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Interleukin (IL)-26 is abundant in human airways and this cytokine is involved in the local immune response to a bacterial stimulus

in vivo. Specifically, local exposure to the toll-ike receptor (TLR) 4 agonist endotoxin does increase IL-26 in human airways and this
cytokine potentiates chemotactic responses in human neutrophils. In addition to T-helper (Th) 17 cells, alveolar macrophages can
produce IL-26, but it remains unknown whether this cytokine can also be produced in the airway mucosa per se in response to a
viral stimulus. Here, we evaluated whether this is the case using primary bronchial epithelial cells from the airway epithelium in vitro
and explored the signaling mechanisms involved, including the modulatory effects of additional Th17 cytokines. Finally, we assessed
IL-26 and its archetype signaling responses in healthy human airways in vivo. We found increased transcription and release of IL-26
protein after stimulation with the viral-related double stranded (ds) RNA polyinosinic-polycytidylic acid (poly-IC) and showed that this
IL-26 release involved mitogen-activated protein (MAP) kinases and nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB). The release of IL-26 in response to a viral stimulus was modulated by additional Th17 cytokines. Moreover, there was franscrip-
fion of IL26 mRNA and expression of the protfein in epithelial cells of bronchial brush and tissue biopsies respectively after harvest in
vivo. In addition, the extracellular IL-26 protein concentrations in bronchoalveolar lavage (BAL) samples did correlate with increased
epithelial cell transcription of an archetype intracellular signaling molecule downstream of the IL-26-receptor complex, STATI, in the
bronchial brush biopsies. Thus, our study sugyests that viral stimulation causes the production of IL-26 in lining epithelial cells of human

airways, structural cells that constitute a critical immune barrier and that this production is modulated by Th17 cytokines.
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INTRODUCTION in human immunology and pathology. mineralization in joint tissue from pa-
Interleukin (IL)-26 is a member of the So far, it has been shown that IL-26 is in- tients with the chronic inflammatory

IL-10 cytokine family that may be copro- volved in Crohn disease (5), rheumatoid disease spondyloarthritis (8).

duced with archetype T-helper (Th) 17 arthritis (6) and chronic hepatitis C virus In a recent in vivo study (9), we for-

cytokines including IL-17A and IL-22 (1-3). (HCV) infections (7), disorders that all warded evidence that endogenous IL-26

Although IL-26 was discovered more share chronic inflammation as a common  is abundant and involved in the local

than a decade ago (4), surprisingly few denominator. Moreover, the synovial immune response against a bacterial stim-

studies have addressed its involvement cell production of IL-26 induces bone ulus, a toll-like receptor (TLR) 4 agonist, in

healthy human airways. We also demon-
strated that IL-26 enhances the chemotactic
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response of neutrophils toward a bacterial
stimulus and toward IL-8, while at the
same time inhibiting the chemokinesis in
these innate effector cells (9-11). Moreover,
we demonstrated that alveolar macro-

. phages constitute a prominent source of
SRR
337 Feinstein Institute [L-26, in addition to Th17 cells and other
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Northwell Health~ lymphocyte subsets. Based upon these
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findings, we proposed that IL-26 serves

to focus neutrophil mobilization toward
sites of bacterial infection and inflamma-
tion during activation of pulmonary host
defense. In line with our proposal, Meller
et al. recently forwarded evidence that
IL-26 kills extracellular bacteria through
pore formations and proposed that IL-26
encompasses characteristics typical for an-
timicrobial peptides (12).

In addition to their evidence for anti-
bacterial effects, Meller et al. showed that
IL-26 triggers the production of the anti-
viral cytokine interferon (IFN)-a (12,13)
in plasmacytoid dendritic cells via acti-
vation of TLR9, by forming complexes
with DNA from cells or from dying
bacteria (12). Furthermore, the previous
study by Miot et al. also showed that
IL-26 induces the production of the an-
tiviral cytokines IFN-B and IFN-y in NK
cells in association with chronic HCV in-
fections (7). Thus, IL-26 bears the poten-
tial to be involved in immune responses
to both bacterial and viral stimulation.

Given the abundance of IL-26 protein
in the human airway lumen and its
referred involvement in the immune re-
sponse to bacterial (9,10) and viral stim-
ulation (7,12,13), we hypothesized that
IL-26 is involved in pulmonary host de-
fense against viruses by being produced
in bronchial epithelial cells after stimu-
lation with a viral stimulus and that this
production is modulated by additional
Th17 cytokines. We also hypothesized
that the intracellular signaling path-
ways leading to IL-26 release involves
mitogen-activated protein (MAP) ki-
nases and the nuclear transcription fac-
tor NF-xB. To address these matters, we
characterized the expression, production
and release of IL-26 in primary bron-
chial epithelial cells from humans in re-
sponse to polyinosine—polycytidylic acid
(poly-IC), a TLR3-agonist mimicking
viral double stranded (ds) RNA (14). We
also characterized the involvement of
the MAP kinases p38, c-Jun N-terminal
kinases (JNK1-3) and extracellular signal—
regulated kinases (ERK1/2) and nuclear
factor kappa-light-chain-enhancer of ac-
tivated B cells (NF-xB) in the downstream
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signaling events. Furthermore, we char-
acterized the modulatory effects of the
Th17 cytokines IL-17A and IL-22 on

the release of IL-26 caused by poly-IC.
Finally, we assessed IL-26 and its arche-
type signaling responses in bronchial
epithelial cells in vivo, using broncho-
alveolar lavage (BAL), bronchial brush
and tissue biopsy samples from healthy
human subjects.

MATERIALS AND METHODS

Cell Culture and Stimulation

Primary bronchial epithelial cells
were harvested from human donors and
expanded as previously described (15).
Semiconfluent cells were stimulated
(1 mL of culture media) with different
concentrations of the TLR3 agonist
poly-IC, as well as additional types of
viral stimulation including the TLR7 ag-
onist Imiquimod, and the TLR8 agonist
single stranded (ss) RNA (InViV0gen®)
(14,16) as well as recombinant human
(rh) Th17 cytokine proteins including
rhIL-17A and rhIL-22 (R&D systems).
Briefly, cells were stimulated with poly-
IC (1, 5 and 10 pg/mL) or Imiquimod
(1 pg/mL) or single stranded (ss) RNA
(1 pg/mL). Cells were also stimulated
with rhIL-17A (100 ng/mL) or rhIL-22
(100 ng/mL) or rhIL-17A (100 ng/mL)
plus rhIL-22 (100 ng/mL) with and
without poly-IC (0.05 png/mL). Cell-free
conditioned media were collected after
24 h of incubation (37°C in 5% CO,) for
quantification of IL-26 protein using
enzyme-linked immunosorbent assay
(ELISA) and the cells were separated
for real-time polymerase chain reaction
(RT-PCR) assay. For the investigation of
intracellular signaling mechanisms, the
cells were preincubated with a specific
TRIF inhibitor (25 umol/L) or its vehicle
in 0.5 mL culture media for TRIF (TIR
[Toll/interleukin-1 receptor domain-
containing adaptor protein inducing
interferon beta, from Invivogen]) during
5h or in 1 mL of culture media for a
variety of MAP kinase inhibitors and
NF-«B (all from Selleckchem.com) and
their respective vehicles. The MAP kinase
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inhibitors utilized targeted either p38
(SB203580—0.1, 1 and 10 umol/L during
1 h) (17), INK1-3 (SP600125—8 x 10°°,

8 x 10 and 0.8 umol/L during 1 h) (18)
or ERK1/2 (AZD6244—2 x 107, 2 x 107
and 0.2 pmol/L during 1 h) (19). Cells
were also preincubated with an inhibi-
tor targeting NF-kB (5C17741—1, 5 and
10 umol/L during 5 h) and its vehicle (20).
After the preincubations with the respec-
tive inhibitors, cells were then cocultured
with poly-IC (0.05 pg/mL) during 24 h
and cell-free conditioned media collected
and frozen for quantification of IL-26
protein concentrations using ELISA and
the cells were used for RT-PCR assay.
For the quantification of activated /
phosphorylated (p) p38, pJNK1-3 and
pERK1/2 and pNF-kB, cells were stimu-
lated with poly-IC (0.05 and 0.5 pg/mL
during 1.5 h) before or after preincuba-
tion with the TRIF inhibitor or its vehicle
(25 pmol/L during 5 h). Adherent cells
were then lysed on the plate using the
PhosphoTracer lysis buffer and lysate
used during the PhosphoTracer ELISA
assays.

PhosphoTracer ELISA

Intracellular activation/phosphor-
ylation of p38, JNK1-3, ERK1/2 and
NF-«xB was measured according to man-
ufacturer’s instructions (Abcam®) (9).
In brief, cell lysates were transferred in
duplicates (50 pL/well) to the plates. The
specific antibody mixes for each analyte
were added (50 pL/well, during 1 h) at
room temperature (RT) on a shaker and
washed. The substrate was then added
(100 pL/well during 10 min [min]),
and the fluorescence signal determined
(530 nm) using Wallac victor 3V 1420 mul-
tilabel plate reader (PerkinElmer LAS Ltd).
The data (raw signals) were presented as
relative fluorescence units (RFU).

IL-26 and IL-17A Protein ELISA

IL-26 protein concentrations in cell-free
conditioned media and BAL fluid were
measured according to manufacturer’s
instructions (Cusabio Biotech®) (9). In
brief, diluted samples and standards
were added to the wells in duplicates and



incubated (during 2 h) at 37°C in 5% CO,
Biotin-conjugated detection antibody was
added (during 1 h) followed by the avi-
din-conjugated Horseradish-Peroxidase
added (during 1 h). Plates were devel-
oped using tetramethylbenzidine (TMB)
substrate and finally, a stop solution was
added to quench the reaction. The optical
density was measured (450 nm) using a
microplate reader (Model Spectra Max
250, Molecular Devices™).

Similarly, IL-17A protein was mea-
sured according to the manufacturer’s
instructions (MABTECH AB). In brief,
high protein binding ELISA plates
(Nunc) were precoated with the primary
anti-human IL-17A antibody (2 pg/mL in
phosphate-buffered saline (PBS)) followed
by the secondary antibody (biotinylated
monoclonal antibody, 0.5 pg/mL during
1 h at RT). Plates were subsequently incu-
bated (during 1 h at RT) with streptavidin
horseradish peroxidase and developed
with TMB substrate and finally, a stop
solution was added to quench the reac-
tion. The optical density was measured
(450 nm) using a micro plate reader.

Intracellular IL-26 Protein Detection
Using Western Blot

Primary bronchial epithelial cells were
stimulated with poly-IC (1 ug/mL)
or rhIL-17A (100 ng/mL). The epithelial
cells were also stimulated with poly-IC
(1 ug/mL) with or without the pathway
inhibitors of TRIF, p38, JNK, ERK and
NF-kB (see above) during 24 h. Cells
were then treated with ice-cold lysis buffer
containing a proteinase and phosphatase
inhibitor cocktail as well as ethylenedi-
aminetetraacetic acid (EDTA) (Thermo
Scientific) and the total protein concen-
tration quantified using the Bradford
assay Comasie kit (Thermo Scientific).
After electrophoresis (10% mini-protein
precast gels [Biorad]) and transfer (semi
dry transfer at 20V for 30 min), the
membranes (Immobilon® PVDF, Sigma
Aldrich) were air dried (1 h at RT) and
then blocked with Odyssey blocking buf-
fer (Li-Cor™) for another 1 h at RT. The
primary IL-26 antibody (at 1:200 dilution)
(Abcam) and B-actin (at 1:2000 dilution)

(Santa Cruz Biotechnology Inc.™) were
then added and incubated overnight (at
4°C). The membranes were then washed
(3x) and the Odyssey infrared dye-
conjugated secondary antibody (Li-Cor)
added (1:15000) for 1 h at RT. Finally,
the membranes were washed (3x) and
scanned using the Odyssey® CLx Imag-
ing System (Li-Cor).

RT-PCR Analyses

The primer sequences were obtained
from the literature (9,21), and purchased
from Cybergene. RT-PCR was performed
as previously described (9). Data was
normalized (controls were set to 1) with
reference to the house keeping gene
(HPRT) according to the CT method
(AA CT) and presented as fold differences.

Bronchoscopy and Collection of
Bronchial Biopsies, Bronchoalveolar
Lavage Fluid and Bronchial Brush
Biopsies

Healthy never-smokers with normal
lung function (post-bronchodilator
forced expiratory volume (FEV),/ forced
vital capacity (FVC) >0.7 and FEV, >80%
of predicted) were recruited and inves-
tigated after oral and written informed
consent, in accordance with the Helsinki
declaration. Thus, data and samples
from 37 control subjects in the Karo-
linska Institutet COSMIC cohort (Clin-
icalTrials.gov Identifier: NCT02627872)
were utilized and some of the clinical
data sets have been utilized in other
studies (22,23). The COSMIC cohort
study was previously approved by the
Regional committee for ethical review
in Stockholm, Sweden (Diary No 2006/
959-31/1). Briefly, spirometry (Jaeger
Masterscope PC, CareFusion) was mea-
sured according to European respiratory
society (ERS)/American thoracic society
(ATS) guidelines (24). Bronchoscopies
were performed under local anesthesia
as previously described (25) utilizing a
flexible video bronchoscope (Olympus
Optical Co). The specimens (BAL, bron-
chial brush and tissue biopsy samples)
were then harvested for subsequent
analyses.
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Immunoreactivity for IL-26 Protein in
Tissue Biopsy Specimens

Here, bronchial tissue biopsy spec-
imens from 8 (4 male and 4 female)
subjects were randomly selected from
the pool of the COSMIC cohort (22,23).
The tissue biopsies were then processed
and stained as previously described (26)
using the primary monoclonal mouse
anti-human IL-26 antibody or mouse
IgG2b isotype control (Clone 133303,
R&D) accordingly (9). In brief, tissue
blocks were formalin-fixed, paraffin em-
bedded, deparaffinized and rehydrated
through graded alcohols. Endogenous
peroxidase was inactivated and tissues
incubated with primary monoclonal
mouse anti-human IL-26 antibody or
mouse IgG2b isotype control (during 3
min). Slides were then rinsed in distilled
water, counterstain in Hematoxylin,
rinsed in running tap water, dehydrated,
cleared and mounted. The average area
of the sections was 1-2 mm?, and the
whole tissue section was analyzed by
immunohistochemistry (IHC).

mMRNA Analyses on Epithelial Cells
in Bronchial Brush Biopsies and IL-26
Protein Measurement in BAL Fluid
Here, 10 randomly selected bronchial
brush biopsy samples from the human
(4 male and 6 female) donors were se-
lected from the pool of the COSMIC
cohort (22,23). The analyses of mRNA
were then performed on the cells in the
bronchial brush biopsy samples as pre-
viously described (27). Notably, we en-
sured that epithelial cells constitute more
than 90%-95% of the total cells in the
bronchial brush biopsies samples before
inclusion. In brief, mRNA was extracted
according to the manufacturer’s instruc-
tions (Macherey—Nagel). The RNA was
amplified using the Low Input Quick
Amplification Kit (Agilent Technologies)
according to the manufacturer’s protocol,
and subsequent Cy3-CTP labeling was
performed by using one-color labeling
kits (Agilent Technologies). Clean-up
of the labeled and amplified probe was
performed (Zymo Research Corpora-
tion). The size distribution and quantity
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of the amplified product was assessed
by Nanodrop. Equal amounts of Cy3-
labeled target were hybridized to Agilent
human whole-genome 4 x 44K Inkjet
arrays containing a total of 41,000 probes
corresponding to 19,596 entrez genes.
Hybridizations were performed at 65°C
(at a rotation of 10 rpm during 17 h). Ar-
rays were scanned by using the Agilent
microarray G2565BA scanner (Agilent
Technologies) with Scan region: Agilent
HD (61 x 21.6) and a resolution of 5

um, TIFF: 16 bit, XDR: 0.10. Raw signal
intensities were extracted with Feature
Extraction v10.1 software (Agilent Tech-
nologies). Outliers that were identified
by the software were not included in
any subsequent analyses. We also mea-
sured (by ELISA) concentrations of IL-26
protein in the cell-free BAL samples har-
vested during bronchoscopy as described
above and previously (9).

Statistical Analysis

Parametric descriptive and analytical
statistics were applied (GraphPad Prism®
software) unless otherwise stated. The
Student two-tailed and paired t test was
utilized to compute comparisons be-
tween paired data sets unless otherwise
stated. The Mann—-Whitney test was
used to compute differences between the
human samples. Correlation analyses
were performed using the Spearman
rank correlation test. p < 0.05 were con-
sidered statistically significant.

RESULTS

Primary Bronchial Epithelial Cells
Produce IL-26 Protein in Response
to TLR3 Stimulation

The primary bronchial epithelial cells
were exposed (24 h) to viral stimulation
and we found that these cells contain
the IL26 mRNA that was increased
approximately 3 fold after stimulation
with poly-IC (1pg/mL) (Figure 1A).
Furthermore, we found that increas-
ing concentrations of poly-IC caused a
corresponding increase in IL-26 protein
release in the cell-free conditioned media
(Figure 1B). Using western blot, we found
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Figure 1. Primary bronchial epithelial cells produce IL-26 enhanced by viral-related stimuli.
Cells were stimulated (24 h) with different viral stimuli (TLR3 agonist poly-IC, TLR7 agonist
imiquimod and TLR8 agonist ssRNA). Extracellular concentrations in cell-free conditioned
media as well as intracellular expression of IL-26 protein were measured using ELISA and
western blot, respectively, and levels of mMRNA using real time. (A) IL26 mRNA levels aofter
stimulation with poly-IC (n = 11). (B) Extracellular concentrations of IL-26 in cell-free con-
ditioned media in response to poly-IC at different concentrations (n = 8). (C) Intracellular
IL-26 protein (representative western blot). (D) the averaye protein expression (fold differ-
ence) affer stimulation with poly-IC (Tug/mL) during 24 h. (E) Extracellular concentrations
of IL-26 in cell-free conditioned media in response to imiquimod or ssRNA (n = 8). (F) TLR3,
TLR7 and TLR8 mRNA levels (fold) (n = 5). The p values indicated are according to the Stu-
dent paired ttest. p < 0.05 is considered significant.

that intracellular IL-26 protein was also in-
creased in response to poly-IC (1 ug/mL)
(Figure 1C, D). Notably, we found that
only the dimeric form of IL-26 (36kDa)
was detectable in the bronchial epithelial
cells. Similar to the viral stimulus poly-IC,
stimulation with other viral stimuli, the
TLR7 agonist Imiquimod (1 pg/mL) and
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the TLR8 agonist ssRNA (1 ug/mL) (16),
also increased IL-26 protein concentrations
in the conditioned media (Figure 1E).
Moreover, we also verified that the bron-
chial epithelial cells contain mRNA for
TLR3, TLR7 and TLRS (Figure 1F), here
presented as fold differences, with a simi-
lar magnitude of transcription.



The Release of IL-26 Protein in
Response to Poly-IC Involves TRIF,
MAP Kinases and NF-«xB

The adaptor protein TRIF and the MAP
kinases p38, JNK1-3 and ERK1/2 and
NF-«B are generic molecules involved in
signal transduction downstream of TLR3
(28-32). Given the lack of specific knowl-
edge for IL-26 release in this respect, we
determined the involvement of these signal-
ing molecules in the release of IL-26. First,
TRIF was inhibited (25 pmol/L) in cultures
in the presence of a suboptimal concentra-
tion of poly-IC (0.05pg/mL) to render any
TRIF-inhibitory effect noticeable. We found
that IL-26 release was almost completely
blocked by the TRIF inhibitor (Figure 2A).
Notably, given that an unaltered number of
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tions became higher. We then investigated
the intracellular levels of IL-26 at the gene
and protein level using RT-PCR and west-
ern blot respectively. To induce an optimal
mRNA level and protein expression, cells
were stimulated with 1 ug/mL poly-IC.

We then found that inhibition of TRIF did
not alter the IL26 mRNA (Figure 2B) nor
did it alter the intracellular protein levels
(Figure 2C, D).

Second, we investigated the involve-
ment of p38, JNK1-3 and ERK1/2 and
NF-xB by measuring their activation
(phosphorylation) levels in response to
poly-IC (0.05 pg/mL and 0.5 pg/mL).
We also investigated whether this
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Figure 2. The adaptor protein TRIF is involved in poly-IC-induced release of IL-26. Pri-

mary bronchial epithelial cells were preincubated (5 h) with TRIF inhibitor and vehicle

(25 umol/L). Extracellular concentrations of IL-26 in cell-free conditioned media as well as
infracellular levels were measured using ELISA and western blot respectively and mRNA
levels using real time. (A) Extracellular concentrations of IL-26 in cell-free conditioned in
response to poly-IC (0.05 pg/mL) in the presence of the TRIF inhibitor (n = 7). (B) Level of
IL26 mRNA in response to poly-IC (Tug/mL) in the presence of the TRIF inhibitor (n = 8).
(C) Intracellular IL-26 protein (representative western blot) and (D) the averayge protein
expression (fold difference) in response to poly-IC (1 pg/mL) in the presence of the TRIF

inhibitor (n = 4).
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phosphorylation was TRIF-dependent or
not and we found that poly-IC at both
concentrations induced rapid phosphor-
ylation of p38, JNK1-3, ERK1/2 and
NEF-«B (Figure 3A-D), which is compati-
ble with increased levels of IL-26 protein
in the conditioned media (Figure 1B).
Interestingly, inhibition of TRIF also
inhibited the phosphorylation of these
molecules (Figure 3A, B, D) except for
ERK1/2 (Figure 3C), which is also com-
patible with decreased level of IL-26
(Figure 2A). We noted, however, that the
effect on pERK1/2 induced by poly-IC
was modest, even though statistically
significant. Moreover, we compared
inherent levels of these phosphorylated
molecules and found that pERK1/2 dis-
played a higher levels compared with
PNF-«B, pp38 and pJNK1-3 (Figure 3E).

Selective Inhibition of p38, JNK1-3,
ERK1/2 and NF-«B Inhibits IL-26 Protein
Release

Here, we inhibited the signaling mol-
ecules (p38, JNK1-3 and ERK1/2) using
specific inhibitors (17-20). We found that
inhibition of p38, JNK1-3 and ERK1/2
inhibited the poly-IC-induced release of
IL-26 protein (Figure 4A-C). Furthermore,
we also found clear cut inhibition of IL-26
release after double inhibition of p38 and
JNK1-3, p38 and ERK1/2 or JNK1-3 and
ERK1/2 (Figure 4D-F). Moreover, inhi-
bition of NF-«B also inhibited the release
of IL-26 protein (Figure 4G). Notably, we
found no difference in IL-26 release in
cells stimulated with poly-IC and poly-IC
plus the relevant vehicle dimethyl sulf-
oxide (DMSO) (data not shown). We
then investigated the intracellular levels
of IL-26 at the gene and protein level
using RT-PCR and western blot, respec-
tively. We found that inhibition of these
MAP kinases or NF-«B did not alter the
IL26 mRNA (Figure 4H) and the intra-
cellular protein levels (Figure 41, J).

The Release of IL-26 in Response to
Poly-IC Is Modulated by Th17 Cytokines
We have shown previously that rhIL-17
is a potent inducer of cytokine responses
in transformed human bronchial epithelial
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Figure 3. Stimulation with poly-IC induces phosphorylation of MAP kinases and NF-xB and
is inhibited by TRIF. Cells were preincubated with the TRIF inhibitor (ihh-TRIF) or vehicle
(V-TRIF) (25 umol/L for 5 h) and/or stimulated with poly-IC (0.05 pg/mL or 0.5 ng/mL) for
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PERK1-3, (D) pNF-kB and (E) comparative levels for the different molecules. The p values
indicated are accordinyg to Student paired ttest and a p < 0.05 is considered significant.

cells (33). Here, we investigated the
release of IL-26 protein in primary
bronchial epithelial cells in response to
stimulation with rhIL-22, rhIL-17A and
rhIL-22 plus rhIL-17A as well as their
costimulations with poly-IC. Thus, the
primary bronchial epithelial cells were
stimulated with rhIL-17A and/or rhIL-22
(100 ng/mL). In doing so, we found that
rhIL-17A increased IL-26 protein concen-
tration (Figure 5A) as well as the level

of IL26 mRNA (Figure 5B). However,
rhIL-22 did not alter IL-26 concentrations
in the conditioned media nor induce any
synergistic effects with rhIL-17A (Figure 5A).
When the bronchial epithelial cells

were then costimulated with poly-IC
(0.05pg/mL) and rhIL-17A, we found

a synergistic induction of IL-26 release
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(Figure 5C), but this was not the case for
costimulation with rhIL-22 and poly-IC
(Figure 5D). Moreover, when cells stim-
ulated with poly-IC were also costimu-
lated with both rhIL-17A and rhIL-22, we
found that rhIL-22 induced an additive
effect on top of the synergistic effects of
poly-IC and rhIL-17A (Figure 5E). Nota-
bly, when we tried to quantify the concen-
trations of IL-17A protein in the cell-free
conditioned media after stimulation with
poly-IC or rhIL-22 stimulation, we did not
detect this cytokine (34) (data not shown).
To further confirm the effect of rhIL-17A
on the release of IL-26, we investigated the
intracellular protein levels of IL-26 using
western blot. We then found that rhIL-17A
increased the intracellular levels of IL-26
protein (Figure 5E, F).

I MOL MED 23:247-257, 2017

Interleukin-26 and lts Archetype
Signaling Responses in Bronchial
Epithelial Cells In Vivo

We also investigated the gene expres-
sion profile of bronchial epithelial cells
in bronchial brush biopsies harvested
from healthy subjects by selecting data
of interest from a broad mRNA analyses
of the COSMIC cohort material (22,23).
Here, we found that these bronchial
epithelial cells contain mRNA for IL26,
TLR3, TLR7 and TLR8 among others
(Figure 6A), which are compatible with
our finding on primary bronchial epi-
thelial cells in vitro. The level of TLR3
was significantly higher compared with
TLR7 and TLRS (Figure 6A). Still, with
reference to IL-26, we found that these
cells also contained mRNA for the IL-26
receptor complex ILI0R2 and IL20R1
as well as the specific intracellular
signaling molecules downstream of
the IL-26-receptor-complex STAT1 and
STAT3 (Figure 6B), in line with our
previous study in vitro (9). Notably,
there was no clear difference in the lev-
els of IL10R2 and IL20R1 but the level
of STAT1 was higher compared with
STAT3. Given that we also observed in-
creased levels of IL10R, IL20R1, STAT1
and STAT3 mRNA after stimulation
with rhIL-26 in our previously pub-
lished study in vitro (9), we here evalu-
ated the corresponding phenomenon in
vivo. First, we quantified the concentra-
tions of IL-26 protein in cell-free BAL
(67 pg/mL [7-238 pg/mL]) harvested in
vivo and correlated these concentrations
with the level of the respective mRNAs
within the same subject. We then
found a positive correlation between
IL-26 protein and STAT1 (Figure 6C)
and a strong corresponding trend for
STAT3 (Figure 6F). However, although
there was no correlation between 1L-26
protein and IL10R2 as well as IL20R1
mRNA, we did observe weak positive
trends between these mRNAs (IL10R2
and IL20R1) and the IL-26 protein
(Figure 6D, E). Finally, we confirmed
IL-26 protein expression in lining epi-
thelial cells within bronchial tissue bi-
opsies of healthy human subjects using
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IHC (Figure 6G, H). We detected clear- DISCUSSION thereby, these cells constitute a critical
cut inherent expression of the IL-26 pro- It is known that lining epithelial cells immune barrier (35). Indeed, viral infec-
tein both in the granulae and cytoplasm in the airways direct viral tropism more tions constitute a major risk factor for ex-
(Figure 6G, H). than any other cell type in the lungs and, acerbations during chronic inflammatory
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we show for the first time that bronchial
epithelial cells release IL-26 protein
in response to several types of viral

lung disorders including chronic obstruc-
tive pulmonary disease (COPD) and se-
vere asthma (36,37). In the current study,
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stimulation. Primarily, we examined the
epithelial cells in response to poly-IC,

a TLR3 agonist synonymous to viral
dsRNA, and found increased production
and release of IL-26 protein. We also
obtained evidence that the intracellular
signaling molecules TRIF, MAPK and
NF-B are involved in the TLR3-induced
release of IL-26 protein, whereas these
signaling molecules are not involved in
the transcription and translation of IL-26
within the cell. Furthermore, we identi-
fied modulatory effects of Th17 cytokines
including the original observation that
rhIL-17A triggers the production of IL-26
in bronchial epithelial cells and also in-
duces a synergistic release on the effect
of poly-IC. We also observed that rhIL-22
causes an additive effect on top of the
synergy between rhIL-17A and poly-IC.
In addition, we obtained evidence for
IL-26 protein interacting with bronchial
epithelial cells, as we found positive
associations with IL-26 and its receptors
and signaling molecules in vivo.

The primary bronchial epithelial cells
utilized in our current study constitute a
relevant model of lining epithelial cells
in the airways, which in turn represent
both a structural and immune barrier to
inhaled contents of the airway lumen.
Our findings that bronchial epithelial
cells contain mRNA transcripts for the
TLRs (TLR3, 7 and 8) and that triggering
via TLRs yields release of IL-26 are in line
with descriptions of the presence TLRs
on lining epithelial cells in the airways
(38). Furthermore, we showed that bron-
chial epithelial cells harvested from bron-
chial brush biopsies in vivo also contain
mRNA transcripts for these receptors
alongside mRNA for the IL-26 receptor
sub-units IL10R2 and IL20R1 and the
downstream intracellular signaling mol-
ecules STAT1 and STAT3. We show that
these immune barrier cells release IL-26
in response to not only the TLR3 agonist
poly-IC but also to the TLR7 agonist
imiquimod and the TLR8 agonist ssRNA.
Given that RNA viruses commonly cause
infections in healthy subjects as well as
in patients with chronic inflammatory
lung disorders (35), the release of IL-26
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in response to the tested viral stimuli is

a strong indication of its involvement

in pulmonary host defense against viral
infections in the airways. This is particu-
larly true given that IL-26 stimulates the
production of antiviral cytokines includ-
ing IFN-B and IFN-y in NK cells during
chronic HCV infections (7,13), as well as
IFN-a in plasmacytoid dendritic cells in
complex with DNA from dying bacteria
and cells in vitro (12,13). Using IHC, we
found a clear-cut expression of IL-26
protein in granulae and the cytoplasm of
epithelial cells in bronchial tissue biopsy
samples from healthy human subjects
(with normal CRP levels). However,

we cannot rule out that these subjects
and samples have been exposed to viral
stimuli without being clinically infected
in vivo; even if we have previously shown
that inherent IL-26 is abundantly ex-
pressed in BAL fluid as well as BAL cells
from healthy human subjects (9). Further
studies will be required to evaluate the
possibility that viral stimuli contribute

to the inherent expression of IL-26 in
human airways in vivo.

We identified a positive association be-
tween the concentrations of IL-26 protein
and the levels of STAT1 and a strong cor-
responding trend with the levels of STAT3
in the epithelial cells in vivo. We think that
the facts that IL-26 signals through STAT1
and STATS3 (39) and that the matching
mRNAs are increased in responses to rhiL-
26 in vitro (9) make our current demonstra-
tion of a corresponding association in vivo
of particular interest and relevance.

We characterized the signal transduc-
tion events after stimulation with poly-IC
by examining TRIF, the MAP kinases p38,
JNK1-3 and ERK1/2 as well as the nu-
clear transcription factor NF-kB (28,29,32).
In doing so, we proved that the referred
molecules are involved in the release of
IL-26 protein in bronchial epithelial cells.
Indeed, this involvement of generic sig-
naling molecules in the specific release
of IL-26 is not only novel—it is also com-
pelling given that these are archetype
signaling pathways known to mediate
a plethora of immune regulatory events
in humans (40-44). Here, the release
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mechanism involved the rapid increase

in the activation of the referred signaling
molecules within 1.5 h of stimulation,
which was matched by an increased re-
lease of IL-26 protein. We also found that
this signal activation and release mech-
anism of IL-26 that is caused by MAP
kinases is controlled by the adaptor pro-
tein TRIF (located upstream) (28,29). Al-
though the poly-IC-induced activation of
ERK1/2 was visibly small, we nonetheless
demonstrated that the inherent phosphor-
ylated level of this molecule is very high
compared with phosphorylated (p) p38,
pINK1-3 and pNF-«B. Furthermore, the
selective inhibition of ERK1/2 suppressed
the release of IL-26 in the same magnitude
as p38, JNK1-3 and NF-«kB. We believe
that these mechanistic findings may prove
important in human pathologies fueled
by the same type of intracellular signal-
ing. Notwithstanding the intracellular
signaling events, the TRIF, MAP kinases
and NF-«B pathways were not directly
involved in the transcription and transla-
tion of IL-26 within the epithelial cell per
se, given that the level of IL26 mRNA and
the intracellular protein levels were not
altered after inhibition of these pathways.
Here, it can be considered a well-known
fact that transcript abundances only par-
tially reflect protein abundances and vice
versa (45). Thus, we think that cytokines
restricted within the intracellular compart-
ments are unlikely to serve a functional
purpose until they are released into the
extracellular space where they can bind

to receptors and stimulate targets. We
therefore think that the respective involve-
ment of TRIF, MAP kinases and NF-xB

in the release mechanism of this cytokine
is crucial for the effector functions of this
cytokine in response to TLR3 stimulation
by viral particles.

We also obtained clear-cut evidence
that the archetype Th17 cytokine IL-17A
induces the production (both transcription
and translation) of IL-26 in bronchial epi-
thelial cells, as well as a synergistic effect
on top of the poly-IC-induced release of
IL-26. It is known that IL-17A acts through
the IL-17 receptor complex (IL-17RA and
IL-17RC) (46) and in a previous study, we

256 |

showed that rhIL-17A induces cytokine
release in transformed human bronchial
epithelial cells via MAP kinases (33). Thus,
it can be speculated that the rhIL-17A-in-
duced release of IL-26 in primary bronchial
epithelial cells occurs via MAP kinases
and, therefore, their simultaneous stimula-
tion by poly-IC and rhIL-17A may contrib-
ute to the observed synergistic effects. In
addition, we observed that rhIL-22 alone
has neither an effect on the release of

IL-26 protein nor a synergistic effect on
top of rhIL-17A or poly-IC. In contrast, we
found that rhIL-22 causes a substantial
additive effect on top of the rhIL-17A-
poly-IC synergy. This particular finding
may thus be receptor-dependent whereby
the presence of poly-IC and rhIL-17A
enhances receptor expression or increase
downstream signaling leading to increased
IL-26 induction. Thus, our finding supports
the idea that, in situ, the two Th17 cytokines
IL-22 and IL-17A may act together to boost
antiviral immune responses by inducing
the production of antimicrobial peptides

in epithelial cells (47,48), but also by
stimulating the production of IL-26 in
epithelial cells. We have previously shown
that rhIL-26 itself acts on primary bron-
chial epithelial cells to inhibit cytokine
release (9). It is therefore possible that a
dsRNA- or IL-17A-induced release of 1L-26
(in vivo) in turn exerts autocrine effects on
the same cells by inhibiting the continuous
release of 1L-26.

CONCLUSION

This study on primary bronchial ep-
ithelial cells, brush and tissues biopsy
cells from human airways forwards
the first original evidence that lining
epithelial cells in human airways pro-
duce and release IL-26 in response to
viral stimulation via several TLRs. This
release of IL-26 is the result of “classic”
intracellular signaling, involving TRIF,
MAP kinases and NF-«B. Notably, the
archetype Th17 cytokine IL-17A is also a
prominent inducer of IL-26 production
per se and on top of poly-IC stimulation,
the latter being further enhanced by
IL-22, yet another Th17 cytokine. Given
the fact that IL-26 causes the release of

CHE ET AL. | MOL MED 23:247-257, 2017

antiviral cytokines (IFN) (7,12,13) and is
also produced by alveolar macrophages
in response to a bacteria stimulus (9), the
current demonstration of a viral-related
response in bronchial epithelial cells sug-
gests that IL-26 is actually produced by
two critical immune barrier cells in the
airways. In this way, IL-26 may contrib-
ute to pulmonary host defenses against
pathogens. Tentatively, IL-26 may be a
more generic and important mediator in
pulmonary host defense than previously
recognized, one that also bears potential
for the development of novel therapy.
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