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Background: Severe asthma (SA) can involve both innate and
type 2 cytokine–associated adaptive immunity. Although IL-27
has been reported to potentiate TH1 responses (including the
chemokine CXCL9) and suppress TH2 responses, its function in
asthmatic patients is unknown.
Objective: We sought to 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. We also sought to model these interactions in vitro in
human bronchial epithelial cells.
Methods: Bronchoalveolar lavage 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.
Human bronchial epithelial cells cultured at the air-liquid
interface and stimulated with IL-27 (1-100 ng/mL) with or
without IL-13 (1 ng/mL) were evaluated for CXCL9 expression
by using quantitative real-time PCR and ELISA.
Phosphorylated and total signal transducer and activator of
transcription (STAT) 1/3 were detected by means of Western
blotting. Small interfering RNA knockdown of STAT1 or STAT3
was performed.
Results: Bronchoalveolar lavage cell IL-27 mRNA and protein
levels were increased in asthmatic patients. Patients with
evidence for type 2 pathway activation had higher IL-27
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expression (P 5 .02). Combined IL-27 and CCL26 expression
associated with more SA and higher CXCL9 expression
(P 5 .004 and P 5 .007 respectively), whereas 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.
Conclusions: IL-27, in combination with a type 2/CCL26
signature, identifies a more SA 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. (J Allergy Clin Immunol 2014;nnn:nnn-nnn.)

Key words: Asthma, IL-27, IL-13, CXCL9, epithelial cells, signal
transducer and activator of transcription 1, signal transducer and
activator of transcription 3

Asthma is a heterogeneous disease consisting of multiple
phenotypes. Although different phenotyping schemes have been
suggested, the most prominent current scheme 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 cyto-
kine 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 TH

cell function, differentiation, and development.7,8 Recent studies
have reported levels of 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 proinflammatory
and anti-inflammatory effects,12-17 its biologic function in
asthmatic patients is unclear.

A large body of evidence suggests that alterations in the
respiratory epithelium play a crucial role in both the development
and persistence of asthma.18,19 Indeed, pioneering studies to
divide asthma into TH2-high versus TH2-low phenotypes
evaluated the expression of 3 IL-13–induced genes in the airway
epithelium of patients with mild asthma compared with that of
healthy control subjects (HCs).1 CCL26/eotaxin-3 similarly
represents a gene highly induced by IL-13, which can be used
to differentiate ‘‘TH2-high versus TH2-low’’ asthma.1,3 Like
IL-13, IL-27 can also affect human bronchial epithelial cells
(HBECs).20 Previous in vitro studies have suggested that signal
transducer and activator of transcription (STAT) 1 and STAT3
1
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are the main signaling pathways controlling IL-27’s effects on
epithelial cells.21 In myeloid cells STAT3 activation appears to
counterbalance STAT1 activation, limiting the overall expression
of STAT1-dependent pathways.22 However, the functional effect
of IL-27 on HBECs from asthmatic patients and involved
pathways remains poorly understood, particularly in the presence
of a background type 2 (IL-13) signature.

Thereforewe hypothesized that IL-27, in associationwith a type
2 (IL-13) gene signature (high CCL26 expression) identifies a
more severe asthma (SA) 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 IFN-g (CXCL9) by IL-13 and IL-27 through
alterations in the balance of STAT1 and STAT3. Bronchoscopic
samples from a range of asthmatic and HC participants were
analyzed for 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 evaluate this. To determine
potential mechanisms for these effects, the effect 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 to 65 years old and 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’s
seline demographic characteristics (n 5 87)

HCs (n 5 26) Mild/no ICS (n 5 16) Mi

27 (24-35) 24 (20-31)

ale) 15/11 5/11

/other) 20/1/5 11/2/3

24 (22-29) 27 (24-31)

ppb) 22 (15-40) 40 (26-54)

hils (/mL) 100 (100-200) 200 (100-300)

1 (% predicted) 95 (90-105) 89 (85-97)

/L) 31 (15-83) 98 (52-334)

yses were performed with Pearson x2 tests. Continuous variables were ana

erican; BMI, body mass index; CA, white; NO, nitric oxide.
Institutional Review Board, and all participants provided informed consent.

Subjects were nonsmokers in the last year, and all had a smoking history of

less than 5 pack years. SAwas defined by using the 2001 American Thoracic

Society definition.24 Patients with mild asthma not receiving inhaled

corticosteroids (ICSs; mild/no ICS group) had a prebronchodilator FEV1 of

80% of predicted value or greater. Patients with mild-to-moderate asthma

receiving low- to moderate-dose ICSs (mild-mod/ICS group) had an FEV1

of greater than 60% of predicted value.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 before and after

bronchodilator, fraction of exhaled nitric oxide (FENO), complete blood

counts, allergy skin prick testing, and IgE measurement.25,26
Bronchoscopy and sample processing
Epithelial brushings and BAL cells were obtained bronchscopically from

fourth- to fifth-generation airways, as previously published and shown in

the SARP Manual of Procedures.27,28 Cells were placed in Qiazol (Qiagen,

Valencia, Calif) for extraction of RNA.

Quantitative real-time PCR
Epithelial and BAL cell RNAwas extracted in Qiazol (Qiagen), andmRNA

expression was determined by using quantitative real-time PCR (qRT-PCR).

Primers and probes were purchased from Applied Biosystems (Foster City,

Calif; Assays on Demand: IL-27 p28, Hs00377366_m1; CCL26,

Hs00171146_m1; and CXCL9, Hs00171065_m1). qRT-PCR was performed

on the ABI PRISM 7900 sequence detection system (Applied Biosystems) at

the core facilities of the University of Pittsburgh. The levels of each marker

were determined relative to glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) by using the D cycle threshold method.

Immunohistochemistry
BAL cell cytospin preparations were fixed in 2% paraformaldehyde.

Cytospin preparations were rinsed, blocked, and incubated overnight with

goat polyclonal anti-human IL-27 antibody (R&D Systems, Minneapolis,

Minn) 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 cytospin preparations

were incubated with ABC reagent (Vector Laboratories, Burlingame, Calif),

developed with 3-amino-9-ethylcarbazole, counterstained with hematoxylin,

and overlaid with Crystal Mount (Electron Microscopy Sciences, Hatfield,

Pa). IL-271 cells were counted in a blind manner by 2 independent observers

from 500 cells to obtain the percentage of IL-271 cells.

Primary air-liquid interface epithelial cell culture

and small interfering RNA transfection
Primary HBECs obtained from bronchoscopic brushings were cultured at

the air-liquid interface (ALI), as previously described.28,29 From day 0 of the
Subject group

ld-moderate/ICS (n 5 16) SA (n 5 29) Overall difference (P value)

31 (25-44) 43 (34-55) <.001

3/13 8/21 .038

7/7/2 23/4/2 .12

27 (26-34) 32 (26-37) .001

25 (16-35) 38 (22-75) .01

200 (100-300) 300 (100-500) .04

89 (66-104) 59 (45-71) <.001

142 (42-430) 172 (38-600) <.001

lyzed by using Kruskal-Wallis tests and presented as medians (25th-75th percentiles).



FIG 1. A, Relative IL-27 mRNA expression in BAL cells determined by using qRT-PCR and referenced to

GAPDH. B, Comparison of the percentage of IL-271 cells in BAL cytospin preparations, as determined by

using IHC. C and D, Cytospin preparations in an HC (Fig 1, C) and a patient with SA (Fig 1, D). Arrows,
IL-271 monocytes-macrophages. Panels are shown at 3400 magnification.
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ALI, cells were stimulated with IL-13 (1 or 10 ng/mL, R&D Systems) or

medium alone every 48 hours for up to 8 days. IL-27 (1-100 ng/mL, R&D

Systems) was added to medium at day 6. Cells were harvested for STAT

proteins at 0 minutes, 30 minutes, 1 hour, and 6 hours after IL-27 stimulation

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

Lower-chamber medium was harvested at 12, 24, and 48 hours after IL-27

stimulation for CXCL9 protein.

Small interferingRNA (siRNA) transfection were performed, as previously

described.29 Three hundred microliters of siRNA mixture (50 nmol/L siRNA

and 3 mL of Mirus transfection reagent) was added to the upper chamber and

transferred to the lower chamber 6 hours later. Forty-eight 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 STATin cultured epithelial cellsweremeasured

bymeans ofWestern blotting on 4-12%SDS-PAGE gels with rabbit polyclonal

antibodies for STAT1, phosphorylated STAT1, STAT3, and phosphorylated

STAT3 (1:500; all from Cell Signaling Technology, Danvers, Mass).
CXCL9 ELISA
CXCL9protein levelsweremeasured in lowerALI supernatants bymeans of

ELISA (detection limit, 20 pg/mL) with R&D Systems antibody by ElisaTech

(Aurora, Colo). Undetectable CXCL9 protein was reported as 2 pg/mL.
Statistical analysis
Data were analyzed for normality with and without log transformation.

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

ANOVA (for nonparametric data) was used to identify an overall level of

significance among the groups or conditions. When the overall P value was

less than .05, Tukey (parametric data), Wilcoxon, or x2 (categorical data)

analysis of individual groups was performed. Bonferroni correction was

applied for all intergroup comparisons. The Spearman rho (rs) statistic was
used for correlations of nonparametric data, and Pearson correlation was

used for normally distributed data. Pearson x2 tests were used to compare

categorical values. Analysis of covariance adjusted for age, body mass index,

and sex to evaluate the association of asthma severity with IL-27 expression.

The blood eosinophil cutoff was 300 cells/mL or greater.26 Median splits

defined high versus low levels of IL-27 mRNA (1.733 IL-27 indexed to

GAPDH) and CCL26mRNA (0.185CCL26 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 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 of less than .05 were considered significant, except as noted.
RESULTS

Demographics
Bronchial samples were obtained from 87 asthmatic patients

and HCs. The groups did not differ by race (Table I), although
there were more female subjects in all the asthmatic groups
comparedwith the HCgroup. Patients with SAwere older (overall
P < .001) and had a higher body mass index compared with HCs
(overall P 5 .001, Table I). All asthmatic groups had a higher
percentage of female subjects than the HC group and were
more likely to be atopic, with higher IgE levels and blood
eosinophil counts (Table I). As expected, participants with SA
had the lowest FEV1 percent predicted values despite 75% using
systemic corticosteroids on a regular basis.

Cells/samples for each outcome were not available from
each participant (see Tables E1 and E2 in this article’s
Online Repository at www.jacionline.org for these substudies).

http://www.jacionline.org


TABLE II. Subjects’ demographic characteristics by BAL IL-27 mRNA and epithelial CCL26 mRNA expression (n 5 66)

Demographics

Subject group

Low IL-27/low

CCL26 (n 5 17)

Low IL-27/high

CCL26 (n 5 14)

High IL-27/low

CCL26 (n 5 11)

High IL-27/high

CCL26 (n 5 24)

Overall difference

(P value)

Age (y) 35 (21-47) 33 (27-41) 26 (24-31) 37 (27-57) .23

Sex (male/female) 7/10 7/7 6/5 4/20 .06

Race (CA/AA/other) 12/4/1 6/3/5 10/0/1 18/5/1 .04

BMI (kg/m2) 31 (22-39) 28 (25-32) 25 (23-28) 28 (24-34) .36

Exhaled NO (ppb) 25 (19-38) 32 (15-42) 21 (15-46) 37 (31-76) .03

Blood eosinophils (/mL) 200 (100-275) 150 (100-275) 200 (100-300) 300 (175-500) .15

Serum IgE (kU/L) 90 (23-479) 206 (81-359) 42 (27-113) 69 (25-461) .14

OCS (% yes) 18 18 0 48 .01

Categorical analyses were performed with Pearson x2 tests. Continuous variables were analyzed by using Kruskal-Wallis tests and presented as medians (25th-75th percentiles).

AA, African American; BMI, body mass index; CA, white; NO, nitric oxide; OCS, oral corticosteroid.
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Thirty-nine of 51 participants in the immunohistochemistry (IHC)
subgroup overlapped and generally mirrored the larger mRNA
group (see Table E1). However, in contrast to the larger mRNA
group, there were no differences in blood eosinophil counts.
IL-27 expression was increased in BAL cells from

participants with type 2 asthma
IL-27 mRNA. BAL cell IL-27 mRNA levels differed among

the groups (overall P5 .013) and were greater in patients with SA
and the mild-moderate/ICS group compared with those in the HC
group, which remained significant when correcting for age, body
mass index, and sex (Fig 1, A).

IL-27 protein (by IHC). The percentage of IL-271 cells also
differed by participant group, with participants with SA having
the highest overall percentage, which remained significant
when correcting for age, body mass index, and sex (P 5 .011;
Fig 1, B). The percentage of IL-271 cells moderately correlated
with BAL cell IL-27 mRNA levels (rs 5 0.38 and P 5 .017 for
all subjects; rs 5 0.44 and P 5 .018 for asthmatic patients).
IL-27 protein appeared to be mainly expressed in monocytes-
macrophages (Fig 1, C and D).

Relation of IL-27 expression to markers of type 2

inflammation. IL-27 mRNA and protein (determined by using
IHC) levels were higher in participants with high blood eosinophil
counts (identified as >_300 cells/mL; P < .001 and P 5 .002,
respectively).26 IL-27 mRNA levels were also higher
(2.67 [1.10-17.69] vs 1.34 [0.40-3.32], P 5 .02) in participants
with high epithelial CCL26 mRNA expression (as defined by
median split), but there was no difference in IL-27 protein levels.
IL-27 in combination with an epithelial type 2

cytokine gene signature (high CCL26) is associated

with more SA
As described in the Methods section, 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 Sixty-six of
the 87 participants with IL-27 mRNA data had epithelial
CCL26 mRNA data available, and the demographics of this
subgroup did not differ from those of the larger parent group
(Table II). There was a nearly 2-fold increase in the
percentage of patients with traditionally defined SA when both
IL-27 and CCL26 levels were high (IL-27–high/type 2–high
subgroup) compared with all other groups (40% compared
with 24% in the IL-27–low/type 2–low group and 21% in the
IL-27–low/type 2–high group). Interestingly, there were no
participants with SA in the IL-27–high/type 2–low group (overall
P 5 .02; Fig 2, A), and this group had the best FEV1 percent
predicted value, whereas the IL-27–high/type 2–high group had
the lowest value (overall P 5 .03; Fig 2, B). The IL-27–high/
type 2–high group was more likely to chronically use oral
corticosteroids (47.6%) compared with none in the IL-27–high/
type 2–low group (overall P 5 .01, IL-27–high/type 2–low vs
IL-27–high/type 2–high subgroups P 5 .002). The IL-27–high/
type 2–high subgroup also expressed higher amounts of the
type 1–associated chemokine CXCL9 in freshly brushed
epithelial cells (overall P 5 .02; Fig 2, C).
IL-13 augments IL-27–induced production of CXCL9

by HBECs in vitro
Because participants with a combined IL-27 and type 2 airway

signature manifested the most SA, 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 HBECs
(at the ALI; n5 6, P < .001; Fig 3, A and B), which is consistent
with a previous report.31 IL-27–induced CXCL9 mRNA
production peaked at 24 hours (n 5 4, P < .001; Fig 3, C),
which was 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
(1 ng/mL) for 8 days synergistically increased CXCL9 mRNA
and protein levels at 24 hours over those of either cytokine alone
(mRNA:P <.001 [n5 13] and protein:P5.004 [n5 13]; Fig 3,E
and F). In contrast, when epithelial cells were treated with high-
dose IL-13 (10 ng/mL), CXCL9 mRNA/protein levels were not
augmented compared with those after IL-27 alone (n 5 4; see
Fig E1 in this article’s Online Repository at www.jacionline.org).
Amplified STAT1 signaling augments CXCL9

production by IL-27 on type 2 cytokine background
STAT1 signaling is believed to be critical for CXCL9

production.33 IL-27 significantly increased STAT1 phosphoryla-
tion in primary HBECs, with the greatest activation 1 hour
after stimulation, which is later than that reported in cell lines
(Fig 4, A and C).21 IL-27–induced phosphorylation of STAT1
expression was greater in HBECs pretreated with low-dose
IL-13 compared with that seen in cells treated with IL-27 alone

http://www.jacionline.org


FIG 2. A, Proportion of traditional disease severities by molecular

subgroups defined by using BAL IL-27 mRNA and epithelial CCL26 mRNA

expression. B, Baseline FEV1 percent predicted among groups by using

BAL IL-27 and epithelial CCL26. C, Relative CXCL9 mRNA expression on a

log scale in freshly brushed epithelial cells among groups by using BAL

IL-27 and epithelial CCL26.
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(Fig 4, C). STAT1 siRNA knockdown decreased IL-27–induced
CXCL9 mRNA and protein levels in HBECs, confirming its
importance for IL-27–induced CXCL9 (Fig 5). Thus enhanced
activation of STAT1 in the presence of IL-13 and IL-27
contributes to the synergistic increase in CXCL9 level.
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 with medium alone (Fig 4, B).
Unlike the enhanced activation of STAT1 by IL-13 in combina-
tion with IL-27, IL-13 decreased IL-27–induced phosphorylation
of STAT3 (Fig 4, C), 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 STAT3 in the presence of IL-27 alone also
increased CXCL9 expression (Fig 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 levels of
IL-27, an innate cytokinewith diverse effects on adaptive immune
pathways, were demonstrated to be increased in participants with
SA, as well as in participants with an enhanced epithelial type 2
signature. Asthmatic patients with high IL-27 levels 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 corticosteroid 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 HBECs. 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 asthmatic patients.1 Several biomarkers
are being linked to this phenotype, including eosinophils (blood
and lung), FENO, eotaxin-3/CCL26, CLCA1, periostin, and
others.1,30 CCL26, a potent eosinophilic chemokine exclusive to
human subjects, 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 the development of SA,
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 patients with 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 disease severity.

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 corticosteroid use in the IL-27-high/type
2-high cluster suggests overlap with cluster 5, as defined by
Moore et al,36 and cluster 6, as defined 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 coexistence of IL-27,
a TH1-like regulatory chemokine, with type 2 airway inflamma-
tion are unknown. Because IL-27 levels have been reported to
be increased by allergen stimulation,9 it is conceivable that
IL-27 might be stimulated as a counterregulatory cytokine to



FIG 3. A and B, Dose response for IL-27–induced CXCL9 mRNA (Fig 3, A) and protein (Fig 3, B) levels in

primary epithelial cells (n 5 6). C and D, Time course for IL-27 (10 ng/mL)–induced CXCL9 production.

CXCL9 mRNA expression peaked at 24 hours (Fig 3, C), and CXCL9 protein was continuously generated

through 48 hours (Fig 3, D) (n 5 4). E and F, 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 (Fig 3, E) and protein (Fig 3, F) levels compared with IL-27 or IL-13 alone

in ALI-cultured epithelial cells (n 5 13).
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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 increases in levels of
IL-27 only (and a low type 2 signature) had the mildest asthma
severity, including the best lung function and least oral corticoste-
roid 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 CD41 cells, perhaps through diminished IL-10 production.39,40

Importantly, however, we also observed that participants with
high IL-27 and CCL26 levels had evidence for increased levels
of the type 1 chemokine CXCL9. This more complicated immune
response, involving elements of type 1 and type 2 immunity and
IL-27, could also contribute to impaired corticosteroid responses
and accompanying loss of asthma control.6

Given the association of IL-27 with type 1 immunity, it is not
surprising that levels of CXCL9, a CXC chemokine,41 were
increased by IL-27 stimulation. CXCL9 levels have been reported
to be increased during asthma exacerbations, as well as during the
late phase of allergen challenge.42-44 Although one might have
hypothesized that CXCL9 levels would be lower in the presence
of the CC chemokine CCL26, 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 expression. Although 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) might 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 andCCL26 led us to evaluate the effect 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-a, such that synergistic effects with
IL-13 might not be surprising.20,45,46 As expected, IL-27
stimulated CXCL9 secretion, whereas IL-13 (at low or high
dose) had no effect on CXCL9. However, when epithelial cells
were treated with IL-13 at a low dose (1 ng/mL) and IL-27 was
added, there was a surprising synergistic increase in CXCL9
mRNA and protein levels. These low doses of IL-13 are likely
closer to physiologically relevant levels compared with 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



FIG 4. A, IL-27 activated both phosphorylated (p-) STAT1 and p-STAT3 in

primary epithelial cells in a dose-response manner 1 hour after stimulation

(n 5 6). B, IL-13 decreased p-STAT3 activation while having no effect on

STAT1 (n 5 6). C, IL-27 (10 ng/mL) in combination with IL-13 (1 ng/mL)

augmented p-STAT1 activation, whereas p-STAT3 activation decreased

compared with that seen after IL-27 alone (n 5 10).

FIG 5. A, Epithelial cells in ALI transfected with STAT1 siRNA and

stimulated with IL-27 (10 ng/mL) for 24 hours demonstrate knockdown of

both phosphorylated (p-) STAT1 and total (t-) STAT1. B and C, siRNA for

STAT1 decreased CXCL9 mRNA (n 5 5; Fig 5, B) and protein (n 5 5; Fig 5,

C) levels (nonparametric signed-rank paired tests). D, Epithelial cells in

ALI transfected with STAT3 siRNA and stimulated with IL-27 (10 ng/mL)

for 24 hours demonstrate knockdown of both p-STAT3 and t-STAT3.

E and F, siRNA for STAT3 increased CXCL9 mRNA (n 5 6; Fig 5, E) and
protein (n 5 6; Fig 5, F) levels. All data were analyzed by using

nonparametric signed-rank paired tests.
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approach confirmed that IL-27 inducedCXCL9 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 might restrict STAT1 to
avoid overactivation of the type 1 signaling induced by IL-27. In
the case of CXCL9, this could limit its expression. In the experi-
ments reported here IL-13 alone (compared with media) or in
combination with IL-27 (compared with IL-27 alone) decreased
STAT3 phosphorylation, suggesting IL-13 might limit the ability
of STAT3 to inhibit CXCL9 expression. The ability of STAT3 to
regulate CXCL9 expression was then confirmed by means of
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 HBECs.
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/chemokines either alone60 or in combina-
tion with IL-27. The mechanisms for this ability of STAT3
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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 STAT3 are in the same signaling
family as STAT6, which is 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 because of considerable demands and
very small sample quantities. However, in each of the additional
ex vivo substudies, more than 75%of participants overlappedwith
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 than IHC) 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
knock down 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 corticosteroid-treated patients.

In summary, this study presents evidence for increased IL-27
levels in asthmatic patients. Particularly when its expression is
associated with a type 2/IL-13 gene signature, it identifies a
subtype of asthma with more SA characteristics associated with
increased type 1 chemokine/CXCL9 expression. This surprising
association with increased CXCL9 levels could be recapitulated
in vitro, involving enhanced STAT1 activation and an associated
reduction in STAT3 activation. These novel interactions of innate
(IL-27) and type 2 (IL-13) immunity could contribute to the
increasingly complex inflammatory processes associated with
SA. Further investigation into mechanisms regulating enhanced
IL-27 production and interactions with both type 2 and type 1
immunity could lead to novel targets for SA therapy.

We thankXiuxia Zhou, JinmingZhao, Russell Traister,Milosevic Jadranka,

and Merritt Fajt for their helpful contributions and Crystal E. Uvalle for her

excellent technical assistance.

Key messages

d IL-27 expression is increased in BAL cells of asthmatic
patients, identifying a more SA phenotype when
combined with a type 2 (IL-13–associated) gene signature,
as represented by CCL26 expression.

d 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.

d The synergistic increase in CXCL9 levels appears to
involve enhanced STAT1 signaling, with diminished
counterregulation by STAT3.
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METHODS

Subjects
Participants were 18 to 65 years old and enrolled in SARP or the

Electrophilic Fatty Acid Derivatives in Asthma study.E1 All studies were

approved by the University of Pittsburgh’s Institutional Review Board, and

all participants provided informed consent. Subjects were nonsmokers in

the last year, and all had a smoking history of less than 5 pack years.

Patients with SA were defined by using the American Thoracic Society

definition.E2 Patients with mild asthma not receiving ICSs (mild/no ICS

group) had a prebronchodilator FEV1 of 80% of predicted value or greater.

Patients with mild-to-moderate asthma receiving low- to moderate-dose

ICSs (mild-moderate/ICS group) had an FEV1 of greater than 60% of

predicted value.E3 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 before and after bronchodilator, FENO, complete blood

counts, allergy skin prick testing, and IgE.E3,E4

Bronchoscopy and sample processing
Epithelial brushings and BAL cells were obtained bronchscopically from

the fourth- to fifth-generation airways, according to previously published

protocols and the SARP Manual of Procedures.E5,E6 Cells were placed in

Qiazol (Qiagen) for extraction of RNA.

qRT-PCR
Epithelial and BAL cell RNA was extracted in Qiazol (Qiagen)n and

mRNA expression was determined by using qRT-PCR. Reverse transcription

was performed with 1 mg of total RNA and random hexamers in a 50-mL

reaction, according to the manufacturer’s protocol (PE Applied Biosystems).

Primers and probes were purchased from Applied Biosystems (Assays on

Demand: IL-27 p28, Hs00377366_m1; CCL26, Hs00171146_m1; and

CXCL9, Hs00171065_m1). The probes were labeled with the 59-reporter
dye 6-carboxy fluorescein and the 39-quencher dye 6-carboxy N, N, N9, N9
tetramethylrhodamine. VIC-labeled human GAPDH probe and primers were

also obtained fromApplied Biosystems (GenBank accession no. NM-002046;

part no. 4310884E). qRT-PCRwas performed on theABIPrism 7900 sequence

detection system (Applied Biosystems) at core facilities at the University of

Pittsburgh. The levels of each marker were determined relative to GAPDH by

using the D cycle threshold method.

IHC
BAL cell cytospin preparations were fixed in 2% paraformaldehyde.

Cytospin preparations were rinsed, blocked, and incubated overnight with

goat polyclonal anti-human IL-27 antibody (R&D Systems) at a 1:50 dilution.

Biotinylated secondary rabbit anti-goat antibody was added, and the cytospin

preparations were incubated with ABC reagent (Vector Laboratories),

developed with the chromogen 3-amino-9-ethylcarbazole, counterstained

with hematoxylin, and overlaid with Crystal Mount (Electron Microscopy

Sciences). IL-271 cells were counted in a blind manner by 2 independent

observers from 500 or more cells to obtain the percentage of IL-271 cells.

Primary ALI epithelial cell culture and siRNA

transfection
Primary human airway epithelial cells obtained from bronchoscopic

brushings were cultured under ALI, as previously described.E6,E7 From day

0 of ALI, cells were stimulated with IL-13 (1 or 10 ng/mL, R&D Systems)

or media alone every 48 hours for up to 8 days. IL-27 (10 ng/mL, R&D

Systems) was added to medium at day 6. Cells were harvested for STAT

proteins at 0 minutes, 30 minutes, 1 hour, and 6 hours after IL-27 stimulation

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

Lower-chamber medium was harvested at 12, 24, and 48 hours after IL-27

stimulation for monokine induced by IFN-g (CXCL9) protein.

siRNA transfections were performed, as previously described.E7 Three

hundred microliters of siRNA mixture (50 nmol/L siRNA and 3 mL of Mirus

transfection reagent) was added to the upper chamber and transferred to the

lower chamber 6 hours later. Forty-eight 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 STAT in cultured epithelial cells were

measured by using Western blotting on 4-12% SDS-PAGE gels with rabbit

polyclonal antibodies for STAT1, phosphorylated STAT1, STAT3, and

phosphorylated STAT3 (1:500; all from Cell Signaling Technology).

Membranes were incubated with primary antibodies, followed by addition

of anti-rabbit horseradish peroxidase–conjugated secondary antibody

(1:5000; ECL, Little Chalfont, Buckinghamshire, United Kingdom). Blots

were developed with SupersignalWest FemtoMaximum Sensitivity Substrate

(Fisher Scientific, Pittsburgh, Pa) and read on a Fuji Film Image Reader

LAS-3000.

CXCL9 ELISA
CXCL9 protein levels were measured in lower ALI supernatants by using

ELISA (detection limit, 20 pg/mL)with R&DSystems antibody by ElisaTech.

Undetectable CXCL9 protein was reported as 2 pg/mL.

Statistical analysis
Data were analyzed for normality, with and without log transformation.

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

ANOVA (for nonparametric data) was used to identify an overall level of

significance among the groups or conditions. When the overall P value was

less than .05, Tukey (for parametric), Wilcoxon, or x2 (categorical data)

analysis of individual groups was performed. Bonferroni correction was

applied for all intergroup comparisons. The Spearman rho (rs) statistic was

used for correlations of nonparametric data, and Pearson correlation was

used for normally distributed data. Pearson x2 tests compared categorical

values. Analysis of covariance adjusted for age, body mass index, and sex

to evaluate the association of asthma severity with IL-27 expression. The

blood eosinophil cutoff was 300 cells/mL or greater.E4 Median splits defined

high versus 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.E8,E9

Groups were defined as low IL-27 and low type 2 (CCL26), low 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/STAT3 siRNA. Statistical

analysis was performed with JMP SAS software, and P values of less than

.05 were considered significant, except as noted.
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FIG E1. CXCL9 production by primary epithelial cells at 10 ng/mL IL-27 stimulation for 24 hours in

combination with 1 ng/mL IL-13 or 10 ng/mL IL-13 for relative mRNA (A) and protein (B; n 5 4).
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TABLE E1. Baseline demographic characteristics for the IL-27 IHC staining group (n 5 51)

Demographics

Subject group

HCs (n 5 14) Mild/no ICS (n 5 9) Mild-moderate/ICS (n 5 10) SA (n 5 18) Overall difference (P value)

Age (y) 24 (23-32) 26 (20-29) 32 (24-51) 49 (32-59) .009

Sex (male/female) 9/5 3/6 2/8 7/11 .03

Race (CA/AA/other) 10/1/3 6/1/2 4/4/2 15/1/2 .09

BMI (kg/m2) 23 (22-25) 25 (22-32) 28 (26-35) 27 (25-32) .004

Exhaled NO (ppb) 21 (16-38) 43 (23-51) 23 (18-29) 42 (32-77) .007

Blood eosinophils (/mL) 100 (100-200) 200 (100-300) 200 (100-300) 200 (100-375) .35

Baseline FEV1 (% predicted) 99 (94-104) 88 (73-97) 85 (69-104) 61 (49-74) <.001

Serum IgE (kU/L) 28 (14-61) 80 (50-648) 133 (39-370) 134 (38-462) .004

Categorical analyses were performed with Pearson x2 tests. Continuous variables were analyzed by using Kruskal-Wallis tests and presented as medians (25th-75th percentiles).

AA, African American; BMI, body mass index; CA, white; NO, nitric oxide.
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TABLE E2. Subject demographic characteristics for subjects of epithelial cells cultured in ALI system

Demographics

Study group

HCs (n 5 4) Mild/no ICS (n 5 2) Mild-moderate/ICS (n 5 2) SA (n 5 5) Overall difference (P value)

Age (y) 34 (29-40) 41 (34-48) 32 (22-41) 49 (32-54) .37

Sex (male/female) 4/0 0/2 0/2 2/3 .04

Race (CA/AA/other) 2/0/2 2/0/0 2/0/0 3/1/1 .41

BMI (kg/m2) 25 (21-25) 29 (25-32) 27 (22-35) 27 (23-32) .83

Exhaled NO (ppb) 18 (12-21) 140 (18-263) 34 (5-64) 27 (15-60) .007

Blood eosinophils (/mL) 100 (100-167) 1000 (300-1700) 50 (0-100) 450 (175-575) .07

Baseline FEV1 (% predicted) 97 (94-104) 85.5 (79-92) 95 (93-97) 63 (41-84) .12

Categorical analyses were performed with the Pearson x2 tests. Continuous variables were analyzed by using Kruskal-Wallis tests and presented as medians (25th-75th percentiles).

AA, African American; BMI, body mass index; CA, white; NO, nitric oxide.
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