informed consent 

was obtained according to an approved protocol of the University of Wisconsin Hospital 

Institutional Review Board. The review board also specifically approved this study before 

initiation. The viability of cells was determined after each cell isolation and cell 

lysates/RNA were generated if the viability was > 96% at day 0 and >80% at day 4 after 

incubation with 200 pM IL-5.

Sample preparation and RNA-Seq

Freshly purified eosinophils (5×106 cells) were cultured in the presence and absence of 

TGF-β (1 ng/ml) for 5 h. Total RNA were isolated using RNAeasy Mini Kit (Qiagen) and 

the amount and purity were determined by NANODROP 2000c Spectrophotometer (Thermo 

Scientific). The quality of extracted total RNA was measured on an Agilent RNA 6000 Nano 

Chip and Agilent 2100 Bioanalyzer (Agilent Technologies). Samples were used for 

sequencing if the RNA Integrity Number (RIN) was > 7.5. One microgram of RNA was 

subjected to polyA-tailed cDNA library construction using TruSeq RNA Sample Preparation 

Kit v2 (Illumina). Sequencing was performed in the Genomics Core at UT-Southwestern 

Medical Center on an Illumina HiSeq™ 2500 (Illumina Inc.) according to the manufacturer’s 

protocol. Mapping reads and algorithm for RPKM (reads per kilobase per million mapped 

reads) were refined with the CLC Bioinformatics Database. The cutoff value for gene 

transcriptional activity was determined based on a 95% confidence interval for all RPKM 

values. RPKM >2.00 was used as the cutoff for positive expression (8).

Pathway Analysis

Lists of differentially expressed genes (DEG) from RNA-Seq analysis were generated using 

a cut-off of >1.5 fold between control and treated cells and used as the input for Ingenuity 

Pathway Analysis (IPA) software (www.ingenuity.com). Canonical pathways that were 

enriched in the DEG datasets were determined. Overrepresented pathways measure the 

likelihood of association between an experimental gene set and molecules in reference gene 

sets for a specific process/pathway. In general, p-values less than 0.05 by right-tailed 

Fisher’s Exact Test indicate a statistically significant, non-random association. Ingenuity 

uses public databases and performs in-house curation to formulate and update signaling 

pathways.

Reverse Transcription and Real-time PCR

After total RNA was reverse-transcribed, PCR was performed with a SYBR PCR master mix 

with the primers shown (Table 1S). An ABI 7500 thermocycler (Applied Biosystems) was 

used for 40 cycles of PCR. ΔCT calculates the differences between target CT values and the 
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normalizer (housekeeping gene) for each sample: ΔCT = CT (target) − CT (normalizer). The 

comparative ΔΔCT calculates the differences between each sample ΔCT value and the 

baseline ΔCT. The comparative expression level (fold changes) was obtained transforming 

the logarithmic values to absolute values using 2−ΔΔCT. All data from untreated control cells 

was normalized to 100%.

Results

Identification and transcriptional profile of TGF-β target genes

In order to identify TGF-β signaling pathways and downstream genes, we performed RNA-

Seq with subsequent pathway analysis. RNA was isolated from freshly purified, untreated 

eosinophils or cells treated with 1 ng/ml TGF-β for 5 h. This time point was chosen to 

minimize eosinophil apoptosis. Cells from 3 donors were subjected to quality control and 

single donor that met all the quality control metrics of donor health, percent cell survival and 

RNA integrity were employed. These included eosinophils with > 80% viability, 72 h after 

200 uM of IL-5 and an RNA Integrity Number (RIN) >7.5 (Figure 1A). PolyA+ mRNA was 

purified from total RNA and used for cDNA library construction. Our sequencing detected 

17,052 protein-coding genes (expression level: 0.001–7135) in untreated eosinophils. Using 

expression levels of > 2 as an arbitrary cutoff (8) for authentic gene expression (signal above 

background), 7,981 genes are expressed (Supplementary Table 2S) in resting eosinophils. 

Among these, 178 genes were increased (1.5 – 6.7 fold) (Figure 1B, Table 1) while 199 

genes decreased (1.5 – 7.6 fold) (Table 2) (Figure 1B-C), indicating ~5% of the expressed 

genes were regulated by TGF-β.

Validation of the RNA-Seq data by qPCR

To validate the DEGs observed, 10 affected genes were randomly picked for qPCR analysis 

using eosinophils from 13 additional donors (see primers in Table 1S). We also included 

canonical TGF-β signaling components TGFBR1, TGFBR2, Smad2, Smad3, • •Smad6 and 

Smad7 in validation panel. The results (Figure 1D, 1E) revealed that the expression profiles 

of all these genes were entirely consistent with the RNA-Seq findings. Smad6 was 

undetectable neither by RNA Seq nor by qPCR. In addition, the expression profiles of entire 

genes by the RNA Seq were strongly correlated with proteomic data from independent 

donors (Shen et al. Manuscript in preparation). Thus, RNA-Seq can be performed with 

eosinophil RNA and the quality and coverage of sequencing yields valid and reproducible 

results.

Classification of the TGF-β target genes based on biological function

We classified the 377 genes (affected by TGF-β) into 33 categories in terms of biological 

and cellular function (Table 3) using IMT software. Despite a substantial overlap, many 

DEGs were unique to specific categories. Somewhat surprisingly for non-dividing, 

terminally differentiated eosinophils, many of the 377 genes have been implicated in cancer, 

cell death and survival, cell-to-cell signaling and interactions, along with the expected genes 

controlling cellular function, movement and maintenance. These data suggest that TGF-β 
may play important roles in the regulation of eosinophil function in tumor immunity, cell 

death, cell-to-cell interaction, and pulmonary migration.
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Eosinophils have significant anti-tumor activity (9) and based on the data above, several 

genes including ADAM19, CD151 and VDAC1 may be involved. The function of these 

genes in asthma and their modulation by TGF-β signaling has not been investigated. 

ADAM19 (adamalysin19), is a cell surface glycoprotein that was up-regulated in the most 

invasive human brain tumors (astrocytoma and glioblastoma) (10) and inflamed and fibrotic 

lung and kidney (11). The membrane associated CD151 (tetraspanin) is frequently 

overexpressed on cancer cells and functionally linked to early steps of tumor growth, 

migration and metastasis although its mechanism of action remains obscure (12). VDAC1, a 

mitochondrial voltage-dependent anion channel is a Bcl-2 dependent pro-apoptotic protein 

(13).

TGF-β antagonizes IL-5 pro-survival signaling by inhibiting Akt phosphorylation, leading to 

calpain cleavage and activation in eosinophils (14). However, neither Akt nor calpain 

expression were affected by TGF-β (Table 1 and 2), underscoring the multiple levels 

(transcriptional and post-translational) through which this cytokine modulates eosinophil 

biology. We found 77 TGF-β target genes are related to cell death and survival (Table 3) and 

include BIRC3, CASP3, FAS, HIPK2, IL5RA, and MYB, all of which were down-regulated 

by TGF-β (Table 2), while the threonine-serine kinase Pim1 was upregulated (Table 1). 

Pim1 is overexpressed in a range of hematologic malignancies and solid tumors (15) and 

regulates apoptosis, metabolism, cell cycle, self-renewal and migration as well as 

lymphocyte responses and hematopoietic lineage development. BIRC3 (cIAP2) inhibits 

apoptosis by binding to TRAF1/2 (16) and blocks the spontaneous formation of the 

ripoptosome, a large multi-protein pro-apoptotic complex. While the effector CASP3 and 

death receptor FAS mediate proapoptotic signaling, IL5RA transduces pro-survival signals 

to eosinophils (17). HIPK2, a serine/threonine kinase, interacts with many transcription 

factors such as p53, CREB1 and PDX1 (18). HIPK2 inhibits cell growth and promotes 

apoptosis through activation of p53/TP53 both at the transcriptional and protein level. The 

proto-oncogene MYB encodes a transcription factor, plays an important role in the control 

of proliferation and differentiation of hematopoietic progenitor cells (19). To date, there are 

no any reported data regarding the role of BIR3, HIPK2 or MYB in eosinophils.

Only a small number of genes (Table 3) were functionally clustered within the cell-to-cell 

signaling and interaction space despite the important role of these functions in allergic 

inflammation. Eosinophils interactions with other cells can be modulated by prostaglandin 

EP4 receptors (endothelial-eosinophils), chymase and prostaglandin (mast cells-

eosinophils), house dust mite (epithelial-eosinophils), phytohemagglutinin/PMA and 

cytokine/chemokines (lymphocytes-eosinophils). In concordance, there have been few 

functional studies to determine if these TGF-β responsive genes have a role in cell-to-cell 

interactions. Based on these data, we conclude that TGF-β does not significantly contribute 

to cell-cell communication in asthma.

Surprisingly, there are many TGF-β target genes (Table 3) categorized to cellular 

development (93 genes), cellular growth and proliferation (62 genes) and cellular function 

and maintenance (94 genes), and include CD69, FAS, and MYB. CD69 is expressed on the 

surface of activated Tregs and eosinophils, induced by TGF-β (Table and elevated on BAL 

eosinophils from patients with asthma or blood eosinophils activated in vitro by IL3, IL5 or 
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GM-CSF (20). Forty-one genes (Table 3) are involved in diseases, development and function 

of the hematologic system. To date, the role of TGF-β in the regulation of hematopoietic cell 

(e.g. eosinophils, red blood cells, and lymphocytes) development and differentiation has 

been largely unknown. However, disruption of the TGF-β pathway has been associated with 

hematopoietic tumors, eosinophilia and abnormal cytokine production (21, 22).

Pathway analysis

In order to identify potential signaling pathways that regulate the TGF-β target genes, we 

employed Ingenuity Pathway Analysis (IPA). We found that TGF-β significantly (p<0.05) 

(Table 3S) activates 124 of the 362 canonical pathways. Representative pathways (top 5) 

include molecular mechanisms of cancer, iNOS, TREM1, p53, and IL-8 signaling. Twenty-

one genes were connected to the molecular mechanisms of cancer (top 1, Table 3S). 

Unexpectedly, canonical TGF-β/Smad signaling (Table 3S), while significant (p=0.0123027) 

was well down the list (rank 68) but included several interacting and regulated transcripts 

(JUN, TGFBR1, SMAD7, MAPK13 and SMAD5). CCR3 receptor-mediated migration 

signaling was ranked similarly (p=0.0446684) despite a similar number of interconnected 

and modulated genes (PIK3R3, GNG2, MAPK13, PRKD3 and LIMK1). These data suggest 

that TGF-β plays a minor role in the regulation of ECM production and cell migration by 

eosinophils. Indeed, there are no supportive data published regarding TGF-β involvement in 

these pathways in eosinophils. Collectively, this analysis provides valuable information 

identifying how the growth factor modulates its target genes through multiple signaling 

cascades.

Figure 2 shows the network of cellular processes potentially influenced by TGF-β. The 

network includes 27 hub genes (green and orange colors) for the major signaling pathways 

identified. Several interacting genes are common among the pathways identified. For 

example, JUN (increased by 2.06 fold by TGF-β) is involved in 63 pathways (out of 126) 

(Table 3S) and NFKB1 (increased by 1.51 fold) in 87 pathways. E2F1 was down-regulated 

(1.72 fold) (Table 2) by TGF-β and seen only in cancer-related pathways (Table 3S). E2F1 

along with JUN plays a critical role in controlling both cell cycle progression and apoptotic 

cell death in response to DNA damage and oncogene activation. These genes could directly 

or indirectly regulate some of downstream TGF-β targets among the 377 genes. Due to 

space limitation, we did not further query the RNA-Seq dataset (containing all TGF-β 
responsive genes) to map the potential downstream transcripts in detail using IPA’s Grow 

Pathway algorithm.

TGF-β target genes associated with asthma and eosinophilic diseases

In order to further explore the significance of the TGF-β target genes in asthma and 

eosinophil-associated disorders, we performed database search (MalaCards and NCBI) for 

the 377 genes. The search yielded 18 asthma-related genes. Important genes include AHR, 

CD69, FAS, and JUN (Table 4). AHR (arylhydrocarbon receptor) plays an important role in 

airway inflammation via its effect on bronchial epithelia and immune cells (23). After 

ligation, the AHR-dioxin complex induces the transcription of detoxification enzymes to 

detoxify dioxin-like compounds into physiologic metabolites and influence immune 

responsiveness and mucosal barrier function of epithelium in the lung. Genetic knock-down 
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of AHR increased the level of TGF-β while TGF-β treatment decreased AHR (2.42 fold, 

Table 2) suggesting AHR may repress TGF-β signaling in early stage asthma, resulting in a 

pro-inflammatory effect. CD69 (increased by TGF-β, Table 1), an early activation marker 

antigen of lymphocytes, eosinophils and neutrophils, is a target gene of TGF-β in monocytes 

(24). TGF-β rapidly upregulated CD69 transcription via TAK1-mediated, p38 MAPK 

activation (25). CD69 expression on eosinophils was also significantly increased in 

asthmatic patients after exposure to allergen (26) whereas knock-down or administration of 

anti-CD69 dramatically increased airway eosinophils recruitment and enhanced Th2/Th17 

response in the BAL (27). Thus, CD69 activation may inhibit the exacerbation of allergic 

asthma by limiting the recruitment of activated immune cells or/and modulating the immune 

cell function in the lung. JUN (increased by TGF-β, Table 1) is an important regulator of 

pro-inflammatory genes, tissue remodeling and apoptosis. Multiple studies (28–30) 

demonstrated that JUN activation is essential for eosinophils and lymphocyte accumulation, 

airway smooth muscle cell proliferation, bronchial hyper-responsiveness and airway 

remodeling following acute or chronic allergen challenge. During airway remodeling JNK1 

played a major role in augmenting the profibrotic effects of TGF-β, which included 

epithelial-to-mesenchymal transition (EMT) of airway epithelial cells (28).

Discussion

Resting and activated eosinophils synthesize and release a variety of (over 30) cytokines, 

growth factors, and chemokines. Eosinophils are the predominant source of TGF-β in the 

airway and bronchial tissues of asthmatics. The cells are concomitantly exposed to many 

chemokines and cytokines in asthmatic lungs which may synergistically increase or suppress 

TGF-β’s effects. Freshly purified blood eosinophils can secrete > 120 pg/ml of TGF-β 
which was increased slightly in the presence of survival cytokines after 24 h culture (31). In 

addition, TGF-β can overcome IL-5 signaling and induces eosinophils apoptosis after 3 days 

of in vitro culture (14). These, and other observations demonstrated (14, 32) that eosinophils 

possess an intact TGF-β/Smad signaling apparatus, however, the functionality of the system 

and the affected target genes are largely unknown. Therefore, we performed RNA-Seq with 

purified blood eosinophils to identify direct TGF-β target genes and characterize their 

potential relevance to asthma pathology.

Previously, using an oligonucleotide-based microarray on the total RNA from resting and 

IL-5/GM-CSF-treated eosinophils (33), we detected ~3,000 transcripts in resting cells of 

which 264 (~9%) were altered by prosurvival cytokines. RNA-Seq technology identified 

~17,000 poly A-tailed transcripts from resting cells and the differential expression of 377 

(~2%) genes between control and TGF-β treated eosinophils. Our data demonstrate the 

feasibility and sensitivity of this approach for eosinophils. RNA-Seq also offers the potential 

for precise demarcation of intron-exon boundaries, 5′/3′-UTR regions, splice variants, 

single nucleotide polymorphisms (SNPs), and potentially, new transcripts with low copy 

number. In this study, we harvested cells at 5 h (34) to identify primarily intermediate and 

late response transcripts. The cutoff for differential expression was set at 1.5 fold because 

many TGF-β targets, particularly ECM genes, are only moderately induced (~3 fold). qPCR 

validation of 16 selected transcripts covering a wide range of expression showed good 
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agreement with sequence data. Overall, RNA-Seq produced a comprehensive list of total and 

differential eosinophil gene expression responsive to TGF-β.

Analysis of DEG profiles (Table 1 and Table 2) showed a similar numbers of transcripts 

were increased (178 genes) or decreased (199 genes) by TGF-β treatment compared to 

control. Cluster analysis further identified that most of the genes are implicated in cellular 

function and maintenance (94 genes), cellular development (93 gene), cell death and survival 

(77 genes), cellular growth and proliferation (62 genes), hematological disease/system 

development (41 genes), and tissue development (35 genes) although similar gene sets were 

overrepresented between some clusters. Moreover, pathway analysis showed that TGF-β 
activates various canonical signaling which culminated in 124 major pathways such as those 

involved in molecular mechanisms of cancer, iNOS signaling, TREM1 signaling, p53 

signaling and IL-8 signaling, providing greater biological insights in unraveling the potential 

molecular mechanisms exerted by TGF-β effects. While the network of the pathways 

reported here is contextualized to TGF-β exposure, it could form the basis for further 

hypothesis testing of other TGF-β family members for similar transcriptional changes, 

signaling pathways and activation of kinases within the cells.

The sensitivity of cDNA microarray has often yielded conflicting results. For example, in 

human keratinocytes and mouse breast cells (35, 36), TGF-β modulated genes 

predominantly involved in EMT, whereas in fibroblasts and A549 cancer cells TGF-β 
dramatically induced genes (up to 265 ECM genes) responsible for tissue fibrosis (34, 37, 

38). Using RNA-Seq we found that the pattern of cancer-related gene alterations are similar 

to the TGF-β target genes reported in some cancer models (39–42). The representative genes 

include ADAM19, DNMT1, GALC, ITGA5, LRIG1, NOV, PHB, PIK3R3, and THBS1. 

Moreover, a subset of cell survival and death-related genes (CASP3, FAS, BIR3, HIPK2, 

IL5RA, and MYB) found in our study were also described in neurons, dendritic cells, 

epithelial cells, and smooth muscle treated with TGF-β (43–45). Among the canonical TGF-

β signaling components, only TGFBR1 (Table 2) and inhibitory Smad7 (Table 1) were 

downregulated and upregulated, respectively, whereas the TGF-β itself was not changed, 

indicating a negative feedback mechanism via modulation of intracellular signaling 

molecules. Collectively, these observations suggest that TGF-β presumably utilizes 

evolutionally conserved phosphorylation signaling (e.g. Smad2/3) and feedback mechanisms 

that mayfunction independent of cell types while certain downstream target genes are cell 

type specific. We detected rapid (30 min-1 h) Smad3 phosphorylation after TGF-β treatment 

in these terminally differentiated immune cells (unpublished data). Further work is required 

to confirm the biological response and significance of each gene in the asthma pathogenesis 

and eosinophil-related disorders.

It is becoming clear that TGF-β signaling is increased in the lung of asthmatics. The major 

function of the cytokine is to initiate ECM production by parenchymal fibroblasts. We found 

that eosinophils express a few ECM genes such as COL18A1 (RPKM=13), COL9A2 

(RPKM=33), COL9A3 (RPKM=6.5), MMP25 (RPKM=292), and TIMP2 (RPKM=164) but 

none of them were altered by TGF-β. Instead, a number of apoptosis-related genes were 

highly expressed and significantly modulated by TGF-β, strongly supporting a role for TGF-

β in the induction of eosinophil apoptosis (14, 46).
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Database search revealed that 18 genes (out of the 377) (Table 4) have been previously 

associated with asthma although we can’t rule out the possibility that additional genes are 

also involved in the disease. 11 (out of the 18) genes code for cell surface receptors, 

implying eosinophils may actively engage in fibrosis development through cell-cell contact 

or intracellular signaling. The other genes code for transcription factors (3 genes), 

intracellular enzymes (3 genes) and one cytokine. The latter, Oncostatin M (OSM) 

(increased 2.2 fold by TGF-β), is known to inhibit the proliferation of tumor cell lines and 

regulate cytokine production (IL-6 and GM-CSF) from endothelial cells. Resting eosinophils 

expressed high levels of OSM (RPKM=51) (Table 2S) but not its receptor (OSMR) 

(RPKM=0). The protein level of Oncostatin M was significantly increased in the lung of 

asthmatics and predominantly localized to airway neutrophils and macrophages (47), 

indicating eosinophils may augment airway inflammation through paracrine OSM release. 

Of particular interest among the 11 receptors are AHR, CD69 and FAS (Table 4) and the 

intracellular enzymes CLC, IDO1 and LTC4S. CLC (charcot-leyden crystal protein) is a 

lysophospholipase, comprising approximately 7–10% of the total cellular protein and 

expressed exclusively in human eosinophils and basophils (48). It is also found in body 

fluids/secretions and eosinophilic tissues in the form of hexagonal bipyramidal crystals (49) 

whose levels were significantly elevated in patients with asymptomatic or acute asthma (50). 

IDO1 is another candidate molecule broadly expressed during infection, transplantation, 

pregnancy, autoimmunity and neoplasia (51). Expression of the IDO1 was regulated by 

AHR via an autocrine AHR-IL6-STAT3 signaling loop (52). AHR is a ligand-activated 

transcription factor and plays an important role in controlling cellular response to small 

environmental molecules (diet, flora and metabolism). Interestingly, TGF-β treatment 

significantly increased both IDO1 and AHR transcripts to the similar levels (2.4 folds) 

(Table 1), an event consistent with their mutual interaction but respective roles in cellular 

response. IDO1 inhibits the proliferation and activation of antigen-specific T lymphocytes 

and induces immune tolerance, which is considered to be the result from a cellular depletion 

of tryptophan by IDO1 activity (53).

In summary, we have shown that eosinophil RNA can be isolated and used for RNA-Seq 

analysis. We have applied this technology to assess differential gene expression induced by 

TGF-β, a critical pro-fibrotic cytokine, highly expressed by pulmonary eosinophils during 

asthma exacerbations. Our data demonstrate that hundreds of genes are modulated by this 

cytokine with many implicated in asthma, eosinophil biology or function. The elucidation of 

these genes will hopefully provide new targets that can be leveraged for therapeutic 

development against asthma.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used:

TGF transforming growth factor

MMP metalloproteinases

ECM extracellular matrix

TIMP tissue inhibitors of MMP

RPKM (reads per kilobase per million mapped reads)

DEG differentially expressed genes

BAL bronchoalveolar lavage

IPA Ingenuity Pathway Analysis

RIN RNA Integrity Number

RT-PCR Reverse transcription polymerase chain reaction

GM-CSF Granulocyte-macrophage colony-stimulating factor
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Figure 1. Expression of TGF-β target genes by human eosinophils.
(A) Cells were left untreated or treated with TGF-β (1ng/ml) for 5 h before harvest. RNA 

quality was determined as described in Methods before RNA-Seq anaysis. M: size marker. 

(B) Genes altered (cut off: 1.5 fold) by TGF-β are shown in the circles. The expression level 

of 7981 genes are greater than 2.00 (PKAM). (C) Heat map of the TGF-β responsive genes 

(377 genes total) is shown. (D) Validation of RNA-Seq by qPCR with the 10 select 

transcripts. qPCR data were obtained from 13 eosinophil donors and normalized to GAPDH 

expression. (E) Validation of RNA-Seq by qPCR with the 6 transcripts associated with 

canonical TGF-β signaling. Smad6 was undetectable (not shown). The fold change for each 

gene was calculated and compared between the two detection methods.
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Figure 2. Analysis of pathways responsible for the expression of TGF-β target genes.
The annotated interactions and regulatory relationships were generated using IPA’s 

(Ingenuity Pathway Analysis) connectivity analysis. Hub genes (in white circles) were 

defined as those regulating or interacting with ≥5 TGF-β targeted transcripts. Representative 

genes immediately downstream of hub genes are shown (orange, upregulated; green, 

downregulated).
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