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Abstract

Background—IL-17A and IL-19 are highly expressed in chronic inflammatory diseases, such as 

psoriasis and asthma. IL-19 plays a significant role in the enhancement of TH2 cytokine secretion 

in allergic diseases, but its cellular source in asthmatic patients remains unknown.

Objective—Our aims were to determine whether the epithelium is a major source of airway 

mucosal IL-19 and to elucidate the mechanism of gene expression regulation.

Methods—Immunofluorescent staining was used to determine IL-19 protein expression in 

tracheal tissue sections of various airway diseases. Well-differentiated primary human bronchial 

epithelial cultures and a corresponding cell line were used as in vitro models to study gene 

regulation.

Results—We found significantly higher IL-19 expression in airway epithelia of asthmatic 

patients than in epithelia of patients with other diseases. Using a cytokine panel, we demonstrated 

the upregulation of IL-19 expression in cultures by two TH2 cytokines, IL-4 and IL-13, in addition 

to the previously found TH17 cytokine IL-17A. Moreover, cotreatment of IL-17A and IL-4/IL-13 

synergistically upregulated IL-19 expression. Using siRNA and chemical inhibitor approaches, we 

demonstrated a transcriptional regulation of IL-19 by nuclear factor κB and signal transducer and 

activator of transcription (STAT) 6. The addition of IL-13 to IL-17A stimulation triggers a shift 

from nuclear factor κB–dependent transcriptional regulation to one that is STAT6 based. Using 

chromatin immunoprecipitation assays, we demonstrated the presence of STAT6-binding elements 

in the IL-19 promoter region.

Conclusion—We propose that an IL-17A– and IL-13–induced synergism in IL-19 stimulation in 

airway epithelia occurs through a STAT6-dependent pathway.
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IL-19 is a member of the IL-10 cytokine family, which includes IL-10, IL-19, IL-20, IL-22, 

IL-24, and IL-26.1–4 IL-19, IL-20, IL-22, IL-24, and IL-26 share structural characteristics 

and make up the IL-20 subfamily. Although IL-10 is immunosuppressive in the immune 

system, IL-20 subfamily cytokines are likely to be proinflammatory.2,5,6 In monocytes IL-19 

secretion in response to LPS and GM-CSF has been shown to induce monocyte production 

of proinflammatory cytokines.7 IL-19 expression is also upregulated in psoriatic lesions,8–10 

in sera from asthmatic patients, and in the urine of uremic patients, although the source of 

IL-19 production has not yet been identified.11,12

Very little is known about the roles and the cellular sources of IL-19 in the lung. Allergic 

asthma mouse models have suggested that IL-19 can induce the expression of TH2 cytokines 

from T cells, indicating that IL-19 might play an essential role in the dysregulation of 

mucosal immunity by shifting the TH1/TH2 balance.11,13

Although the primary source of IL-19 appears to be inflammatory cells, especially activated 

macrophages, other cell types, such as keratinocytes and bronchial epithelia, have also been 

shown to produce IL-19 in vitro under stimulatory conditions. The increased expression in 

keratinocytes might contribute to psoriasis.6,10,14–16 5′-(N-ethylcarboxamido)-adenosine has 

been reported to stimulate airway epithelial IL-19.17 Although IL-19 induction in asthmatic 

patients’ sera might be related to the induction of a TH2 response, its cellular source has not 

yet been identified.12,13

There is emerging evidence that points to an increase in both IL-17A and IL-19 levels in 

asthmatic patients.11,18 We recently demonstrated that IL-17A is a potent inducer of IL-19 

expression in vitro by well-differentiated primary normal human bronchial epithelial 

(NHBE) cells.19 To investigate whether airway epithelial cells are the primary cellular 

sources of IL-19 in vivo, we examined IL-19 expression in human tracheal tissues of patients 

with various diseases by means of immunofluorescent staining and conducted in vitro 

studies to find potential IL-19 inducers and the mechanism of its expression. Through a 

panel of cytokines (IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-11, 

IL-12, IL-13, IL-15, IL-16, IL-17A, IFN-γ, TNF-α, and GM-CSF), we demonstrated the 

stimulatory effects of 2 of the TH2 cytokines, IL-4 and IL-13, but not IL-5 and IL-9, on 

IL-19 expression by NHBE cells. Moreover, IL-13 acts synergistically with IL-17A to 

further induce IL-19 expression through a signal transducer and activator of transcription 

(STAT) 6–dependent transcriptional pathway.

METHODS

Human airway tissue sources and culture conditions

All human bronchial tissues were obtained with informed consent from the University of 

California, Davis, Medical Center (Sacramento, Calif) and the National Disease Research 
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Interchange (Philadelphia, Pa). Tissues from patients without diagnosed lung-related 

diseases were used for primary NHBE cultures. NHBE cells were maintained in air-liquid 

interface culture for full mucociliary differentiation.20,21 The immortalized NHBE cell line 

HBE1 was cultured under the same conditions as NHBE cells.19

Tracheobronchial tissue sections from patients with asthma, chronic obstructive pulmonary 

disease (COPD), and cystic fibrosis (CF) and from patients with no obvious airway diseases 

were obtained with consent from the University of Miami Medical Center. Paraffin tissue 

sections were prepared for immunohistochemistry. The ages (and sexes) of the patients with 

normal tracheal sections were as follows: 25 years (male), 50 years (male), and 71 years 

(male). These patients had no history of smoking or asthma. The ages (and sexes) of 

asthmatic patients were as follows: 15 years (female), 48 years (male), and 80 years 

(female). The ages (and sexes) of patients with CF (cystic fibrosis transmembrane 

conductance regulator: deltaF508) were as follows: 20 years (male), 30 years (male), and 18 

years (male). The ages (and sexes) of patients with COPD were as follows: 63 years (male), 

59 years (female), and 70 years (female). The selected representatives from each disease 

were as follows: control subject, 25 years (male); asthmatic patient, 15 years (female); 

patient with CF, 20 years (male); and patient with COPD, 63 years (male).

siRNA transfections

siRNAs for STAT6 and p65 from Ambion (Austin, Tex) were transiently transfected into 

NHBE and HBE1 cells with Oligofectamine (Invitrogen, Inc, Carlsbad, Calif), as described 

previously.19

Cytokine inhibitor treatment

All recombinant human cytokines were from R&D Systems, Inc (Minneapolis, Minn), and 

were used at 10 ng/mL, unless otherwise specified. The working concentrations of IL-13 and 

IL-17A were 25 ng/mL and 20 ng/mL, respectively.22 Actinomycin D (3 µg/mL), 

cycloheximide (5 µg/mL), and isohelenin (20 µmol/L) from Calbiochem, Inc (San Diego, 

Calif), were dissolved in dimethyl sulfoxide before use. Inhibitors and vehicle control were 

added to cells 3 hours before cytokine treatment, unless otherwise specified.

RNA isolation and real-time RT-PCR

Total RNA was extracted with RNA TRIzol reagent (Invitrogen, Inc) and was reverse 

transcribed with MoMLV-reverse transcriptase (Promega, Madison, Wis). SYBR Green–

based real-time PCR was used to quantify the gene of interest, as described previously.19,23 

Relative expressions of genes of interest were normalized to glyceraldehyde-3-phosphate 

dehydrogenase or β-actin transcripts.

Immunohistochemistry, immunoblotting, and ELISAs

Tracheal tissue sections underwent immunostaining with anti-IL-19 antibody or control IgG, 

according to our previous publications.24,25 Alexa Fluor 488-conjugated antibody 

(Invitrogen) and mounting solution with 4′-6-diamidino-2-phenylindole dihydrochloride 

were used for visualization by means of confocal microscopy (LSM 5 PASCAL; Carl Zeiss, 

Inc, Thornwood, NY).
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The nuclear translocation of the transcription factors was analyzed by means of SDS-PAGE 

and Western blotting, according to our previous publication.22 Western blot antibodies were 

as follows: anti-p65 mAb and anti-p50 mAb (Biolegend, San Diego, Calif), anti-nucleolin 

mAb (Nventa, San Diego, Calif), and rabbit polyclonal anti-STAT6 antibody (Santa Cruz 

Biotechnology, Santa Cruz, Calif).

A double-sandwich ELISA was developed for IL-19 secretion. Goat anti-IL-19 antibody 

(R&D Systems) coated onto a MaxiSorp plate (Nunc, Rochester, NY) was used as a capture 

antibody. The detection antibody was biotin-labeled goat anti-IL-19 (R&D Systems). 

Horseradish peroxidase–conjugated NeutrAvidin antibody (Invitrogen, Inc) and TMB 

substrates (Pierce, Inc, Rockford, Ill) were used for color development, with an absorbance 

of 650 nm. Recombinant IL-19 in a series of dilutions was used for absolute IL-19 

quantification. The sensitivity of IL-19 detection was 1 ng per well.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were carried out according to the ChIP 

protocol from Millipore (Billerucam, Mass), with minor modifications. Cells were harvested 

and cross-linked with 1% formaldehyde at room temperature for 10 minutes. Nuclei were 

sonicated with a Bioruptor (Diagenode, Philadelphia, Pa) to fragment chromatin to 

approximately 500 bp. The sonicated nuclear fractions were divided for input control and for 

overnight incubation with either anti-STAT6 antibody or the negative control IgG. The 

antibody-protein-DNA complex was then pulled down with salmon sperm DNA–conjugated 

protein A agarose beads. Finally, genomic DNA recovered from the ChIP assay was PCR 

amplified with primers specific to the STAT6-binding elements of the IL-19 promoter 

region: IL-19–STAT6-I/II forward −3347, 5′-CAGTAGCCAGGATTGCCTGT-3′; IL-19–

STAT6-I/II reverse –3183, 5′-GCCCCTGGATCTATGCTGTA-3′; IL-19–STAT6-III/IV 

forward −2299, 5′-TCCAGTCCACCCTCTCCTC–3′; and IL-19–STAT6-III/IV reverse 

−2127, 5′-AGGCGTGTCAGGAGGAACT-3′. The specificity of each primer set was 

verified by sequencing the amplicons and analyzing the dissociation curve of each gene-

specific PCR product.

Statistical analyses

All NHBE cell experiments have been carried out separately from cells derived from at least 

3 donors. Data shown in each figure were from experiments performed on 1 representative 

individual in triplicate, unless otherwise indicated. HBE1 cell experiments were done in 3 

independent experiments. Values in each figure are presented as means ± SE. Group 

differences were calculated by using the Student t test, as described in the figures. P values 

of less than .05 were considered significant.

RESULTS

Is IL-19 expressed in asthmatic airway epithelia?

Three sets of paraffin tracheobronchial sections from individuals given diagnoses of COPD, 

CF, and asthma and with no detectable lung abnormalities were used for IL-19 

immunofluorescence staining to assess the potential cellular sources for IL-19 in various 
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airway diseases. A representative disease set is shown in Fig 1. Anti-IL-19 antibody staining 

(Alexa Flour 488, green) was prominently observed in the epithelial layer of tissue from 

asthmatic patients (Fig 1, B), and, to a lesser extent, in tissue sections from patients with CF 

(Fig 1, D) compared with that seen in normal control tissue (Fig 1, A). For sections from 

patients with COPD (Fig 1, C), IL-19 staining was primarily located underneath the 

epithelial layer, indicating a possible production of IL-19 by inflammatory cells rather than 

epithelial cells. The intensity of epithelial anti-IL-19 staining in sections from patients with 

CF was much less than that observed in airway epithelia from asthmatic patients. No 

staining was observed for sections treated with PBS or control IgG, secondary antibody, or 

both (data not shown). This result shows that airway epithelium is an important source of 

IL-19, which potentially plays a role in the mucosal immunity and might be upregulated in 

asthma.

Is IL-19 expression regulated by cytokines?

Well-differentiated NHBE cells from 3 individuals were treated with a panel of cytokines 

(IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-11, IL-12, IL-13, 

IL-15, IL-16, IL-17A, TNF-α, GM-CSF, and IFN-γ) to determine which cytokines stimulate 

IL-19 expression in airway epithelial cells. The fold induction of IL-19 mRNA by various 

cytokines was determined by using real-time PCR (Fig 2, A). In addition to the previously 

described IL-17A,19 the TH2 cytokines IL-4 and IL-13 were also able to significantly 

upregulate IL-19 gene expression. IL-1β was also able to stimulate IL-19 expression, albeit 

to a lesser extent. No IL-19 upregulation was observed for the TH2 cytokines IL-5 and IL-9 

or for TH1 and other proinflammatory cytokines. From this cytokine panel, only IL-4 and 

IL-13 were capable of synergistically upregulating IL-17A–induced IL-19 expression (Fig 2, 

B). In this study IL-13/IL-17Acotreatment resulted in a 934-fold upregulation of IL-19 over 

that seen in untreated cells compared with that seen after IL-17A alone (42-fold) and IL-13 

alone (79-fold).

This synergism could also be measured for IL-19 protein secretion. In Fig 2, C, all 

treatments of air-liquid interface cultures resulted in a polarized secretion of IL-19, which 

favored the basolateral chamber by more than 2-fold. IL-13 or IL-17A alone increased 

basolateral IL-19 secretion from undetectable levels to 3 to 4 ng, whereas IL-13/IL-17A 

cotreatment increased IL-19 secretion to 19 ng/106 NHBE cells in 24 hours.

The synergistic effects of IL-13 and IL-17A on IL-19 expression were both time and 

concentration dependent. As shown in Fig 3, A, IL-19 mRNA levels increased above 

background values within 3 hours, reaching a plateau at between 6 and 12 hours. In addition 

to time dependence, we observed a dose-dependent synergism in IL-19 stimulation by 

IL-17A or IL-13 when the other cytokine was used at a constant concentration (Fig 3, B).

How is IL-19 expression regulated by IL-13 and IL-17A?

Cells were treated with actinomycin D after cytokine treatment or pretreated with 

cycloheximide followed by cytokine treatment to determine whether the synergistic 

induction of IL-19 in NHBE cells occurred at a transcriptional or posttranscriptional level. In 

primary NHBE cells treated with actinomycin D, IL-19 transcripts had a half-life of 
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approximately 6 to 8 hours, which did not vary with vehicle, IL-13, and/or IL-17A treatment 

(Fig 4, A), indicating that these cytokines do not increase IL-19 expression through 

posttranscriptional mRNA stabilization.

To determine whether IL-19 gene induction is a direct response to IL-13 signaling, IL-17A 

signaling, or both, we used cycloheximide to block de novo protein synthesis. Pretreatment 

of cells with cycloheximide had no effect on IL-13 and IL-17 induction of IL-19 mRNA (Fig 

4, B), suggesting that de novo protein synthesis is dispensable for IL-13–induced, IL-17A–

induced, or both IL-19 expression and that IL-19 expression is a direct response to IL-13 

stimulation, IL-17A stimulation, or both. Interestingly, cycloheximide treatment alone 

resulted in a 200-fold increase in IL-19 mRNA levels over that seen in untreated cells, 

regardless of cytokine treatment (compare left and right panels of Fig 4, B). This 

superinduction phenomenon by cycloheximide might suggest a potential posttranscriptional 

regulation of IL-19 mRNA expression independent of IL-13 or IL-17A signaling.

Based on these data, we hypothesize that the induction of IL-19 is through transcriptional 

activation, possibly through transcriptional factors, such as nuclear factor κB (NF-κB) and 

STAT6, which are known to be activated by IL-17A and IL-13, respectively.19,26 As shown 

in Fig 4, C, Western blot analysis of nuclear extracts showed increased nuclear translocation 

of p65/p50 after 4 hours of IL-13 treatment and 1 hour of IL-17Atreatment. IL-13/IL-17A 

cotreatment did not further enhance p65/p50 nuclear translocation. IL-13 was also able to 

induce STAT6 nuclear translocation at 1 and 4 hours, whereas IL-17A alone had no 

significant effect.

Is NF-κB involved in IL-19 induction by IL-13, IL-17A, or both?

siRNA knockdown of the p65 subunit was performed to determine the role of IL-17A–

induced p65 nuclear translocation in cytokine-induced IL-19 expression. As shown in Fig 5, 

A and B, respectively, for HBE1 and NHBE cells, siRNA knockdown resulted in 50% 

reduction of p65 mRNA. This lead to the suppression of IL-17A–induced IL-19 expression, 

but not of IL-13– or IL-13/IL-17A–induced IL-19 expression, compared with that seen with 

random oligomer negative controls. Human β-defensin 2 (HBD2) expression, which is 

inducible by IL-17A alone but not synergistically induced by IL-13/IL-17A cotreatment, 

could also be attenuated by p65 siRNA. This result emphasizes the uniqueness of the 

synergistic induction of IL-19 by IL-13 and IL-17A cotreatment. The random oligomer 

negative controls used in this study were also compared with non-siRNA–transfected cells 

and determined to have no effect on IL-19 induction (see Fig E1 in the Online Repository at 

www.jacionline.org). To support the p65 siRNA results, isohelenin, an IκB-α degradation 

inhibitor, can also suppress IL-17A–induced IL-19 and HBD-2 expression. It had no effect 

on IL-13– or IL-13/IL-17A cotreatment–induced IL-19 expression (see Fig E2 in the Online 

Repository at www.jacionline.org).

Is a STAT6-based transcriptional mechanism responsible for the synergism?

The same siRNA approach was also used to examine the role of STAT6 in IL-19 induction. 

As shown in Fig 5, C, STAT6 knockdown significantly attenuated both IL-13– and IL-13/

IL-17A–induced IL-19 expression in both HBE1 and NHBE cells, as well as its own mRNA, 
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compared with that seen with random oligomer negative controls (Fig 5, C). No significant 

inhibition was observed for IL-17A–induced IL-19. These results suggest a switch from an 

NF-κB to a STAT6-based mechanism in IL-17A–induced IL-19 expression when IL-13 is 

added.

Are there STAT6-binding cis elements in the promoter region of IL-19?

The putative promoter region of the IL-19 gene has been identified by others.7 By using 

Genomatix-MatInspector software (Genomatix Software GmbH, München, Germany), 4 

putative STAT6 consensus-binding sites (TTC[N]2–4GAA) were identified within the 3800-

bp region upstream of the IL-19 isoform 2 transcription start site (Fig 6, A). These are as 

follows: STAT6-I, antisense (−) 5′ gcccTTCCagaGAAaaatc 3′ (−3251 to −3229); STAT6-II, 

sense (+) 5′ atttTTCTctgGAAgggct 3′ (−3250 to −3228); STAT6-III, sense (+) 5′ 

gcccTCCCcagGAActccc 3′ (−2259 to −2249); and the most proximal STAT6-IV, sense (+) 

5′ cgatTTCCacaGAAttaga 3′ (−2163 to −2145). PCR primers were designed specifically to 

amplify these sites for ChIP analysis. Because of the extensive overlap of the STAT6-I and 

STAT6-II sequences and the proximity of the STAT6-III and STAT–IV sequences, the PCR 

primers used could only differentiate STAT6-I/II from STAT6-III/IV. As shown in Fig 6, B, 

there was significant STAT6 binding to the STAT6-III/IV region after IL-13 and IL-13/

IL-17A cotreatment in HBE1 cells, and the bindings were not significantly different in the 2 

treatment groups. The binding of STAT6 to the STAT6-I/II region after treatment was much 

weaker in comparison. IL-17A treatment alone resulted in no or very low STAT6 and DNA 

binding. This result was further confirmed by means of real-time PCR (Fig 6, C). Data 

analysis and normalization are described in detail in Fig E3 (available in the Online 

Repository at www.jacionline.org). These results confirm the presence of STAT6-binding 

cis elements in the IL-19 promoter region and the induced binding of STAT6 to the STAT6-

III/IV promoter region in cells after IL-13 and IL-13/IL-17A treatments.

DISCUSSION

In this study we demonstrated that the airway epithelium is a major cellular source of IL-19, 

which has been shown to enhance TH2 cytokine expression.11 This conclusion is based on 2 

main findings. First, IL-19 is highly expressed in the epithelia of asthmatic airways 

compared with expression in normal and other nonasthmatic diseased airways. CF airways 

express a lower level of IL-19 compared with asthmatic airways, which is possibly a result 

of increased IL-17A in airways of patients with CF.27 IL-19 staining in airways of patients 

with COPD is in the interstitial regions, likely because of production by inflammatory cells, 

such as macrophages.1

The second important finding is that IL-13, a TH2 cytokine, can strongly induce IL-19 

mRNA and protein production in airway epithelial cells. Moreover, IL-19 is synergistically 

induced by cotreatment with IL-13 and IL-17A. This synergism appears to be specific to 

IL-19 because no synergistic effect was observed for another IL-17A−inducible gene, 

HBD-2 (Fig 5, A and B), or with any other IL-20 family members (unpublished data). This is 

the first demonstration that a TH2 cytokine can coordinate with a proinflammatory cytokine, 

such as IL-17A, to potentiate a TH2 response.11,18,28–31 This discovery emphasizes the 
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uniqueness of epithelia-derived IL-19 in allergic diseases and suggests important roles for 

IL-13 and IL-17A in IL-19 regulation.32–34 We hypothesize that airway epithelial IL-19 is 

induced by IL-17A and TH2 cytokines, mainly IL-13, to further potentiate a TH2-dominant 

response in a positive feedback manner in the context of allergic airway diseases, such as 

asthma.

The roles of IL-4, IL-13, and IL-17A as cytokine mediators for inflammatory lung diseases 

are well established in numerous clinical and animal studies. In allergic asthma IL-4 and 

IL-13 are central mediators of many pathologic responses, such as airway hyperreactivity, 

mucous cell hyperplasia, and eosinophil recruitment.32–36 IL-17A also plays a role in human 

asthmatic patients and in airways of allergic animals.18,28,30,37–39 Studies have found that in 

patients with moderate-to-severe asthma, neutrophils are found to be more abundant than 

eosinophils in the bronchoalveolar lavage fluid.30,31,40 IL-17A can promote neutrophil 

recruitment, which might contribute to certain asthmatic phenotypes characterized by both 

high neutrophil counts and IL-17A expression. Other potential roles of IL-17A in asthmatic 

airways might include the stimulation of mucus cell differentiation25,41 and induction of 

chemokine and nitric oxide release.22,23,30,42

Our study suggests that coexistence of TH2 cytokines and IL-17A might have a significant 

effect on the pathogenesis of asthma by positively modulating the existing TH2-dominant 

response through airway epithelial IL-19 secretion. Previous studies have shown that IL-19 

can promote the differentiation of TH cells toward a TH2 lineage.11 Thus IL-19 can act in a 

pathogenic manner to promote and amplify a TH2 inflammatory response in the lungs in 

response to IL-13 stimuli, IL-17A stimuli, or both.

Using actinomycin D and cycloheximide, we demonstrated that the upregulation of IL-19 by 

IL-13, IL-17A, or both works mainly through transcriptional activation and does not require 

cytokine-induced de novo protein synthesis. siRNA knockdown and ChIP assays 

demonstrated that NF-κB and STAT6 are important transcription factors for IL-17A– and 

IL-13–stimulated IL-19 gene expression, respectively. Although NF-κB–mediated 

transcription dominates IL-17A activation of IL-19 expression, STAT6 is the dominant 

transcription factor in the combined treatment. ChIP assays consistently demonstrated strong 

binding of STAT6 to the IL-19 promoter in the treatment of IL-13 with or without IL-17A, 

whereas no STAT6 binding was observed with IL-17A treatment alone (Fig 6, B and C). 

However, STAT6 nuclear translocation and IL-19 promoter binding were similar in IL-13– 

and IL-13/IL-17A–treated cells, despite the fact that IL-17A/IL-13–cotreated cells express 

much higher IL-19 compared with IL-13 alone. This suggests the possible involvement of 

other transcriptional coactivators or repressors in IL-13/IL-17A–mediated IL-19 gene 

expression, which will be a topic of exploration in future studies. Interestingly, IL-13 and 

IL-17A can individually induce a kinetic translocation of p65 into the nucleus, but this 

response is slightly diminished in cotreated samples (Fig 4,C), which might affect the 

kinetics of inducible gene expression at early time points. The diminished p65 translocation 

in cotreatment still needs to be verified but might account for decreased HBD-2 induction 

compared with that seen with IL-17A alone (Fig 5, A and B). These hypotheses require 

further investigation.
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In summary, we have identified airway epithelia as a major source of IL-19 expression in 

airways of asthmatic patients. In airways of asthmatic patients, IL-13 and IL-17A might 

synergistically activate IL-19 expression. Because IL-19 has been implicated in the 

regulation of TH2 cytokine production, we hypothesize that this activation might be crucial 

to the pathogenesis of asthma by maintaining or amplifying a TH2-dominant immune 

response in the mucosal tissue.
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Abbreviations used

CF Cystic fibrosis

ChIP Chromatin immunoprecipitation

COPD Chronic obstructive pulmonary disease

HBD-2 Human β-defensin 2

NHBE Normal human bronchial epithelium

NF-κB Nuclear factor κB

STAT Signal transducer and activator of transcription
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Key message

• TH2-dominant mucosal immunity in asthmatic airways is potentially regulated 

by IL-17A– and IL-13–stimulated IL-19 expression through a STAT6-

dependent pathway.
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FIG 1. 
Immunofluorescent staining on tracheal tissue sections from patients with no identifiable 

lung disease (A; normal), asthma (B), COPD (C), and CF (D). Deparaffinated sections were 

stained with anti-IL-19 antibody followed with Alexa Fluor 488–conjugated secondary 

antibody (green) and 4′-6-diamidino-2-phenylindole dihydrochloride (DAPI; blue, nucleus). 

Original images were at ×100 magnification by means of confocal microscopy. The results 

shown here are representative of at least 3 patients in each disease category.

Huang et al. Page 14

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG 2. 
Induction of IL-19 in NHBE cells: A, enhanced IL-19 message by IL-1β, IL-4, IL-13, and 

IL-17A; B, synergistic stimulation of IL-19 message by IL-17A and IL-4 or IL-13; C, 

bidirectional secretion of IL-19 in cultures. Data were from 3 independent experiments. *P 

< .01 compared with the control. #P < .05 for apical and basal secretion comparison. 

GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
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FIG 3. 
Time- and concentration-dependent studies in NHBE cells: A, IL-19 induction by IL-13, 

IL-17A, or both in time course; B, various doses of IL-17A or IL-13 for IL-19 induction in 

the presence of a constant dose of IL-13 (25 ng/mL) or IL-17A (25 ng/mL), respectively. 

The experiments were repeated 3 times. *P < .05 compared with controls (no cytokine 

treatment). CTL, Control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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FIG 4. 
NHBE cells were treated with cytokines 24 hours before actinomycin D (Act; A) or 

cycloheximide (CHX; right) or vehicle (left; B) 30 minutes before cytokine treatments. RNA 

were harvested at indicated times. C, Nuclear translocation of STAT6, p65, and p50 in 

cytokine-treated HBE1 cells. The experiments were done 3 times. *P < .05 compared with 

controls. CTL, Control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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FIG 5. 
A and B, Inhibition of IL-17A–induced, but not IL-13– or IL-13/IL-17A–induced, IL-19 

expression by p65 siRNA. IL-13 did not induce or potentiate IL-17A–induced p65-

dependent HBD2 expression. C, Inhibition of IL-13– and IL-13/IL-17A–induced, but not 

IL-17A–induced, IL-19 expression by STAT6 siRNA. Data were from 3 independent 

experiments. *P < .05. RO, Random oligomer; CTL, control; GAPDH, glyceraldehyde-3-

phosphate dehydrogenase.
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FIG 6. 
ChIP assays: A, identification of putative STAT6 sites in the 5′-flanking region of IL-19; B, 

PCR analysis of anti-STAT6 antibody–precipitated chromatins from HBE1 cells treated 

with cytokines; C, quantitative PCR analysis of anti-STAT6 ChIPs from preparations seen 

in Fig 6, B. Data were from 3 independent experiments. *P < .05. Ab, Antibody; IP, 

immunoprecipitation; CTL, control.
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