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Abstract

Background—Severe asthma may involve both innate and Type-2 cytokine associated adaptive 

immunity. While IL-27 has been reported to potentiate Th1 responses (including the chemokine 

CXCL9) and suppress Th2 responses, its function in asthma is unknown.

Objective—Evaluate IL-27 expression in human asthma, alone and in combination with Type-2 

immunity to determine the relationship to disease severity and CXCL9 expression. Model these 

interactions in vitro in human bronchial epithelial cells (HBEC).

Methods—Bronchoalveolar lavage (BAL) cells from 87 participants were evaluated for IL-27 

mRNA and protein, alone and in association with epithelial CCL26 (a marker of Type-2 

activation) in relation to asthma severity and CXCL9 mRNA. HBECs cultured in air liquid 

interface (ALI) and stimulated with IL-27 (1–100 ng/ml) with/without IL-13 (1 ng/ml) were 

evaluated for CXCL9 expression by qRT-PCR and ELISA. Phosphorylated and total STAT1/3 

were detected by western blot. siRNA knockdown of STAT1 or STAT3 was performed.

Results—BAL cell IL-27 mRNA and protein were increased in asthma. Patients with evidence 

for Type-2 pathway activation had higher IL-27 expression (p=0.02). Combined IL-27 and CCL26 

expression associated with more severe asthma and higher CXCL9 expression (p=0.004, 0.007 

respectively), while IL-27 alone was associated with milder disease. In vitro, IL-13 augmented 

IL-27 induced CXCL9 expression which appeared to be due to augmented STAT1 activation and 

reduced STAT3 activation.
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Conclusions—IL-27, in combination with a Type-2/CCL26 signature identifies a more severe 

asthma phenotype, perhaps through combined effects of IL-27 and IL-13 on STAT signaling. 

Understanding these interactions could lead to new targets for asthma therapy.
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Introduction

Asthma is a heterogeneous disease consisting of multiple phenotypes. Although different 

phenotyping schemes have been suggested, the most prominent current schema relates to the 

presence or absence of a Type-2 cytokine signature.1, 2 However, a Type-2 signature can be 

present in patients with a range of disease severity and clinical characteristics suggesting 

that additional cytokine pathways also control the biologic and clinical presentation.1, 3, 4

IL-27, a novel cytokine sharing subunits with IL-6 families, is primarily produced by 

activated antigen-presenting cells, specifically dendritic cells, but also pulmonary 

macrophages.5, 6 Functionally, IL-27 is characterized by pleiotropic effects on T-helper cell 

function, differentiation, and development.7, 8 Recent studies have reported IL-27 to be 

increased in response to allergen, to be present in human eczematous skin lesions and to be 

genetically associated with asthma susceptibility.9–11 IL-27 has also been reported to induce 

steroid resistance, suggesting it could contribute to more complex asthma phenotypes.6 

However, with its contradictory pro-inflammatory and anti-inflammatory effects,12–17 its 

biologic function in asthma is not clear.

A large body of evidence suggests that alterations in the respiratory epithelium play a crucial 

role in both development and persistence of asthma.18, 19 Indeed, pioneering studies to 

divide asthma into Th2-High vs. Low phenotypes evaluated the expression of three IL-13 

induced genes in the airway epithelium of mild asthma patients as compared to healthy 

controls (HC).1 CCL26/eotaxin-3 similarly represents a gene highly induced by IL-13 which 

can be used to differentiate “Th2-High vs. Low”.1, 3 Like IL-13, IL-27 can also impact 

human bronchial epithelial cells (HBEC).20 Previous in vitro studies have suggested that 

STAT1 and STAT3 are the main signaling pathways controlling IL-27’s effects on epithelial 

cells.21 In myeloid cell, STAT3 activation appears to counterbalance STAT1 activation, 

limiting the overall expression of STAT1 dependent pathways.22 However, the functional 

impact of IL-27 on asthmatic HBEC and involved pathways remains poorly understood, 

particularly in the presence of a background Type-2 (IL-13) signature.

We therefore hypothesized that IL-27, in association with a Type-2 (IL-13) gene signature 

(high CCL26 expression) identifies a more severe asthma phenotype than the presence of 

either cytokine or its signature alone. We hypothesized that the mechanisms for this 

increased severity would include synergistic augmentation of epithelial expression of the 

Type-1 chemokine, monokine induced by gamma interferon (CXCL9), by IL-13 and IL-27, 

through alterations in the balance of STAT1 and STAT3. To evaluate this, bronchoscopic 

samples from a range of asthmatic and healthy control (HC) participants were analyzed for 
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the presence of a Type-2 signature (based on epithelial CCL26 expression), alone and in 

association with bronchoalveolar lavage (BAL) cell IL-27 expression in association with 

asthma severity and CXCL9 expression. To determine potential mechanisms for these 

effects, the impact of IL-27, alone and in combination with IL-13, on primary HBEC 

activation of STAT1 and STAT3 was evaluated to determine their role in the synergistic 

increase in CXCL9 expression.

Methods

Subjects

Participants were 18–65 years old enrolled in the Severe Asthma Research Program (SARP) 

or the Electrophilic Fatty Acid Derivatives in Asthma study.23 All studies were approved by 

the University of Pittsburgh Institutional Review Board and all participants provided 

informed consent. Subjects were nonsmokers in the last year and all had <5 pack-year 

smoking history. Severe asthma (SA) was defined using the 2001 American Thoracic 

Society (ATS) definition.24 Patients with mild asthma not receiving ICSs (Mild/no ICS 

group) had a prebronchodilator FEV1 of ≥80% predicted. Patients with mild-to-moderate 

asthma receiving low to moderate-dose ICSs (Mild-Mod/ICS group) had an FEV1 of greater 

than 60% predicted.25 HCs had no history of chronic respiratory disease and normal lung 

function, but could be atopic. All participants were extensively characterized as previously 

described, including clinical questionnaires, spirometric measures pre and post 

bronchodilator, fractional exhaled nitric oxide (FeNO), complete blood counts, allergy skin 

prick testing and IgE.25, 26

Bronchoscopy and sample processing

Epithelial brushings and bronchoalveolar lavage (BAL) cells were obtained 

bronchscopically from the 4–5th generation airways as previously published and the SARP 

manual of procedures.27, 28 Cells were placed in Qiazol (Qiagen) for extraction of RNA.

Quantitative real-time PCR

Epithelial and BAL cell RNA was extracted in Qiazol (Qiagen, Valencia, CA) and mRNA 

expression determined by quantitative real-time PCR (qRT-PCR). Primers and probes were 

purchased from Applied Biosystems (Foster City, CA; Assays on Demand: IL-27 p28, 

HS00377366_m1; CCL26, Hs00171146_m1; CXCL9, Hs00171065_m1). qRT-PCR was 

performed on the ABIPrism 7900 sequence detection system (Applied Biosystems) at core 

facilities at the University of Pittsburgh. The levels of each marker were determined relative 

to GAPDH using the delta-CT method.

Immunohistochemistry

BAL cell cytospins were fixed in 2% paraformaldehyde. Cytospins were rinsed, blocked and 

incubated overnight with goat polyclonal anti-human IL-27 antibody (R&D systems, 

Minneapolis, MN, USA) at a 1:50 dilution. Secondary antibody staining alone and isotype 

controls were used to confirm primary antibody specificity. Biotinylated secondary rabbit 

anti-goat antibody was added and the cytospins incubated with ABC reagent (Vector 

Laboratories, Burlingame, CA), developed with 3-amino-9-ethylcarbazole (AEC), 
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counterstained with hematoxylin and overlaid with Crystal Mount (Electron Microscopy 

Sciences, Hatfield, PA). IL-27+ cells were counted blindly by two independent observers 

from 500 cells to obtain the percentage of IL-27+ cells.

Primary Air Liquid Interface Epithelial Cell Culture and siRNA Transfection

Primary HBEC obtained from bronchoscopic brushings were cultured under Air-liquid 

interface (ALI) as previously described.28, 29 From Day 0 of ALI, cells were stimulated with 

IL-13 (1ng/ml or 10ng/mL) (R&D systems, Minneapolis, MN, USA) or media alone every 

48 hours for up to 8 days. IL-27 (1–100 ng/ml, R&D systems, Minneapolis, MN, USA) was 

added to media at Day 6. Cells were harvested for STAT proteins at 0, 30min, 1 and 6hrs 

after IL-27 stimulation and for CXCL9 mRNA at 12, 24, and 48hrs after IL-27 stimulation. 

Lower chamber media was harvested at 12, 24, and 48hrs after IL-27 stimulation for 

CXCL9 protein.

siRNA transfection were performed as previously described.29 300 μl siRNA mixture (50nM 

siRNA and 3 μl Mirus transfection reagent) was added to the upper chamber and transferred 

to the lower chamber 6 hours later. 48 hours later, IL-27 was added to the lower chamber. 

Cells and supernatants were harvested 24 hours after addition of IL-27.

SDS-PAGE and Western Blotting

Expression and activation of signal transducer and activator of transcription (STAT) in 

cultured epithelial cells were measured by Western blot on 4–12% SDS-PAGE gels using 

rabbit polyclonal antibodies for STAT1, p-STAT1, STAT3 and p-STAT3 (1:500; all from 

Cell Signaling Technology, Danvers, MA, USA).

CXCL9 ELISA

CXCL9 protein was measured in lower ALI supernatants by ELISA (detection limit 20 

pg/ml) using R&D Systems antibody (Minneapolis, MN) by ELISAtech (Aurora, CO, 

USA). Undetectable CXCL9 protein was reported as 2 pg/ml.

Statistical Analysis

Data were analyzed for normality, with and without log transformation. Analysis of variance 

(ANOVA) (for normally distributed data) or Kruskal Wallis variation of ANOVA (for 

nonparametric data) was utilized to identify an overall level of significance among the 

groups or conditions. When overall p-value was <0.05, Tukey’s (for parametric), Wilcoxon 

or Chi-Square analysis (categorical data) of individual groups was performed. Bonferroni 

correction was applied for all intergroup comparisons. Spearman’s rho (rs) was used for 

correlations of nonparametric data and Pearson correlation for normally distributed data. 

Pearson’s Χ2 tests compared categorical values. Analysis of Covariance (ANCOVA) 

adjusted for age, body mass index and gender to evaluate the association of asthma severity 

with IL-27 expression. Blood eosinophils cut-off was ≥300 cells/μl.26 Median splits defined 

high vs. low levels of IL-27 mRNA (1.733 IL-27 indexed to GAPDH) and CCL26 mRNA 

(0.185 CCL26 indexed to GAPDH). Participants were subgrouped by IL-27 and Type-2 

signature category into 4 groups, with epithelial CCL26 mRNA used as the biomarker for a 

Type-2 signature.3, 30 Groups were defined as Low IL-27 and Low Type-2 (CCL26), Low 
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IL-27 and High Type-2, High IL-27 and Low Type-2 and High IL-27 and High Type-2. For 

in vitro studies, nonparametric signed-rank paired tests compared CXCL9 mRNA/protein in 

response to scramble or STAT1/3 siRNA. Statistical analysis was performed with JMP SAS 

software (SAS Institute, Cary, NC), and p-values <0.05 were considered significant except 

as noted.

Results

Demographics

Bronchial samples were obtained from 87 asthmatic and HC participants. The groups did not 

differ by race (Table I), although there were more females in all the asthmatic groups, as 

compared to the HCs. SAs were older (overall p <0.001) and had a higher body mass index 

compared with HCs (overall p=0.001) (Table I). All asthmatic groups had a higher 

percentage of females than the HC group and were more likely to be atopic with higher IgE 

and blood eosinophils (Table I). As expected, SA participants had the lowest FEV1% 

predicted despite 75% using systemic corticosteroids (CS) on regular basis.

Cells/samples for each outcome were not available from each participant. The online 

supplement contains tables for each of the substudies (Supplemental Tables I–II). Thirty-

nine of 51 participants in the IHC subgroup overlapped and generally mirrored the larger 

mRNA group (Supplemental Table I). However, in contrast to the larger mRNA group, there 

were no differences in blood eosinophils.

IL-27 expression is increased in BAL cells from Type-2 asthmatic participants

IL-27 mRNA—BAL cell IL-27 mRNA differed among the groups (overall p=0.013) and 

was higher in SA and Mild-Mod/ICS as compared with HCs, which remained significant 

when correcting for age, BMI and gender (Figure 1A).

IL-27 protein (by IHC)—The percentage of IL-27 positive cells also differed by 

participant group, with SA participants having the highest overall percent, which remained 

significant when correcting for age, BMI and gender (p=0.011) (Figure 1B). The percent of 

IL-27 positive cells moderately correlated with BAL cell IL-27 mRNA (rs=0.38, p=0.017 for 

all; rs=0.44, p=0.018 for asthmatics). IL-27 protein appeared to be mainly expressed in 

monocyte-macrophages (Figure 1C and D).

Relation of IL-27 expression to markers of Type-2 inflammation—IL-27 mRNA 

and protein (IHC) were higher in participants with high blood eosinophils (identified as 

>300 cells/μl)26 (p<0.001 and p=0.002, respectively). IL-27 mRNA was also higher 

(2.67(1.10–17.69) vs. 1.34(0.40–3.32), p=0.02) in participants with high epithelial CCL26 

mRNA (as defined by median split), but there was no difference in IL-27 protein.

IL-27 in combination with an epithelial Type-2 cytokine gene signature (High CCL26) is 
associated with more severe asthma

As described in the methods, participants were divided into 4 subgroups: Low IL-27/Low 

Type-2, Low IL-27/High Type-2, High IL-27/Low Type-2 and High IL-27/High Type-2.3 
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Sixty-six of the 87 participants with IL-27 mRNA data had epithelial CCL26 mRNA data 

available and demographics of this subgroup did not differ from the larger parent group 

(Table II). There was nearly a 2-fold increase in the percent of traditionally defined SA 

when both IL-27 and CCL26 were high (IL-27-Hi/Type-2-Hi subgroup) compared to all 

other groups (40% compared to 24% in the IL-27-Lo/Type-2-Lo group and 21% in the 

IL-27-Lo/Type-2-Hi group). Interestingly, there were no SA participants in the IL-27-Hi/

Type-2-Lo group (overall p=0.02) (Figure 2A), and this group had the best FEV1 % 

predicted, while the IL-27-Hi/Type-2-Hi group had the lowest one (overall p=0.03) (Figure 

2B). The IL-27-Hi/Type-2-Hi group was more likely to chronically use oral CS (47.6%) 

compared to none in the IL-27-Hi/Type-2-Lo group (overall p=0.01, IL-27-Hi/Type-2-Lo 

vs. IL-27-Hi/Type-2-Hi p=0.002). The IL-27 Hi/Type-2-Hi subgroup also expressed higher 

amounts of the Type-1 associated chemokine CXCL9 in freshly brushed epithelial cells 

(overall p=0.02) (Figure 2C).

IL-13 augments IL-27 induced production of CXCL9 by HBEC in vitro

As participants with a combined IL-27 and Type-2 airway signature manifested the most 

severe asthma, in association with the highest expression of airway CXCL9, we 

hypothesized that IL-13 and IL-27 would synergistically increase CXCL9 expression by 

primary human airway epithelial cells. IL-27 alone dose dependently induced CXCL9 

mRNA and protein from HBEC (in ALI) (n=6, p<0.001) (Figure 3A, 3B), consistent with a 

previous report.31 IL-27 induced CXCL9 mRNA production peaked at 24 hours (n=4, 

p<0.001) (Figure 3C), later than previously reported in epithelial cell lines.32 IL-13 alone 

did not generate CXCL9 expression. However, pretreatment of primary epithelial cells with 

low dose IL-13 (1ng/ml) for eight days synergistically increased CXCL9 mRNA and protein 

at 24h over that of either cytokine alone (mRNA p<0.001 n=13 and protein p=0.004 n=13) 

(Figure 3E, 3F). In contrast when epithelial cells were treated with high dose IL-13 (10ng/

ml), CXCL9 mRNA/protein were not augmented as compared to IL-27 alone (n=4) 

(supplemental Figure 1).

Amplified STAT1 signaling augments CXCL9 production by IL-27 on Type-2 cytokine 
background

STAT1 signaling is believed critical for CXCL9 production.33 IL-27 significantly increased 

STAT1 phosphorylation in primary HBECs, with the greatest activation 1 hr post 

stimulation, later than that reported in cell lines (Figure 4A, 4C).21 IL-27 induced 

phosphorylation of STAT1 expression was higher in HBECs pretreated with low dose IL-13 

as compared to those treated with IL-27 alone (Figure 4C). STAT1 siRNA knockdown 

decreased IL-27 induced CXCL9 mRNA and protein in HBECs confirming its importance 

for IL-27 induced CXCL9 (Figure 5). Thus, enhanced activation of STAT1 in the presence 

of IL-13 and IL-27 contributes to the synergistic increase in CXCL9.

Decreased STAT3 activation contributes to the IL-13 induced synergistic increase in IL-27 
stimulated CXCL9 production

In addition to STAT1 activation, IL-27 increased activation/phosphorylation of STAT3. In 

contrast, IL-13 decreased activation of STAT3 compared to media alone (Figure 4B). Unlike 
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the enhanced activation of STAT1 by IL-13 in combination with IL-27, IL-13 decreased 

IL-27 induced phosphorylation of STAT3 (Figure 4C), suggesting that increased activation 

of STAT1 in the presence of reduced activation of STAT3 contributes to the synergistic 

increase in CXCL9 expression in response to IL-13 and IL-27. In support of this hypothesis, 

STAT3 siRNA knockdown of STAT-3 in the presence of IL-27 alone also increased CXCL9 

expression (Figure 5).

Discussion

Asthma is increasingly recognized as encompassing various complex phenotypes and, at 

least in a subset, includes the presence of a Type-2 cytokine signature. In this study, IL-27, 

an innate cytokine with diverse effects on adaptive immune pathways, was demonstrated to 

be increased in severe asthma, as well as in participants with an enhanced epithelial Type-2 

signature. Asthma patients with high levels of IL-27 in the presence of a Type-2 signature 

(as manifested by epithelial eotaxin-3/CCL26 expression), represent a subtype of asthma 

manifested by the worst FEV1 and a greater likelihood of chronic oral CS use. The 

combination of high levels of IL-27 and CCL26 expression ex vivo was also associated with 

concomitant increases in expression of the Type-1 associated chemokine, CXCL9. These ex 

vivo findings were then recapitulated in vitro in primary HBEC. The upstream Type-2 

cytokine, IL-13, in combination with IL-27 augmented expression of CXCL9 through a 

combination of effects on STAT1 and STAT3 activation. These findings suggest that Type-2 

asthma phenotypes can by altered and even worsened by interactions with additional 

immune pathways.

Type-2 associated inflammation appears to identify approximately 50% of asthma patients.1 

Several biomarkers are being linked to this phenotype, including eosinophils (blood and 

lung), fractional exhaled NO (FeNO), eotaxin-3/CCL26, CLCA1, periostin and others.1, 30 

CCL26, a potent eosinophilic chemokine exclusive to humans, is strongly induced by 

Type-2 cytokines in vitro in epithelial cells. 1, 3, 34 Although epithelial CCL26 has been 

associated with Type-2 asthma, it is present across a range of asthma severities.1, 3, 4, 30 This 

suggests that additional immune-inflammatory processes influence development of severe 

asthma, including recently reported elements of Type-1 immunity.35 The data reported here 

add to that by showing that IL-27 mRNA, which has been associated with Type-1 immunity, 

is also increased in Type-2 asthma. However, importantly, this study went on to show that 

only when high levels of IL-27 were present in combination with a Type-2 signature 

(epithelial CCL26) was there an association with increasing severity of disease.

Direct comparison of the molecular phenotypes presented here with previously described 

clinical phenotypes/clusters is difficult. However, the increased severity, low lung function 

eosinophilia and high systemic CS use in the IL-27-Hi/Type-2-Hi cluster suggests overlap 

with Cluster 5 as defined by Moore et al36 and Cluster 6 by Wu et al. 37 Future unbiased 

clustering approaches incorporating molecular characteristics such as those reported here are 

needed.

The mechanisms and implications for the co-existence of IL-27, a Th1-like regulatory 

chemokine with Type-2 airway inflammation are unknown. As IL-27 has been reported to 
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be increased by allergen stimulation,9 it is conceivable that IL-27 may be stimulated as a 

counter-regulatory cytokine to restrict Th2 inflammation.16,38 On the other hand, IL-27, 

perhaps triggered by viral infection, pollutants or even autoimmunity could contribute to 

triggering Type-1 immune processes adding complexity to an ongoing Type-2 process. In 

support of that hypothesis, participants in this study with elevations in IL-27 only (and a low 

Type-2 signature), had the mildest asthma severity including the best lung function and the 

least oral CS use. In contrast when associated with a high Type-2/CCL26 signature, the 

combined subgroup had the worst asthma severity. This association with worsening severity 

could be explained by high Type-2 inflammation impairing IL-27 mediated suppression of 

CD4+ cells, perhaps through diminished IL-10 production. 39, 40 Importantly, however, we 

also observed that participants with high IL-27 and CCL26 had evidence for increased levels 

of the Type-1 chemokine, CXCL9. This more complicated immune response, involving 

elements of Type-1, Type-2 immunity and IL-27 could also contribute to impaired CS 

responses and accompanying loss of asthma control.6

Given the association of IL-27 with Type-1 immunity it is not surprising that CXCL9, a 

CXC chemokine,41 was increased by IL-27 stimulation. CXCL9 has been reported to be 

increased during asthma exacerbations as well as during the late-phase of allergen 

challenge.41–43 While one may have hypothesized that in the presence of the CC chemokine 

CCL26, CXCL9 levels would be lower, we observed IL-27 in combination with the Type-2 

signature gene CCL26 to be associated with higher CXCL9 levels. In contrast, participants 

with IL-27 high alone did not have high CXCL9 mRNA levels. While the mechanisms for 

these differences are not certain, previous studies suggest IL-27 behaves primarily as a 

regulatory cytokine, enhancing, rather than driving Th1 inflammation. Thus, the effects of 

IL-27 on CXCL9 in the absence of additional stimuli (Type 1 or 2) may be self-limited or 

countered by other immune pathways.8

This surprising ex vivo observation of high CXCL9 levels in the presence of IL-27 and 

CCL26 led us to evaluate the impact of IL-13 and IL-27 on human airway epithelial cells in 

vitro. Intriguingly, IL-27 has been reported to act synergistically with other cytokines, 

particularly TNF-α, such that synergistic effects with IL-13 may not be surprising.20,45,46 As 

expected, IL-27 stimulated CXCL9 secretion, while IL-13 (at low or high dose) had no 

impact on CXCL9. However, when epithelial cells were treated with IL-13 at low dose (1 

ng/ml) and IL-27 added, there was a surprising synergistic increase in CXCL9 mRNA and 

protein. These low doses of IL-13 are likely closer to physiologically relevant levels, 

compared the typically used in vitro dose.47–49 Intriguingly, the high (as opposed to low) 

dose of IL-13 did not augment CXCL9 expression confirming the complexity of these 

pathway interactions.

This surprising augmentation of CXCL9 expression led to further investigations to 

understand its mechanisms. An siRNA approach confirmed that IL-27 induced CXCL9 

through effects on the STAT1 signaling pathway. Interestingly, the presence of IL-13 

enhanced the IL-27 induced phosphorylation of STAT1, which would increase CXCL9 

production. On the other hand, IL-27 also activated STAT3 50, which has been suggested to 

serve as a counterbalance to STAT1.51–54 STAT3 may restrict STAT1 to avoid over 

activation of Type-1 signaling induced by IL-27. In the case of CXCL9 this could limit its 
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expression. In the experiments reported here, IL-13 alone (compared to media) or in 

combination with IL-27 (compared to IL-27 alone) decreased STAT3 phosphorylation, 

suggesting IL-13 may limit the ability of STAT3 to inhibit CXCL9 expression. The ability 

of STAT3 to regulate CXCL9 expression was then confirmed by STAT3 siRNA 

knockdown. Similar to the combination of IL-13 and IL-27, IL-27 stimulation (alone), in the 

presence of STAT3 siRNA knockdown, further enhanced expression of CXCL9.

This is the first report of which we are aware that demonstrates IL-13 inhibition of STAT3 

activation in primary HBEC. In contrast to our findings, several previous studies reported 

increased STAT3 phosphorylation in the presence of IL-13.41, 55–57 However, in human 

Th17 cells, IL-13 reportedly attenuated STAT3 activation.58 Therefore we speculate that the 

STAT3 response is cell and environment specific.59 In the case of HBECs, IL-13’s 

inhibition of STAT3 activation could serve to augment production of cytokines/chemokine 

either alone 60 or in combination with IL-27. The mechanisms for this ability of STAT3 

activation to limit CXCL9 expression are not yet clear, but could include competition of the 

STAT3:STAT1 heterodimer with the STAT1 homodimer for STAT1 signaling or STAT1-

indpendent mechanisms.61 STAT1 and 3 are in the same signaling family as STAT6, widely 

believed to be the primary signaling pathway activated by IL-13. Whether STAT6 interferes 

with STAT3 activation remains to be determined. Indeed, it might be helpful to model the 

interactions of these pathways under IL-27 and Type-2 cytokine stimulation in other 

systems, including transgenic mice.

Limitations of this study include the unavailability of all samples for all experiments, due to 

considerable demands whilst very small sample quantities. However, in each of the 

additional ex vivo substudies, over 75% of participants overlapped with the BAL cell IL-27 

mRNA participants and the demographics of the substudy groups differed only marginally. 

In this report, we used IL-27 mRNA based on its more quantitative (and less subjective 

measures than IHC) to define high/low IL-27 levels, but protein levels are ultimately also 

likely to be more important. The ability of siRNA transfection to completely knockdown 

targets in fully differentiated primary epithelial cells remains limited. Therefore, siRNA 

results are based on moderate and variable effects. However, consistent decreases in target 

mRNA/protein expression were still observed. Finally, we used CCL26 mRNA to identify a 

Type-2 signature ex vivo., as opposed to directly measuring the upstream IL-13, given the 

low expression levels of IL-13 in CS-treated patients.

In summary, this study presents evidence for increased IL-27 in asthma. Particularly when 

its expression is associated with a Type-2/IL-13 gene signature, it identifies a subtype of 

asthma with more severe asthma characteristics, associated with increased Type-1 

chemokine/CXCL9 expression. This surprising association with increased CXCL9 could be 

recapitulated in vitro involving enhanced STAT1 activation with associated reduction in 

STAT3 activation. These novel interactions of innate immune (IL-27) and Type-2 immunity 

(IL-13) could contribute to the increasingly complex inflammatory processes associated 

with severe asthma. Further investigation into mechanisms regulating the enhanced IL-27 

production and the interactions with both Type 2 and Type 1 immunity could lead to novel 

targets for severe asthma therapy.
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Key messages

• IL-27 expression is increased in BAL cells of asthma patients, identifying a 

more severe asthma phenotype when combined with a Type-2 (IL-13 

associated) gene signature as represented by CCL26 expression.

• These ex vivo findings were recapitulated in vitro in primary HBECs where 

IL-13 in combination with IL-27 augmented expression of the Th1-associated 

chemokine, CXCL9.

• The synergistic increase in CXCL9 appears to involve enhanced STAT1 

signaling, with diminished counter-regulation by STAT3.
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Figure 1. 
A. Relative IL-27 mRNA in BAL cells by qRT-PCR reference to GAPDH; B. Comparison 

of the percentage of IL-27 positive cells in BAL cytospins, as determined by means of IHC; 

C and D. Cytospin preparations in a Healthy (C) and a SA (D). Arrows=IL-27 positive 

monocyte-macrophages. Panels are shown at ×40 magnification
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Figure 2. 
A. Proportion of traditional disease severities by molecular subgroups defined by BAL 

IL-27 mRNA and epithelial CCL26 mRNA. B. Baseline FEV1 percent predicted among 

groups by BAL IL-27 and epithelial CCL26. C, Relative CXCL9 mRNA on log scale in 

freshly brushed epithelial cells among groups by BAL IL-27 and epithelial CCL26.
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Figure 3. 
A. Dose response for IL-27 induced CXCL9 mRNA and B. protein in primary epithelial 

cells (n=6). C. Time course for IL-27 (10 ng/ml) induced CXCL9 mRNA production, 

CXCL9 mRNA peaked at 24 hours and D. CXCL9 protein was continuously generated 

through 48 hours (n=4). E. Pretreatment with IL-13 (for 8 days) did not induce CXCL9 

expression. However, IL-13 pretreatment (1 ng/ml for 8 days) in combination with IL-27 (10 

ng/ml for 24 hours) increased CXCL9 mRNA and F. protein compared to IL-27 or IL-13 

alone in ALI cultured epithelial cells (n=13).
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Figure 4. 
A. IL-27 activated both p-STAT1 and p-STAT3 in primary epithelial cells in a dose 

response manner 1 hr after stimulation (n=6). B. IL-13 decreased p-STAT3 activation, while 

having no effect on STAT1 (n=6). C. IL-27(10ng/ml) in combination with IL-13(1ng/ml) 

augmented p-STAT1 activation, while p-STAT3 decreased compared with IL-27 alone 

(n=10).
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Figure 5. 
A. Epithelial cells in ALI transfected with STAT1 siRNA and stimulated by IL-27 10ng/ml 

for 24 hours demonstrate knockdown of both phospho and total STAT1. B. siRNA for 

STAT1 decreased CXCL9 mRNA (n=5) and C. protein (n=5), nonparametric signed-rank 

paired tests. D. Epithelial cells in ALI transfected with STAT3 siRNA and stimulated by 

IL-27 10ng/ml for 24 hours demonstrate knockdown of both phospho and total STAT3. E. 
siRNA for STAT3 decreased CXCL9 mRNA (n=6) and F. protein (n=6). All data analyzed 

using nonparametric signed-rank paired tests.
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