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Abstract
Background: Exacerbations constitute a major cause of morbidity and mortality in patients suffering from chronic
obstructive pulmonary disease (COPD). Both bacterial infections, such as those with non-typeable Haemophilus
influenzae (NTHi), and exposures to diesel engine emissions are known to contribute to exacerbations in COPD
patients. However, the effect of diesel exhaust (DE) exposure on the epithelial response to microbial stimulation is
incompletely understood, and possible differences in the response to DE of epithelial cells from COPD patients and
controls have not been studied.
Methods: Primary bronchial epithelial cells (PBEC) were obtained from age-matched COPD patients (n = 7) and
controls (n = 5). PBEC were cultured at the air-liquid interface (ALI) to achieve mucociliary differentiation. ALI-PBECs
were apically exposed for 1 h to a stream of freshly generated whole DE or air. Exposure was followed by 3 h
incubation in presence or absence of UV-inactivated NTHi before analysis of epithelial gene expression.
Results: DE alone induced an increase in markers of oxidative stress (HMOX1, 50–100-fold) and of the integrated
stress response (CHOP, 1.5–2-fold and GADD34, 1.5-fold) in cells from both COPD patients and controls. Exposure
of COPD cultures to DE followed by NTHi caused an additive increase in GADD34 expression (up to 3-fold).
Importantly, DE caused an inhibition of the NTHi-induced expression of the antimicrobial peptide S100A7, and of
the chaperone protein HSP5A/BiP.
Conclusions: Our findings show that DE exposure of differentiated primary airway epithelial cells causes activation
of the gene expression of HMOX1 and markers of integrated stress response to a similar extent in cells from COPD
donors and controls. Furthermore, DE further increased the NTHi-induced expression of GADD34, indicating a
possible enhancement of the integrated stress response. DE reduced the NTHi-induced expression of S100A7.
These data suggest that DE exposure may cause adverse health effects in part by decreasing host defense against
infection and by modulating stress responses.
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* Correspondence: M.C.Zarcone@lumc.nl
†
Equal contributors
1
Department of Pulmonology, Leiden University Medical Center, Albinusdreef
2, 2333 ZA Leiden, The Netherlands
Full list of author information is available at the end of the article
© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Zarcone et al. Respiratory Research (2017) 18:27

Background
Exposure to particulate air pollution is associated with a
range of adverse health effects, including respiratory infections [1]. Diesel exhaust (DE) constitutes the major
source of traffic-related air pollution in the most densely
populated areas [2]. Exposures to traffic pollution have
been associated with development of lung disease [3–5]
and an increased risk for patients with pre-existing lung
disease for development of symptoms [2, 6]. Exposure to
particulate air pollution is also associated with exacerbations in patients with chronic obstructive pulmonary
disease (COPD), linking COPD exacerbations to episodes of increased (traffic-related) air pollution [7–9].
This may be the result of higher susceptibility of COPD
patients to the adverse effects of DE. Most COPD exacerbations are associated with bacterial and/or viral
respiratory infections, as illustrated by the presence of
bacteria such as non-typeable Haemophilus influenzae
(NTHi) in the lower respiratory tract of 50% of patients
during exacerbations [10]. However, since urban air
pollution is a mixture of DE and other air pollutants
and several variables can influence individual exposures, a direct link between traffic-related air pollution
and infections has not been established based on observational studies [2]. Experimental studies have clearly
shown that diesel particles impair host defense by suppressing e.g. macrophage and epithelial cell function
[11–13]. So far the effect of whole DE (a complex mixture of both particles and gaseous component) on host
defense function of cultured primary human airway epithelial cells has not been studied.
The airway epithelium constitutes the first barrier for
inhaled toxic compounds such as DE and respiratory
pathogens [14, 15]. The airway epithelium of COPD
patients is characterized by an increased susceptibility to
infections, reduced antimicrobial response and increased
oxidative stress and integrated stress response [15]. In
vitro cultures of epithelial cells from COPD patients
have revealed a partial persistence of the COPD phenotype in culture [16, 17]. This is important since the
airway epithelium can exert an active function in the innate immune responses by releasing antimicrobial peptides and proteins (AMPs), such as human beta-defensin
(hBD)-2 (encoded by the gene DEFB4A), S100 calcium
binding protein (S100A7), lipocalin-2 (LCN2) and
secretory leukocyte protease inhibitor (SLPI) [14, 15].
Previous studies showed that treatment of A549 lung
epithelial tumor cells with resuspended air pollution particles reduced hBD-2 [11], while coal fly ash interfered
with Pseudomonas aeruginosa bacterial killing by primary bronchial epithelial cells in vitro and in a mouse
model in vivo [18].
We and others have used whole DE (instead of resuspended particles) to investigate effects of diesel on
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human cells, and demonstrated that it increases markers
of the oxidative stress response, such as heme oxygenase
1 protein (HO-1, encoded by HMOX1 mRNA) in A549
cells and primary bronchial epithelial cells [19–21], as
well as production of pro-inflammatory mediators, including CXCL8 [22]. We also showed that whole DE
causes activation of the integrated stress response (ISR)
in human bronchial epithelial cells [21]. A key and early
event in activation of the ISR is the phosphorylation of
the initiation factor of protein translation eIF2α. This
phosphorylation can be mediated by four different
kinases, PERK (protein kinase R (PKR)-like endoplasmic
reticulum kinase), HRI (heme-regulated eIF2α kinase),
GCN2 (general control nonderepressible kinase 2) and
PKR (protein kinase R), which are activated by specific
stimuli. Phosphorylation of eIF2α results in inhibition of
protein synthesis, and preferential transcription of the
transcriptional factor ATF4 which induces expression of
CHOP and GADD34 [23]. In addition, cell injury
induced by oxidative stress may result in an unfolded
protein response (UPR), in which PERK-mediated eIF2α
phosphorylation occurs simultaneously with the activation of IRE1α, generating spliced XBP1, and ATF6 (both
inducing expression of chaperones such as BiP [23, 24]).
Since activation of the airway epithelium by respiratory pathogens such as NTHi is a central event during
COPD exacerbations, we focused on the ability of DE
to modulate this activation. We hypothesized that the
effect of diesel differs between epithelial cells from
COPD patients and controls and that whole DE impairs
production of AMPs by primary differentiated airway epithelial cells. Primary bronchial epithelial cells (PBECs)
from COPD patients and controls were cultured at the
air-liquid interface (ALI) to achieve mucociliary differentiation. To adequately mimic the in vivo exposure of epithelial cells to DE, exposures were performed with DE
produced by a non-road mobile machinery stage IIIb [21],
before addition of UV-inactivated non-typeable Haemophilus influenzae (NTHi).

Methods
Bronchial epithelial cell culture and donor
characterization

Cells were obtained from macroscopically normal and
tumor-free lung tissue from 5 non-COPD and 7 COPD
donors undergoing resection surgery for lung cancer at
the Leiden University Medical Center. Patient groups
were matched for age. Disease status of COPD donors
(two GOLD III, three GOLD II and two GOLD I) was
based on lung function according to the Global Initiative
for Chronic Obstructive Lung Disease (GOLD) classification [25]. Mean FEV1 % predicted and FEV1/FVC were
significantly lower in COPD patients compared to controls. Two COPD donors were ex-smokers (3 and
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6 years) and three were current smokers. In the nonCOPD group one patient never smoked, three were exsmokers and one was a current smoker (Table 1). No
information on smoking history was available for two
COPD donors.
Primary bronchial epithelial cells (PBECs) obtained
from bronchial ring tissue were first expanded submerged in keratinocyte serum free medium (KSFM,
Life technologies) supplemented with penicillin (Lonza,
Verviers, Belgium), streptomycin (Lonza), epithelial
growth factor (EGF, Life technologies), bovine pituitary
extract (BPE, Gibco) isoproterenol (Sigma-Aldrich, St.
Louis, USA), and ciprofloxacin (Fresenius Kabi, Schelle,
Belgium) as previously described [21]. Then cells were
seeded onto 12 well-plate Transwell inserts (Corning
Costar Corporation, Cambridge, MA) and cultured in
BEBM in a 1:1 mix with DMEM (Lonza) supplemented
with BEGM SingleQuot (Lonza), penicillin/streptomycin (Lonza), BSA (1 mg/ml, Sigma-Aldrich) and
additional retinoic acid (15 ng/ml, Lonza). After reaching confluence, apical medium was removed and cells
were cultured at the air-liquid interface (ALI) for two
weeks to allow mucociliairy differentiation, as demonstrated by the presence of ciliated and mucus-producing
cells [26].
Whole diesel exposure system

Exposures of ALI-PBECs to air or diesel exhaust (DE)
were performed in Vitrocell® units (Waldkirch, Germany)
in triplicate as previously described [21]. Emissions were
produced by a diesel engine comparable to a stage IIIb
non-road diesel engine operating at a steady load. DE was
diluted immediately 9-times with humidified air to generate a mixture that was defined as DE, and that in a
previous study was found to induce cellular responses
in ALI-PBEC [21]. Particle matter (PM) concentrations
in the 9-times diluted DE were quantified by TSI scanning mobility particle sizer (SMPS; model 3936 L22 TSI
Incorporated, Shoreview, MN, USA). PM concentration
was assessed during 1 h exposure to DE by SMPS, and
shown to be 1.51 ± 0.12 mg/m3. The dose delivered to
Table 1 Donor characterization
COPD

SD

non-COPD SD

Gender

5/2 (M/F) -

4/1 (M/F)

-

AGE, years

62.57

7.41

66.60

2.70

BMI (%)

24.55

2.13

26.70

1.09

FEV1 (%predicted)

67.46

22.84 94.82

24.09

FEV1/FVC (%)a

54.83

9.20

75.51

4.49

-

1/3/1

-

b

Smoking history
-/2/3
(never smoker/ex-/current smoker)

p < 0.01 vs non-COPD subjects by Mann–Whitney t-test
No information on smoking history available for two COPD donors

a

b

the cells (delivered dose, DD) was calculated to be
0.40 μg/cm2 based on flow velocity, PM concentration,
time of exposure and transwell surface area, as previously described [21]. The deposited dose (dd) on inserts
was calculated to be 6.86 ng/cm2 based on a calculated
deposition efficiency of 1.7% of the delivered dose as described [21]. During each exposure session, temperature
(average of twelve exposures: 23.64 °C with 0.50 °C as
standard deviation), relative humidity (63.57 ± 1.57%),
carbon dioxide (0.46 ± 0.02%) and oxygen content
(19.98 ± 0.04%) were monitored and maintained constant. Based on estimation of the delivered doses, we
previously calculated that 1 h exposure used in our
in vitro exposure system corresponded to 2.25 h exposure
in vivo to a relatively high level of pollution (50 μg/m3)
[26, 27].
UV-inactivated non-typeable Haemophilus influenzae

Non-typeable Haemophilus influenzae (NTHi) strain D1
[28] was cultured as previously described [29]. Briefly,
bacteria were grown on chocolate agar plates (bioMérieux, Zaltbommel, The Netherlands) and one single colony was transferred into 10 ml of Tryptic Soy Broth
(TSB) plus hemin (factor X) and nicotinamide adenine
dinucleotide (NAD or factor V; TSB plus factor X and V,
Mediaproducts BV, Groningen, the Netherlands) and incubated while shaking overnight at 37 ° C. Two ml of
this overnight culture was inoculated in a fresh tube
with 10 ml of TSB plus factor X and V for 4 h while
shaking at 37 °C to obtain a log-phase culture. NTHi
bacteria were harvested by centrifugation for 10 min at
1840 g, re-suspended in PBS and quantified at OD600
nm. Next bacteria were diluted in PBS to a concentration of 1*109 CFU/ml, and inactivated by exposure to
UV-light for 2 h.
Exposure to whole diesel exhaust and other stimuli

Cells from 5 non-COPD and 7 COPD donors were exposed in triplicate to air or high DE (9-fold diluted, DD
0.40 μg/cm2) as previously described [21]. Briefly, at
24 h before exposure the apical side of ALI-PBECs was
washed with 100 μl of PBS to remove mucus and cell
debris. For each condition, three inserts per donor were
exposed to DE or air within Vitrocell® exposure units
with 3 ml of medium in the basal compartment. After
1 h exposure, the Transwell inserts (Corning Costar
Corporation, Cambridge, MA) were transferred into 12
well-plates with fresh media.
After 1 h exposure to air or high DE, 100 μl of PBS or
100 μl of 1 × 109 CFU/ml of UV-inactivated NTHi in
PBS was added to the apical side of the cultures and incubated for 3 h. In addition, inserts from the same donors that were not exposed to air or DE in the exposure
unit, were incubated in duplicate with fresh media as
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untreated controls or treated with TGFβ (20 ng/ml;
R&D system), TNFα (20 ng/ml; Peprotech), tunicamycin
(Tm; 5 μg/ml, Sigma) that were added to the basolateral
compartment, or with NTHi added to the apical surface
of the cells, as positive controls for oxidative stress
response, inflammatory response, unfolded protein response and antimicrobial response respectively. All controls were incubated with 100 μl of PBS apically.

Transepithelial electrical resistance (TEER) and LDH release

Transepithelial electrical resistance was measured using
an electrometer EVOM2 (World Precision Instruments,
Sarasota, FL). Ohm values were subsequently multiplied
by the surface of the Transwell inserts (1.12 cm2) to obtain the unit area resistance which was expressed as
Ohm*cm2. Cytotoxic effects were investigated using the
LDH detection Kit (LDH detection Kit, Roche, ver. 10)
by assessment of LDH in basal media and apical washes,
and expressed as % release of the positive controls
treated with 0.01% (v/v) TRITON-X100 (Sigma).

Quantitative real-time PCR

Total RNA was extracted using the Maxwell® 16 simplyRNA Tissue Kit (Promega, Leiden, NL) as described [21]. RNA samples were then converted to
cDNA by adding MML-V enzyme (Promega), oligo(dT) primers and RNAsin (Promega). Quantitiave
PCR reactions were performed using the CFX-384
RT-PCR detection system (Bio-Rad Laboratories,
Veenendaal, The Netherlands) and iQSybr green
Supermix (Biorad). Gene expression was assessed
with the standard curve method (Bio-Rad CFX manager 3.0 software, Bio-Rad) for markers of oxidative
stress (HMOX1), unfolded protein response (DDIT3/
CHOP, PPP1R15A/GADD34, HSPA5/BiP and spliced
XBP1), inflammation (CXCL8) and antimicrobial response (DEFB4A/hBD2 and S100A7). Arbitrary gene
expression levels were normalized using expression
of the reference genes ATP5b and RPL13a, which
were selected using the GeNorm method [30]. All
primers sequences, temperatures and gene ID are indicated in Table 2.

Table 2 Primer sequences for quantitative qPCR
Gene

Tm (°C)

Forward Sequence / Reverse sequence

GeneBank accession no. or reference

ATP5B

63°

TCACCCAGGCTGGTTCAGA

NM_001686

AGTGGCCAGGGTAGGCTGAT
RPL13A

63°

AAGGTGGTGGTCGTACGCTGTG

NM_012423

CGGGAAGGGTTGGTGTTCATCC
MUC5AC

65°

CCTTCGACGGACAGAGCTAC

[42]

TCTCGGTGACAACACGAAAG
FOXJ1

65°

GGAGGGGACGTAAATCCCTA

[29]

TTGGTCCCAGTAGTTCCAGC
HMOX1

63°

AACCCTGAACAACGTAGTCTGCGA

NM_002133

ATGGTCAACAGCGTGGACACAAA
HSPA5/BiP

62°

CGAGGAGGAGGACAAGAAGG

NM_001025433

CACCTTGAACGGCAAGAACT
DDIT3/CHOP

62°

GCACCTCCCAGAGCCCTCACTCTCC

NM_001195053.1

GTCTACTCCAAGCCTTCCCCCTGCG
PPP1R15A/GADD34

62°

ATGTATGGTGAGCGAGAGGC

[43]

GCAGTGTCCTTATCAGAAGGC
splXBP1

62°

TGCTGAGTCCGCAGCAGGTG

[44]

GCTGGCAGGCTCTGGGGAAG
CXCL8

59°

CTG GAC CCC AAG GAA AAC

NM_000584

TGG CAA CCC TAC AAC AGA C
DEFB4A/hBD2

62°

ATCAGCCATGAGGGTCTTG

NM_004942

GCAGCATTTTGTTCCAGG
S100A7

60°

ACGTGATGACAAGATTGACAAGC
GCGAGGTAATTTGTGCCCTTT

NM_002963.3
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Statistical analysis

Epithelial barrier and cytotoxicity

For each donor, means were calculated from the triplicate experimental conditions. Within non-COPD and
COPD groups, the effects of exposure conditions were
compared to relative controls using a two-tailed OneWay ANOVA with Bonferroni’s correction to take repeated measures into account. Differences in response
to DE or DE and NTHi between non-COPD and
COPD donors were compared with a nonparametric
t-test for independent samples (Mann–Whitney test).
Differences were considered statistically significant at
p < 0.05.

Effects of DE exposure followed by exposure to UVinactivated NTHi on epithelial barrier activity (TEER)
and cytotoxicity (LDH release) were assessed in cells
from 5 non-COPD and 7 COPD donors. No effect of
these treatments on TEER and cytotoxicity was observed
in both groups of patients (Fig. 1a and b).

Results
Study design and epithelial cell characteristics

Based on previous findings [21], we selected exposure
for 1 h to DE to mimic a short, transient exposure to
DE. In pilot experiments, 3 h post-exposure incubation was found to be optimal to study DE-induced
expression of the antioxidant response, ISR, and
NTHi-induced inflammatory and antimicrobial responses at the mRNA level. To compare epithelial
differentiation in cultures from COPD and nonCOPD donors, gene expression of differentiation
marker was analyzed. Expression of MUC5AC (oligomeric mucus/gel-forming, marker for mucus producing cells) was higher in COPD cultures, but this
difference did not reach statistical significance (p =
0.073). FOXJ1 (forkhead box J1, marker for ciliated
cells) appeared lower in COPD, but this difference
was not significant (Additional file 1: Figure S1A and
S1B). While no disease-related differences were observed in expression of the other markers studied in
untreated controls (data not shown).

Gene expression of heme oxygenase-1 and of genes
involved in the integrated stress response (ISR)

Cells from 5 non-COPD and 7 COPD donors were
exposed to DE followed by exposure to NTHi, and analyzed for mRNA expression. In cells from both nonCOPD and COPD donors, DE significantly increased
HMOX1 mRNA expression (marker for oxidative stress
response) both in presence (*p = 0.0104 for non-COPD
and p = 0.0128 for COPD donors) or absence of NTHi
exposure (*p = 0.0101 and **p = 0.0068, Fig. 2a). DE did
not increase expression of HSPA5 (encoding BiP, a
chaperone protein marker for the unfolded protein response [UPR] to endoplasmic reticulum stress; Fig. 2b)
or spliced XBP1 (data not shown), in contrast to tunicamycin (Tm; used as a positive control). DE significantly
inhibited HSPA5 expression in COPD donors (**p =
0.0045, Fig. 2b). HSPA5 expression was also reduced by
DE in cells treated with NTHi, compared to the air
controls incubated with NTHi, with a significant reduction in both COPD and controls group (**p = 0.0014
and *p = 0.0230 respectively, Fig. 2b). Tunicamycin
(Tm) caused a marked increase in HSPA5/BiP (Fig. 2b),
DDIT3/CHOP, PPP1R15A/GADD34 (Additional file 2:
Figure S2A and S2B) and spliced XBP1 (data not
shown), indicating that all pathways of the UPR are activated in both COPD and non-COPD epithelial cells.
DE exposure also increased expression of both markers

Fig. 1 Epithelial barrier and cytotoxicity. Cells from 5 non-COPD and 7 COPD donors were exposed for 1 h to air (Air) or diesel exhaust (DE) and
then incubated for 3 h with or without UV-inactivated NTHi that was added to the apical side (Air + NTHi or DE + NTHi). As controls, inserts not
placed in the exposure units were also incubated for 3 h as untreated (U) or with NTHi alone (NTHi). TEER values (trans-electrical epithelial resistance)
were measured and expressed as Ohm*cm2 a, while LDH release in the apical and basal compartment was quantified and expressed as % of the
positive control (0.01% TRITON-X 100) b. Data are shown as boxes with median, with the whisker indicating the minimum and the maximum
values detected. No significant differences were observed (two-tailed One-Way ANOVA with Bonferroni’s correction)
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Fig. 2 Gene expression of heme oxygenase-1 and of genes involved in the integrated stress response (ISR). ALI-PBECs from COPD and control
donors were exposed for 1 h to air (Air) or DE, followed by 3 h exposure to UV-inactivated NTHi (Air + NTHi or DE + NTHi). TGFβ (20 ng/ml) is
shown as positive control for the oxidative stress response a, tunicamycin (20 ng/ml, Tm) for the BiP expression b and controls with NTHi
alone (NTHi). Expression was assessed of HMOX1 mRNA as marker of the oxidative stress response a, and of HSPA5 b, DDIT3/CHOP c and
PPP1R15A/GADD34 d as markers of the unfolded protein response (UPR) to ER stress. Data are shown as boxes with median, with the whisker
indicating the minimum and the maximum values detected. mRNA induction is expressed as fold from untreated control (indicated by a
dashed line) after normalization on two reference genes. Statistical significance of differences is indicated as *p < 0.05, **p < 0.01 and ***p < 0.001 and
was assessed using a two-tailed One-Way ANOVA with Bonferroni’s correction

of the ISR, both in presence and absence of NTHi:
DDIT3/CHOP mRNA was increased in cells from both
non-COPD and COPD donors after DE exposure; this
DE-induced increase in DDIT3/CHOP only reached
significance in cells from COPD patients (Fig. 2c; *p
= 0.0493), whereas the further increase in presence of
NTHi after DE exposure did not reach statistical significance. PPP1R15A/GADD34 was also significantly
increased after DE exposure in COPD donors (Fig. 2d;
*p = 0.0265). Furthermore, the difference in expression of PPP1R15A/GADD34 between cells exposed to
DE with or without subsequent NTHi treatment was
significant only in COPD donors (*p = 0.0182). Similarly, PPP1R15A/GADD34 expression was significantly increased by NTHi alone in air-exposed cells
(*p = 0.0132 in controls groups and **p = 0.0011 in
COPD), whereas DDIT3/CHOP was not affected. Finally, NTHi alone also increased PPP1R15A/GADD34
expression in cells not present in the exposure modules, but this increase did not reach statistical significance (data not shown).

Expression of genes involved in the inflammatory and
antimicrobial response

NTHi caused a marked and significant increase in
CXCL8 mRNA in all donors, whereas its induction following DE exposure alone was only modest and did not
reach statistical significance (Fig. 3a). Only after combining the non-COPD and COPD groups, we observed
a statistically significant induction of CXCL8 mRNA
(*p = 0.0064, not shown) by DE. NTHi also significantly
increased expression of S100A7 after combining the
non-COPD and COPD groups (***p = 0.0002, not
shown). Expression of both DEFB4A/hBD2 and S100A7
was inhibited by prior DE exposure, without reaching
statistical significance, due to the substantial interdonor variation (Fig. 3b and c). Again, after combining
the COPD and control group in the analysis, the DEmediated inhibition of S100A7 was found to reach significance (*p = 0.0155, not shown). Similar observations
on responses of cells exposed to TNFα instead of NTHi
were made (Additional file 3: Figure S3 and Additional
file 4: Figure S4). Three hours incubation with UV-
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Fig. 3 Expression of CXCL8 and antimicrobial proteins. ALI-PBECs from COPD and control donors were exposed for 1 h to air (Air) or DE, followed
by 3 h exposure to UV-inactivated NTHi (Air + NTHi or DE + NTHi); cultures not exposed in the exposure units but treated with NTHi alone (NTHi)
are reported as positive controls. Analysis of gene expression of the neutrophil attracting chemokine CXCL8 a, the antimicrobial peptide DEFB4A
b, and S100A7 c is shown. Data are shown as boxes with median, with the whisker indicating the minimum and the maximum values detected.
mRNA induction is expressed as fold from the untreated control (indicated by a dashed line) after normalization on two reference genes.
Statistical significance of differences is indicated as *p < 0.05, **p < 0.01 and ***p < 0.001 and was assessed using a two-tailed One-Way
ANOVA with Bonferroni’s correction. When combining the non-COPD and COPD groups, a statistically significant induction of CXCL8 mRNA
by DE was observed (p = 0.0064; data not shown in the figure) as well as a significant DE-mediated inhibition of the NTHi-induced S100A7
mRNA (p = 0.0155; data not shown in the figure)

NTHi was not sufficient to increase LCN2 or SLPI
mRNA levels (data not shown).

Discussion
In the present study, we showed that primary bronchial
epithelial cells from COPD and non-COPD patients respond to diesel exhaust (DE) exposure by an increased
expression of the oxidative stress response gene HMOX1
and of CXCL/IL-8, and activation of the integrated stress
response (ISR), while no effect on barrier function or cell
death was found in both groups. Although there was a
tendency for higher responses to DE in COPD patients,
this did not reach statistical significance. Furthermore,
NTHi significantly increased expression of PPP1R15A/
GADD34 mRNA in absence of activation of other investigated markers of the UPR or ISR, and this expression
was further increased by prior DE exposure in COPD
donors. In contrast, DE alone significantly reduced expression of the chaperone HSPA5/BiP in COPD donors.
The DE-mediated HSPA5/BiP inhibition was significant

in both groups in NTHi-treated cultures. The ability to
mount an unfolded protein response (UPR) or ISR in response to tunicamycin did not differ between COPD and
controls. Importantly, DE exposure appeared to inhibit
the ability of NTHi to increase gene expression of the
antimicrobial peptide DEFB4A/hBD-2 and S100A7, but
this only reached statistical significance for S100A7 after
combining the COPD and control group.
We previously showed that diesel induces transcription of heme-oxygenase-1 (HO-1) mRNA (HMOX1)
[21]. Here we confirm this DE-mediated induction of
HMOX1 in primary cells using a shorter exposure time
and therefore lower deposited dose of DE. At 3 h after
exposure, HMOX1 mRNA was increased in all cells exposed to DE (~50–100-fold), with a non-significant
reduction in presence of NTHi in both donor groups.
Several pathways are involved in induction of HMOX1
mRNA, including redox sensitive activation of the transcription factor Nrf2 [31] which has been shown to be
modulated by cigarette smoke [32, 33]. Recently, it has
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been suggested that ATF4 can act in concert with Nrf2
to induce HMOX1 expression as a protective mechanism
preventing apoptosis of tumor cells [34]. ATF4 is a key
factor in the ISR and in PERK-mediated activation of the
UPR. Here we showed that DE exposure increased
DDTI3/CHOP and PPP1R15A/GADD34 mRNA, which
is indicative of ATF4 translation and action [23]. No
cytotoxic effects were observed at 3 h incubation, and
furthermore we previously showed absence of cytotoxicity at 24 h post-exposure using the same exposure conditions [21]. Whereas our data suggest involvement of
ATF4, further studies are needed to clarify which transcriptional factors contribute to the induction of
HMOX1 mRNA after DE exposure and to understand its
role in protection against DE.
DDTI3/CHOP and PPP1R15A/GADD34 mRNA induction occurred without a concomitant increase of
HSPA/BiP or spliced XBP1 [data not shown], markers
for the other two UPR arms. This confirms our previous observation on a possible involvement of the ISR in
the epithelial response to DE [21], using shorter exposure durations. For the first time, we demonstrated that
NTHi causes a selective increase in GADD34, without
activation of the other investigated markers of the ISR
(CHOP) or UPR. Furthermore, we observed that this
increase is enhanced by prior exposure to DE. In a previous study, we showed that Pseudomonas aeruginosa
(PAO1) (also associated with COPD exacerbations)
induces PPP1R15A/GADD34 expression in epithelial
cells likely involving activation of heme-regulated eIF2α
kinase (HRI; [35]). In line with our observation on
selective induction of GADD34 by NTHi, other studies
also showed that microbial stimulation increases
PPP1R15A/GADD34 mRNA independent from DDTI3/
CHOP mRNA induction [36, 37]. This may be relevant
to COPD pathogenesis, since colonization by respiratory pathogens such as NTHi is a frequent finding in
COPD patients [10] and may help to explain the presence of markers of activation of ISR as observed in
COPD lung tissue [38].
Cellular exposure to diesel particles has been commonly associated with activation of an inflammatory response with an increase in markers such as CXCL8 and
IL-6 [22, 39]. CXCL8 mediates recruitment of neutrophils, which are increased in the lung of COPD patients
during an exacerbation [40]. We also observed that
whole DE caused a moderate increase in CXCL8 expression, which reached statistical significance when
increasing power by merging the COPD and nonCOPD cultures. However, the NTHi-induced CXCL8
expression was not influenced by the previous DE exposure. Which constituents of the diesel mixture and
which molecular pathways determine CXCL8 induction
is still unknown. For the first time, we showed that DE
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exposure limited the ability of the lung epithelium to
respond to NTHi with an antimicrobial response in primary bronchial epithelial cells from COPD patients.
Previously, DEFB4A/hBD2 mRNA was found to be reduced in submerged cultures of the alveolar cell line
(A549) treated with diesel exhaust particles [11]. Furthermore, treatment with DEP impaired innate immune
responses in primary peripheral blood mononuclear cell
(PBMC) [13]. Our study adds to this information by
showing that exposure of differentiated primary airway
epithelial to whole DE, instead of aged DE particles in
suspension, decreases NTHI-induced expression of
DEFB4A/hBD2 and S100A7. Although this inhibition
did not reach statistical significance due to substantial
inter-donor variation, a DE-induced impairment of expression of these and other antimicrobial peptides may
be highly relevant to COPD considering the strong link
between both exposure to particulate air pollution and
COPD exacerbations [7–9], and between NTHi and
COPD exacerbations [10]. Three hours exposure to
NTHi was insufficient to detect hBD-2 protein release.
Therefore, further analyses of the antimicrobial response at the protein and functional level are required
to elucidate the implications of our findings, and mechanistic studies are needed to delineate the underlying
mechanisms. A previous study did suggest a mechanism by which PM10 and PM2.5 diesel particles reduce
the M. tuberculosis-induced hBD2 expression in A549
epithelial cells, which was proposed to involve induction of cellular senescence [11]. However, such particles
have been reported to also enhance the IL-1β-induced
DEFB4A expression in the same A549 cells which was
suggested to involve NF-kappaB signalling [41]. These
apparently conflicting data do not provide a clear link
to a mechanism. In addition, these previous studies
were conducted using higher doses of aged diesel particles compared to the delivered dose of 0.40 μg/cm2
used in the present study. Furthermore, comparisons
are limited by the different method of administration of
diesel particles in a liquid-based delivery exposure system, and the use of the A549 tumor epithelial cell line,
which do not mimic realistic exposure. No data were
previously reported on the influence of diesel exhaust
on S100A7 expression.
The use of air-liquid interface (ALI) cultures of primary bronchial epithelial cells (PBECs) provides several
advantages for investigation of pulmonary defense
mechanisms, and for toxicological studies involving exposure to complex mixtures such as diesel emissions.
Furthermore, the ALI condition allows cells to differentiate, resembling the lung mucosa and at least partly
maintaining the phenotypical characteristics of the disease state, as shown here by the differential expression
of markers such as MUC5AC between COPD and
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controls donors. A limitation of the present study was
that only cells from patients with mild-to-moderate
COPD and not from those with more severe disease
were available for this study, and no comparison to
never-smokers was performed. Therefore putative differences in the response to DE may have been underestimated. Furthermore, although some responses appeared
to be significant only in patients with COPD, we cannot
formally exclude the possibility that the difference in size
of the groups (n = 7 for COPD, and n = 5 for non-COPD)
has contributed to this observation. Therefore, in addition
to disease severity, also the small sample size of the two
groups may help to explain the lack of statistical significant differences between the response of COPD donors
and controls. A major advantage of using controlled exposure to whole diesel emissions (rather than resuspended particles) as performed in the present study, is
the possibility to study exposure conditions relevant to
real life exposure. In our previous study [21], we demonstrated the relevance of DE doses investigated in our
in vitro model of exposure, where 1 h correspond to
2.25 h exposure in vivo to relatively high level of pollution. Such short periods of exposure did not lead to
adverse effects on barrier and viability, suggests that
chronic/repeated exposures to DE are feasible.

Conclusion
In the present study we show that DE exposure causes activation of both an oxidative stress response and an integrated stress response in primary airway epithelial cells
from both COPD patients and (ex)-smoking controls, without marked differences in their response. Furthermore, we
showed that NTHi also causes selective activation of the
ISR, which is further enhanced by prior DE exposure.
Finally, we showed that DE exposure impaired the induction of S100A7 expression by NTHi. These data
suggest a potential link between diesel exposure and
NTHi infection during COPD exacerbations, involving
DE- and NTHI-induced activation of the ISR and DEmediated alterations in the NTHI-induced innate immune response of the lung epithelium.
Additional files
Additional file 1: Figure S1. MUC5AC and FOXJ1 basal expression in
COPD and control donors. MUC5AC (oligomeric mucus/gel-forming,
marker for mucus producing cells, 1A) and FOXJ1 (forkhead box J1, marker
for ciliated cells, 1B) mRNA expression in untreated controls from COPD and
control donors. Data are shown as normalized expression based on two
reference genes, ATP5b and RPL13A. Statistical differences were studied
with an independent nonparametric samples t-test. (PDF 71 kb)
Additional file 2: Figure S2. Tunicamycin-induced unfolded protein
response. Cellular response of 5 non-COPD and 7 COPD donors treated
for 3 h with 5 μg/ml tunicamycin (Tm) which was added to the basal
compartment. DDIT3/CHOP (2A) and PPP1R15A/GADD34 (2B) mRNA
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expression is shown as fold from untreated controls after normalization
on two reference genes, ATP5b and RPL13A. (PDF 275 kb)
Additional file 3: Figure S3. NTHi-induced inflammatory, antimicrobial
response and HSPA5/BiP induction. Cellular response of 5 non-COPD and
7 COPD donors treated for 3 h with UV-NTHi added to the apical side.
CXCL8 (3A), DEFB4A (3B), S100A7 (3C) and HSPA5/BiP (3D) mRNA expression
is reported as fold from untreated controls after normalization on two
reference genes, ATP5b and RPL13A. (PDF 492 kb)
Additional file 4: Figure S4. TNFα-induced inflammatory, antimicrobial
response and HSPA5/BiP induction. Cellular response of cultures from 5
non-COPD and 7 COPD donors treated for 3 h with 20 ng/ml of TNFα
added to the basal medium. CXCL8 (4A), DEFB4A (4B), S100A7 (4C) and
HSPA5/BiP (4D) mRNA expression is reported as fold from untreated
controls after normalization on two reference genes, ATP5b and RPL13A.
(PDF 524 kb)
Abbreviations
ALI: Air-liquid interface; ATF4: Activating transcription factor 4;
ATF6: Activating transcription factor 6; ATP5b: ATP synthase subunit beta;
BEBM: Bronchial epithelial growth media; BSA: Bovine serum albumin;
COPD: Chronic obstructive pulmonary disease; CXCL8: Interleukin 8;
DD: Delivered dose; dd: deposited dose; DDIT3/CHOP: DNA damage
inducible transcript 3; DE: Diesel exhaust; DEFB4A/HBD2: Human defensin
beta 4A; DMEM: Dulbecco’s Modified Eagle Medium; eIF2α: eukaryotic
Initiation Factor 2; GCN2: General control nonderepressible kinase 2;
HMOX1: Heme oxygenase-1 gene name; HO-1: Heme oxygenase-1 protein;
HRI: Heme-regulated eIF2α kinase; HSPA5/BiP: Heat shock protein family A
(Hsp70) member 5; IRE1α: Inositol-requiring enzyme 1; ISR: Integrated stress
response; LCN2: Lipocalin-2; NTHi: Non-typeable Haemophilus influenzae;
OD: Optical density; PBEC: Primary bronchial epithelia cells; PBS: Phosphate
buffered saline; PERK: Protein kinase R (PKR)-like endoplasmic reticulum
kinase; PKR: Protein kinase R; PM: Particulate matter; PPP1R15A/
GADD34: Protein phosphatase 1 regulatory subunit 15A; RPL13a: Ribosomal
protein L13A; S100A7: S100 calcium binding protein A7; SLPI: Secretory
leukocyte protease inhibitor; SMPS: Scanning mobility particle sizer;
splXBP1: spliced X-box binding protein 1; TGFβ: Transforming growth factor
beta; TNFα: Tumor necrosis factor alpha; TSB: Tryptic Soy Broth;
UPR: Unfolded protein response.
Acknowledgements
The authors would like to thank A.C. van der Linden (LUMC), D.K. Ninaber
(LUMC) and B. Usta (TNO Zeist) for technical support.
Funding
This study was supported by a research grant from the Lung Foundation
Netherlands (grant# 3.2.11.009).
Availability of data and materials
All relevant data are within the paper. For further information, please contact
the corresponding author.
Authors’ contributions
Conception and design: MCZ, ED, PHS, IMK; cell culture, MCZ; DE exposures,
MCZ, AvS, ED; cellular analysis, MCZ, AvS; data analysis and interpretation,
MCZ, IMK, PHS; drafting paper, MCZ. All authors reviewed the manuscript
and provided comments, and approved the final draft.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
The PBEC used in the present study were isolated from resected lung tissue
from anonymized patients that underwent surgery for lung cancer at the
Leiden University Medical Center. Use of this tissue that is left over from surgical
procedures was according to the “Human Tissue and Medical Research: Code
of Conduct for responsible use (2011)”. (https://www.bbmri.nl/wp-content/
uploads/2015/10/Federa_code_of_conduct_english.pdf).

Zarcone et al. Respiratory Research (2017) 18:27

Author details
1
Department of Pulmonology, Leiden University Medical Center, Albinusdreef
2, 2333 ZA Leiden, The Netherlands. 2Triskelion BV, Zeist, The Netherlands.
3
Netherlands Organization for Applied Scientific Research, Utrecht, The
Netherlands.
Received: 14 June 2016 Accepted: 16 January 2017

References
1. Ghio AJ. Particle exposures and infections. Infection. 2014;42:459–67.
2. Laumbach RJ, Kipen HM. Respiratory health effects of air pollution: update
on biomass smoke and traffic pollution. J Allergy Clin Immunol. 2012;129:3–
11. quiz 12–13.
3. Weinmann S, Vollmer WM, Breen V, Heumann M, Hnizdo E, Villnave J,
Doney B, Graziani M, McBurnie MA, Buist AS. COPD and occupational
exposures: a case–control study. J Occup Environ Med. 2008;50:561–9.
4. Andersen ZJ, Hvidberg M, Jensen SS, Ketzel M, Loft S, Sorensen M,
Tjonneland A, Overvad K, Raaschou-Nielsen O. Chronic obstructive
pulmonary disease and long-term exposure to traffic-related air pollution: a
cohort study. Am J Respir Crit Care Med. 2011;183:455–61.
5. Alexis NE, Carlsten C. Interplay of air pollution and asthma
immunopathogenesis: a focused review of diesel exhaust and ozone. Int
Immunopharmacol. 2014;23:347–55.
6. Guarnieri M, Balmes JR. Outdoor air pollution and asthma. Lancet. 2014;383:
1581–92.
7. Ni L, Chuang CC, Zuo L. Fine particulate matter in acute exacerbation of
COPD. Front Physiol. 2015;6:294.
8. Ling SH, van Eeden SF. Particulate matter air pollution exposure: role in the
development and exacerbation of chronic obstructive pulmonary disease.
Int J Chron Obstruct Pulmon Dis. 2009;4:233–43.
9. Arbex MA, de Souza Conceicao GM, Cendon SP, Arbex FF, Lopes AC,
Moyses EP, Santiago SL, Saldiva PH, Pereira LA, Braga AL. Urban air pollution
and chronic obstructive pulmonary disease-related emergency department
visits. J Epidemiol Community Health. 2009;63:777–83.
10. Sethi S, Murphy TF. Infection in the pathogenesis and course of chronic
obstructive pulmonary disease. N Engl J Med. 2008;359:2355–65.
11. Rivas-Santiago CE, Sarkar S, Cantarella P, Osornio-Vargas A, QuintanaBelmares R, Meng Q, Kirn TJ, Ohman Strickland P, Chow JC, Watson JG, et
al. Air pollution particulate matter alters antimycobacterial respiratory
epithelium innate immunity. Infect Immun. 2015;83:2507–17.
12. Yin XJ, Dong CC, Ma JY, Roberts JR, Antonini JM, Ma JK. Suppression of
phagocytic and bactericidal functions of rat alveolar macrophages by the
organic component of diesel exhaust particles. J Toxicol Environ Health A.
2007;70:820–8.
13. Sarkar S, Song Y, Sarkar S, Kipen HM, Laumbach RJ, Zhang J, Strickland PA,
Gardner CR, Schwander S. Suppression of the NF-kappaB pathway by diesel
exhaust particles impairs human antimycobacterial immunity. J Immunol.
2012;188:2778–93.
14. Whitsett JA, Alenghat T. Respiratory epithelial cells orchestrate pulmonary
innate immunity. Nat Immunol. 2015;16:27–35.
15. Hiemstra PS, McCray Jr PB, Bals R. The innate immune function of airway
epithelial cells in inflammatory lung disease. Eur Respir J. 2015;45:1150–62.
16. Gohy ST, Detry BR, Lecocq M, Bouzin C, Weynand BA, Amatngalim GD,
Sibille YM, Pilette C. Polymeric immunoglobulin receptor down-regulation
in chronic obstructive pulmonary disease. Persistence in the cultured
epithelium and role of transforming growth factor-beta. Am J Respir Crit
Care Med. 2014;190:509–21.
17. Heijink IH, Noordhoek JA, Timens W, van Oosterhout AJ, Postma DS.
Abnormalities in airway epithelial junction formation in chronic obstructive
pulmonary disease. Am J Respir Crit Care Med. 2014;189:1439–42.
18. Borcherding JA, Chen H, Caraballo JC, Baltrusaitis J, Pezzulo AA, Zabner J,
Grassian VH, Comellas AP. Coal fly ash impairs airway antimicrobial peptides
and increases bacterial growth. PLoS One. 2013;8:e57673.
19. Kooter IM, Alblas MJ, Jedynska AD, Steenhof M, Houtzager MM, van Ras M.
Alveolar epithelial cells (A549) exposed at the air-liquid interface to diesel exhaust:
First study in TNO’s powertrain test center. Toxicol In Vitro. 2013;27:2342–9.
20. Hawley B, L’Orange C, Olsen DB, Marchese AJ, Volckens J. Oxidative stress
and aromatic hydrocarbon response of human bronchial epithelial cells
exposed to petro- or biodiesel exhaust treated with a diesel particulate
filter. Toxicol Sci. 2014;141:505–14.

Page 10 of 11

21. Zarcone MC, Duistermaat E, van Schadewijk A, Jedynska A, Hiemstra PS,
Kooter IM. Cellular response of mucociliary differentiated primary bronchial
epithelial cells to diesel exhaust. Am J Physiol Lung Cell Mol Physiol. 2016;
ajplung.00064.02016.
22. Holder AL, Lucas D, Goth-Goldstein R, Koshland CP. Inflammatory response
of lung cells exposed to whole, filtered, and hydrocarbon denuded diesel
exhaust. Chemosphere. 2007;70:13–9.
23. van 't Wout EF, Hiemstra PS, Marciniak SJ. The integrated stress response in
lung disease. Am J Respir Cell Mol Biol. 2014;50:1005–9.
24. Ron D, Walter P. Signal integration in the endoplasmic reticulum unfolded
protein response. Nat Rev Mol Cell Biol. 2007;8:519–29.
25. Vestbo J, Hurd SS, Agusti AG, Jones PW, Vogelmeier C, Anzueto A, Barnes PJ,
Fabbri LM, Martinez FJ, Nishimura M, et al. Global strategy for the diagnosis,
management, and prevention of chronic obstructive pulmonary disease: GOLD
executive summary. Am J Respir Crit Care Med. 2013;187:347–65.
26. Zuyderduyn S, Ninaber DK, Schrumpf JA, van Sterkenburg MA, Verhoosel
RM, Prins FA, van Wetering S, Rabe KF, Hiemstra PS. IL-4 and IL-13 exposure
during mucociliary differentiation of bronchial epithelial cells increases
antimicrobial activity and expression of antimicrobial peptides. Respir Res.
2011;12:59.
27. EU: Directive 2008/50/EC of the European Parliament and of the Council of
21 May 2008 on ambient air quality and cleaner air for Europe. vol. 51.
Official Journal of the European Union: EC Treaty/Euratom Treaty 2008.
28. Groeneveld K, van Alphen L, Eijk PP, Visschers G, Jansen HM, Zanen HC.
Endogenous and exogenous reinfections by Haemophilus influenzae in
patients with chronic obstructive pulmonary disease: the effect of antibiotic
treatment on persistence. J Infect Dis. 1990;161:512–7.
29. Amatngalim GD, van Wijck Y, de Mooij-Eijk Y, Verhoosel RM, Harder J,
Lekkerkerker AN, Janssen RA, Hiemstra PS. Basal cells contribute to innate
immunity of the airway epithelium through production of the antimicrobial
protein RNase 7. J Immunol. 2015;194:3340–50.
30. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A,
Speleman F. Accurate normalization of real-time quantitative RT-PCR data
by geometric averaging of multiple internal control genes. Genome Biol.
2002;3:Research0034.
31. Li YJ, Kawada T, Azuma A. Nrf2 is a protective factor against oxidative
stresses induced by diesel exhaust particle in allergic asthma. Oxid Med Cell
Longev. 2013;2013:323607.
32. Sekine T, Hirata T, Mine T, Fukano Y. Activation of transcription factors in
human bronchial epithelial cells exposed to aqueous extracts of
mainstream cigarette smoke in vitro. Toxicol Mech Methods. 2016;26:22–31.
33. Yamada K, Asai K, Nagayasu F, Sato K, Ijiri N, Yoshii N, Imahashi Y, Watanabe
T, Tochino Y, Kanazawa H, Hirata K. Impaired nuclear factor erythroid 2related factor 2 expression increases apoptosis of airway epithelial cells in
patients with chronic obstructive pulmonary disease due to cigarette
smoking. BMC Pulm Med. 2016;16:27.
34. Dey S, Sayers CM, Verginadis II, Lehman SL, Cheng Y, Cerniglia GJ, Tuttle SW,
Feldman MD, Zhang PJ, Fuchs SY, et al. ATF4-dependent induction of heme
oxygenase 1 prevents anoikis and promotes metastasis. J Clin Invest. 2015;
125:2592–608.
35. van’t Wout EF, van Schadewijk A, van Boxtel R, Dalton LE, Clarke HJ,
Tommassen J, Marciniak SJ, Hiemstra PS. Virulence Factors of Pseudomonas
aeruginosa Induce Both the Unfolded Protein and Integrated Stress
Responses in Airway Epithelial Cells. PLoS Pathog. 2015;11:e1004946.
36. Clavarino G, Claudio N, Couderc T, Dalet A, Judith D, Camosseto V, Schmidt
EK, Wenger T, Lecuit M, Gatti E, Pierre P. Induction of GADD34 is necessary
for dsRNA-dependent interferon-beta production and participates in the
control of Chikungunya virus infection. PLoS Pathog. 2012;8:e1002708.
37. Clavarino G, Claudio N, Dalet A, Terawaki S, Couderc T, Chasson L, Ceppi M,
Schmidt EK, Wenger T, Lecuit M, et al. Protein phosphatase 1 subunit
Ppp1r15a/GADD34 regulates cytokine production in polyinosinic:
polycytidylic acid-stimulated dendritic cells. Proc Natl Acad Sci U S A. 2012;
109:3006–11.
38. Steiling K, van den Berge M, Hijazi K, Florido R, Campbell J, Liu G, Xiao J,
Zhang X, Duclos G, Drizik E, et al. A dynamic bronchial airway gene
expression signature of chronic obstructive pulmonary disease and lung
function impairment. Am J Respir Crit Care Med. 2013;187:933–42.
39. Abe S, Takizawa H, Sugawara I, Kudoh S. Diesel exhaust (DE)-induced
cytokine expression in human bronchial epithelial cells: a study with a new
cell exposure system to freshly generated DE in vitro. Am J Respir Cell Mol
Biol. 2000;22:296–303.

Zarcone et al. Respiratory Research (2017) 18:27

Page 11 of 11

40. Brusselle GG, Joos GF, Bracke KR. New insights into the immunology of
chronic obstructive pulmonary disease. Lancet. 2011;378:1015–26.
41. Nam HY, Ahn EK, Kim HJ, Lim Y, Lee CB, Lee KY, Vallyathan V. Diesel exhaust
particles increase IL-1beta-induced human beta-defensin expression via NFkappaB-mediated pathway in human lung epithelial cells. Part Fibre Toxicol.
2006;3:9.
42. Mertens TC, Hiemstra PS, Taube C. Azithromycin differentially affects the
IL-13-induced expression profile in human bronchial epithelial cells.
Pulm Pharmacol Ther. 2016;39:14–20.
43. Oh-Hashi K, Maruyama W, Isobe K. Peroxynitrite induces GADD34, 45, and
153 VIA p38 MAPK in human neuroblastoma SH-SY5Y cells. Free Radic Biol
Med. 2001;30:213–21.
44. van Schadewijk A, van’t Wout EF, Stolk J, Hiemstra PS. A quantitative
method for detection of spliced X-box binding protein-1 (XBP1) mRNA as a
measure of endoplasmic reticulum (ER) stress. Cell Stress Chaperones. 2012;
17:275–9.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

