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Abstract

Background: The aryl hydrocarbon receptor (AhR) has gradually emerged as a regulator of inflammation in the
lung and other tissues. AhR may interact with the p65-subunit of the nuclear factor (NF)-κB transcription factors, but
reported outcomes of AhR/NF-κB-interactions are conflicting. Some studies suggest that AhR possess pro-inflammatory
activities while others suggest that AhR may be anti-inflammatory. The present study explored the impact of AhR and
its binding partner AhR nuclear translocator (Arnt) on p65-activation and two differentially regulated chemokines,
CXCL8 (IL-8) and CCL5 (RANTES), in human bronchial epithelial cells (BEAS-2B).

Results: Cells were exposed to CXCL8- and CCL5-inducing chemicals, 1-nitropyrene (1-NP) and 1-aminopyrene (1-AP)
respectively, or the synthetic double-stranded RNA analogue, polyinosinic-polycytidylic acid (Poly I:C) which induced
both chemokines. Only CXCL8, and not CCL5, appeared to be p65-dependent. Yet, constitutively active unligated AhR
suppressed both CXCL8 and CCL5, as shown by siRNA knock-down and the AhR antagonist α-naphthoflavone.
Moreover, AhR suppressed activation of p65 by TNF-α and Poly I:C as assessed by luciferase-assay and
p65-phosphorylation at serine 536, without affecting basal p65-activity. In contrast, Arnt suppressed only CXCL8,
but did not prevent the p65-activation directly. However, Arnt suppressed expression of the NF-κB-subunit RelB
which is under transcriptional regulation by p65. Furthermore, AhR-ligands alone at high concentrations induced a
moderate CXCL8-response, without affecting CCL5, but suppressed both CXCL8 and CCL5-responses by Poly I:C.

Conclusion: AhR and Arnt may differentially and independently regulate chemokine-responses induced by both
inhaled pollutants and pulmonary infections. Constitutively active, unligated AhR suppressed the activation of p65,
while Arnt may possibly interfere with the action of activated p65. Moreover, ligand-activated AhR suppressed CXCL8
and CCL5 responses by other agents, but AhR ligands alone induced CXCL8 responses when given at sufficiently high
concentrations, thus underscoring the duality of AhR in regulation of inflammation. We propose that AhR-signaling
may be a weak activator of p65-signaling that suppresses p65-activity induced by strong activators of NF-κB, but that
its anti-inflammatory properties also are due to interference with additional pathways.
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Introduction
The aryl hydrocarbon receptor (AhR) is a ligand-activated
transcription factor originally discovered as a receptor
for 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and other
environmental pollutants, including polycyclic aromatic hy-
drocarbons (PAHs). In its classical mode of action, cytosolic
AhR activated by hydrocarbons rapidly translocates to the
nucleus where it dimerizes with the AhR nuclear transloca-
tor (Arnt). The AhR/Arnt complex binds to dioxin or xeno-
biotic response elements (DREs or XREs) in the promoter
region of target genes, such as the cytochrome P450
enzymes CYP1A1 and -1B1 [1].
It has now become evident that the AhR is also involved

in regulation of inflammation as well as a variety of other
endogenous processes. Chronic low-grade inflammation is
a common feature of a variety of multi-factorial diseases
including various pulmonary disorders [2,3]. It has been
suggested that increases in such chronic disorders at least
partly may be related to inhalation of environmental pollut-
ants, contributing to development or exacerbation of in-
flammation [4-6]. That one of the main cellular sensors of
hydrocarbons is now emerging as a regulator of innate im-
mune responses may therefore be of particular importance.
In addition, the role of AhR in inflammation does not seem
to be restricted to effects of inhaled man-made chemicals.
There seems to be a considerable cross-talk between

AhR-signaling and the nuclear factor-κB (NF-κB) family
of transcription factors [7,8]. The classical NF-κB-pathway
typically characterized by the p65/p50 dimer is central
in regulation of inflammatory responses through binding
to κB-sites in the promoter region of a variety of pro-
inflammatory genes, including several cytokines and
chemokines [7,8]. In lung cells, TCDD exposure in-
creased NF-κB activity and IL-6 expression [9]. TCDD
also induced IL-1β, IL-6 and CXCL8 (IL-8) through
AhR-mediated activation of NF-κB in rheumathoid arthritis
[10]. Furthermore, Vogel and colleagues [11,12] showed
that TCDD induced dimerization of AhR and RelB of the
alternative NF-κB pathway and up-regulation of CXCL8
through a novel RelB/AhR response element (RelBAHRE)
in macrophages and breast cancer cells [12]. Unligated AhR
has been found to dimerize with p65 and activate κB-sites
in the IL-6 and c-myc promoters [9,13], and overexpression
of constitutively activated AhR was associated with inflam-
matory skin lesions in mice [14]. In addition, the archetyp-
ical PAH benzo[a]pyrene (B[a]P) appeared to induce
CXCL8 expression through binding of AhR to consensus
XRE sites in the CXCL8 promoter [15].
In stark contrast, AhR-deficient mice displayed in-

creased NF-κB activity and inflammation in the lungs
after inhalation of lipopolysaccharide (LPS), cigarette
smoke as well as instillation of crystalline silica [16,17].
AhR knock-down also seems to cause hypersensitivity
towards systemic inflammation in mice exposed to LPS
by intraperitoneal injection [18,19], and AhR deprivation
increases LPS-induced cytokine responses in various cell
types [18,20,21]. In addition, AhR-agonists such as TCDD
and β-naphthoflavone (BNF) suppressed NF-κB signaling
and cytokine responses induced by TNF-α, LPS and crystal-
line silica [17,21,22]. Thus, AhR seems to elicit both pro-
and anti-inflammatory functions and both enhance and
suppress NF-κB activity in the lung and other tissues.
We have previously found that 1-nitropyrene (1-NP),

a prominent PAH in diesel exhaust, induced a cytokine/
chemokine expression profile in human bronchial epithelial
cells (BEAS-2B) characterized by high levels of CXCL8,
whereas its amine metabolite 1-aminopyrene (1-AP)
induced a different response characterized by increased
CCL5 (RANTES) [23,24]. CXCL8 is a potent neutrophil
attractant associated with innate immune responses [25,26],
while CCL5 activates and attracts eosinophils commonly
involved in allergic reactions [27]. CXCL8 may also contrib-
ute to tumor growth [28-30], while CCL5 may induce anti-
tumor responses [31-33]. In addition to their differential
biological properties, expression of CXCL8 and CCL5 also
appear to be regulated differentially in airway epithelial cells
[34,35]. The effects of 1-NP on CXCL8 seems to involve
ROS-formation and signaling through the TACE/TGF-α/
EGFR-cascade [36-38], while the mechanisms of 1-AP
induced CCL5 are less clear. However, the chemokine re-
sponses induced by both compounds seems at least partly
to involve activation of β2-adrenergic receptors [39] (as well
as unpublished results from our lab). Due to their differen-
tial effects, the 1-NP-induced CXCL8 versus 1-AP-induced
CCL5 represented an intriguing model for studying the im-
pact of AhR and Arnt on pro-inflammatory responses.
In the present work we have explored the roles of AhR

and Arnt in the regulation of CXCL8 and CCL5 with em-
phasis on the involvement of the classical and alternative
NF-κB pathway in BEAS-2B cells. Cells were exposed
to 1-NP and 1-AP as well as polyinosinic-polycytidylic acid
(Poly I:C), a synthetic double-stranded RNA analogue
and Toll-like receptor 3 (TLR3) agonist known to induce
NF-κB signaling and both CXCL8 and CCL5 responses in
BEAS-2B cells [38]. The results suggest that the constitutive
(endogenous) activity of unligated AhR and Arnt differen-
tially suppress CXCL8 and CCL5 responses, and we propose
an explanation for how AhR may both induce and suppress
NF-κB signaling, even within the same cell type. The results
also suggest that anti-inflammatory effects of AhR necessar-
ily extend beyond interactions with the NF-kB pathway.

Results
Role of p65 in CXCL8 and CCL5 regulation in 1-NP- or
1-AP-exposed BEAS-2B cells
We have previously shown that 1-NP induces CXCL8, while
1-AP induces CCL5 in BEAS-2B cells [23,24]. As a first step,
we explored the involvement of the classical NF-κB pathways
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in the 1-NP- and 1-AP-induced chemokine responses by
transfecting the cells with siRNA against p65 or non-
targeting control siRNA. The classical NF-κB pathway is gen-
erally considered necessary for transcription of CXCL8 [40].
In line with this, we found that p65 silencing completely
blocked both basal and induced CXCL8 responses (Figure 1A
and C). In contrast, p65 siRNA had little impact on, or rather
increased, the 1-AP-induced CCL5 response (Figure 1B and
D). The protein level of p65 was markedly down-regulated
in cells treated with the p65 siRNAs, confirming the
efficiency of the transfection (Figure 1E). The above results
suggest that the classical NF-κB pathway is needed for the
CXCL8 response, but not for CCL5 in our cell model.

Role of AhR and Arnt in CXCL8 and CCL5 regulation in
1-NP- or 1-AP-exposed BEAS-2B cells
As a next step we explored the roles of AhR and Arnt in
the regulation of 1-NP-induced CXCL8 and 1-AP-induced
Figure 1 P65 is required for CXCL8 but not CCL5 responses in 1-NP
siRNA against p65 (siP65) or non-targeting control siRNA (siNT), and exp
CCL5 (B) gene expression were measured after 6 h by real-time PCR. CX
by ELISA after 18 h exposure as described under “Materials and methods
The results are expressed as mean ± SEM (A/B: n = 1 (triplicate determina
different from unexposed controls; †Significantly different from cells tra
CCL5. Thus, BEAS-2B cells were transfected with siRNA
against AhR, Arnt or non-targeting control siRNA prior to
exposure. Silencing of both AhR and Arnt increased 1-NP-
induced CXCL8 mRNA expression after 6 h exposure and
protein release after 18 h exposure (Figure 2A and C), with
a markedly higher response in cells transfected with Arnt
siRNA. However, only silencing of AhR induced a strong in-
crease in both basal and induced CCL5 (Figure 2B and D).
In comparison, targeting Arnt resulted in a more moderate
increase in CCL5 that seemed restricted to basal and not
induced levels, as 1-AP failed to increase CCL5 release in
Arnt-depleted cells (Figure 2D). Notably, AhR silencing
increased basal levels of CCL5 but not CXCL8, indicating
that AhR regulated the two chemokines differentially. In
comparison Arnt silencing seemed to induce an increase
in basal levels of both CXCL8 and CCL5. This was con-
firmed by a more detailed examination of the effects on
basal chemokine levels (Additional file 1: Figure S1, online
- or 1-AP-exposed BEAS-2B cells. Cells were transfected with
osed to 20 μM 1-NP, 1-AP or vehicle (DMSO) alone. CXCL8 (A) and
CL8 (C) and CCL5 (D) protein levels in the medium were measured
”. Efficiency of transfection was assessed by Western blotting (E).
tions); C/D: n ≥ 3; E: representative blot, n = 3). *Significantly
nsfected with non-targeting siRNA.



Figure 2 AhR and Arnt differentially regulate CXCL8 and CCL5 responses in 1-NP- or 1-AP-exposed BEAS-2B cells. Cells were transfected
with siRNA against AhR (siAHR) and Arnt (siARNT) or non-targeting control siRNA (siNT), and exposed to 20 μM 1-NP, 1-AP or vehicle (DMSO)
alone. CXCL8 (A) and CCL5 (B) gene expression were measured after 6 h by real-time PCR. CXCL8 (C) and CCL5 (D) protein levels in the medium
were measured by ELISA after 18 h exposure as described under “Materials and methods”. Efficiency of transfection was assessed by Western
blotting (E) as well as expression of CYP1A1 after 6 h exposure to 20 μM B[a]P, 1-NP and 1-AP, by real-time PCR (F). The results are expressed as
mean ± SEM (A/B/F: n = 1 (triplicate determinations); C/D: n≥ 3; E: representative blots, n ≥ 3). *Significantly different from unexposed controls;
†Significantly different from cells transfected with non-targeting siRNA.
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supplementary materials). The efficiency of the siRNA
transfection was verified by Western blotting, showing
depletion of AhR and Arnt by their respective siRNAs
(Figure 2E). In addition, AhR and Arnt silencing also
reduced basal CYP1A1 expression and blocked B[a]P-
dependent induction of CYP1A1 (Figure 2F), which
further confirmed the efficiency of the siRNA transfections.
Having shown that AhR and Arnt depletion enhanced

CXCL8 and CCL5 responses, we next explored whether
blocking the PAH-binding site of AhR would result in
similar effects. Indeed, both 1-NP and 1-AP seem to have
the ability to bind and activate AhR in other cells types
[41,42], although they did not induce CYP1A1 in the
BEAS-2B cells (Figure 2F). Thus, to investigate whether the
suppressive effects of AhR and Arnt on CXCL8 and CCL5
were related to ligand-mediated activation, BEAS-2B cells
were treated with the AhR antagonist α-naphthoflavone
(ANF), prior to PAH exposure. Pretreatment with 0.5 μM
of ANF reduced B[a]P-induced CYP1A1 induction by
more than 50%, confirming the efficiency of the antagonist
(Figure 3A). However, in contrast to the enhanced chemo-
kine responses observed by siRNA transfection (Figure 2),
blocking the ligand-binding site of AhR with ANF did
not affect CXCL8 levels (Figure 3B), and rather decreased
1-AP-induced CCL5 (Figure 3C).
The above results suggest that AhR acts as a suppres-

sor of both 1-NP-induced CXCL8 and 1-AP-induced
CCL5, while Arnt more selectively suppresses 1-NP-
induced CXCL8 responses in BEAS-2B cells. These
effects seemed to be independent of ligand-mediated
activation of AhR, and may therefore rather be due to
basal or constitutive receptor activity. Moreover, since



Figure 3 Blocking of AhR ligand binding does not increase CXCL8 and CCL5 responses in BEAS-2B cells. Cells were incubated with
0.5 μM of the AhR antagonist α-naphtoflavone (ANF) for 30 min prior to exposure for 18 h to 20 μM B[a]P, 1-NP, 1-AP or vehicle (DMSO) alone.
CYP1A1 (A) levels were measured by real-time PCR, while CXCL8 (B) and CCL5 (C) levels in the medium were measured by ELISA as described
under “Materials and methods”. The results are expressed as mean ± SEM (A: n = 1 (triplicate determinations); B/C: n = 5). *Significantly different
from unexposed controls; †Significant effect of ANF.
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CCL5 seemed to be regulated independently of p65
(Figure 1), suppression of CCL5 by AhR was most likely
mediated through NF-κB-independent mechanisms.

Induction of NF-κB activity by 1-NP and TNF-α, and the
roles of AhR and Arnt
Since basal and 1-NP-induced CXCL8 seemed dependent
on p65 expression, we next investigated the effect of 1-NP
on activation of NF-κB using a luciferase assay for p65
activity. In an initial screen, the pro-inflammatory cyto-
kine TNF-α used as positive control appeared to induce a
strong increase in NF-κB-driven luciferase activity
after both 6 and 16 h exposure (Figure 4A). In com-
parison, 1-NP did not affect luciferase activity at the
early time point and only induced a moderate increase after
16 h (Figure 4A). However, this effect was not statistically
Figure 4 AhR silencing increased TNF-α-, but not 1-NP-induced p50/p65
a NF-κB-luciferase (p50/p65) reporter gene, and exposed to 1-NP or TNF-α for 6
“Materials and methods”. Cells transfected siRNAs against AhR (siAHR), Arnt (siA
NF-κB-luciferase promoter and assayed for luciferase activity after a 16 h expos
mean ± SEM (A: n = 2; B: n = 5). *Significantly different from unexposed control
significant in the next set of experiments (Figure 4B).
Moreover, no effect on IκB-degradation or phosphorylation
of p-p65 were observed after 2 or 4 h exposure to 1-NP or
1-AP (Additional file 2: Figure S2, online supplementary
material). Considering that 1-NP induced a marked
increase in CXCL8 mRNA expression already after 4 h
exposure (Figures 1A and 2A), it does not seem that 1-NP
mediated the CXCL8 response through activation of the
classical NF-κB pathway. Thus, p65 most likely played a
strictly permissive role in 1-NP-induced CXCL8 (Figure 1),
and that the observed effect of p65 silencing was due to
attenuation of the basal transcription factor activity. In
line with this, p65 depletion also reduced CXCL8 levels in
controls and 1-AP-exposed cells (Figure 1).
To assess any possible influence of AhR and Arnt on

p65 activity, we measured p65-induced luciferase activity
reporter gene expression in BEAS-2B cells. Cells were transfected with
or 16 h (A), and assayed for luciferase activity as described under

RNT) or non-targeting control siRNA (siNT) were further transfected with
ure to 1-NP (20 μM) or TNF-α (50 ng/ml) (B). The results are expressed as
s; †Significantly different from cells transfected with non-targeting siRNA.
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in AhR- or Arnt-depleted BEAS-2B cells after 16 h exposure
to 1-NP or TNF-α. AhR silencing by siRNA did not affect
basal or 1-NP-induced p65 activity significantly (Figure 4B).
If anything, the low-level induction of p65 activity by
1-NP was rather reduced. Thus, it seems that not only
1-AP-induced CCL5, but also the 1-NP-induced CXCL8 re-
sponse was suppressed by AhR through mechanisms other
than interference with the classical NF-κB pathway. However,
AhR silencing resulted in a moderate, but statistically signifi-
cant increase in TNF-α-induced p65 activity (Figure 4B),
suggesting that the constitutive activity of AhR modestly sup-
presses the p65 signaling induced by stronger activators of
the classical NF-κB pathway. Cells transfected with Arnt
siRNA did not display any changes in luciferase activity as
compared to non-targeting control siRNA (Figure 4B).

Role of AhR and Arnt in p65 and CXCL8/CCL5 regulation
in Poly I:C-exposed BEAS-2B cells
To examine if the chemokine regulation by AhR and Arnt
were of a more general nature, we continued by exploring
their effects in cells exposed to the Toll-like receptor 3
(TLR3)-ligand Poly I:C. In agreement with previous re-
ports [43,44], Poly I:C induced strong increases in both
CXCL8 and CCL5 along with activation of the classical
NF-κB pathway, as evidenced by the degradation of IκB
and increased phosphorylation of p65 at serine 536
(Additional file 2: Figure S2, online supplementary materials).
This allowed for assessing the effects of AhR and Arnt
on CXCL8 and CCL5 responses induced by a single
compound without known affinity for the AhR or CYP-
enzymes, that unlike 1-NP and 1-AP, also activated the
classical NF-κB pathway. We thus examined the effects
of targeting p65, AhR and Arnt by siRNA in Poly I:C-
exposed cells. In line with the observed increase in
TNF-α-induced p65 activity by AhR-silencing (Figure 4B),
we found that depletion of AhR resulted in increased
Poly I:C-induced phosphorylation of p65 at serine 536
(Ser536) in BEAS-2B cells at 2 h, while Arnt depletion
did not cause any significant effects (Figure 5A and B).
This strengthens the notion that AhR suppresses acti-
vation of p65-signaling induced by strong inducers of
the classical NF-κB pathway. As in PAH-exposed cells
(Figure 1), we again observed that CXCL8, but not
CCL5, was dependent on p65 (Figure 5C and D). In
further agreement with the data obtained by 1-NP and
1-AP exposure (Figure 2), silencing of both AhR and
Arnt increased CXCL8 responses in Poly I:C-exposed
BEAS-2B cells (Figure 5E), while only AhR silencing
augmented CCL5 (Figure 5F). The effects obtained by the
custom made siRNA against AhR were confirmed by use of
commercially available siRNA (Additional file 3: Figure S3,
online supplementary materials). This fortifies the observa-
tions made by PAH treatment and suggests that AhR and
Arnt may play a general role in the regulation of CXCL8
and CCL5 in BEAS-2B cells, independently of exposure.
The results further suggest that AhR may interfere with
phosphorylation of p65 at Ser536 which is considered
important for transactivation of p65 and transcription of
CXCL8 [45,46]. Moreover, as CCL5 was not affected by p65
silencing, AhR necessarily also regulated Poly I:C-induced
CCL5 expression through interactions with other pathways.

Interaction with CXCL8 and CCL5 promoters and
subcellular localization of p65, AhR and Arnt in
Poly I:C-exposed BEAS-2B cells
For a more complete understanding of the roles of p65,
AhR and Arnt in CXCL8 and CCL5 regulation, we also
assessed to what extent they interacted directly with the
NF-κB-response element containing regions of the CXCL8
and CCL5 promoters when cells were exposed to ligands.
In line with the above results, ChIP assay revealed that Poly
I:C treatment induced a strong increase in p65 binding to
the CXCL8 promoter, but not to the CCL5 promoter
(Figure 6). Moreover, we were unable to detect binding of
AhR and Arnt to the CXCL8 and CCL5 promoters by ChIP
(data not shown). Thus, neither AhR nor Arnt appeared to
suppress chemokine responses by interfering directly the
NF-κB responsive regions of the CXCL8 and CCL5 pro-
moters. Furthermore, we also assessed the subcellular
localization of p65, AhR and Arnt by immunocytochemistry.
In control cells, p65 was primarily located in the cytosol,
and translocated into the nucleus upon exposure to Poly I:C
and partly also when exposed to 1-NP (Additional file 4:
Figure S4, online supplementary materials). AhR and Arnt
on the other hand, appeared to be located both in the
cytosol and in nucleus of resting cells, and no apparent
change were observed in the sub-cellular localization upon
exposure (Additional file 4: Figure S4, online supplementary
materials). This is in line with the observation that AhR
signaling was not activated by the exposure.

Role of RelB in AhR and Arnt-mediated regulation of
CXCL8 and CCL5
RelB of the alternative (non-canonical) NF-κB pathway is a
well-known suppressor of the classical NF-κB pathway and
inflammation that itself is under transcriptional regulation by
p65 [47-49]. Therefore, if AhR or Arnt silencing enhances
p65-signaling, RelB should be increased in a similar manner
as CXCL8. Conversely, it has been proposed that the anti-
inflammatory role of AhR is related to stabilization of RelB,
resulting in a more rapid degradation of RelB in AhR-
depleted cells or tissues exposed to cigarette smoke [16,20].
We first examined the impact of AhR and Arnt silencing on
RelB expression. The results show that basal RelB levels were
markedly increased in cells transfected with Arnt, but not
AhR siRNA (Figure 7A). RelB levels were also increased in
Arnt-depleted cells exposed to Poly I:C for 2 and 4 h
(Figure 7B). In contrast, AhR silencing first increased RelB



Figure 5 AhR and Arnt differentially regulate CXCL8 and CCL5 responses as well as p65 phosphorylation in Poly I:C-exposed BEAS-2B cells.
Cells were transfected with siRNA against p65 (siP65), AhR (siAHR), Arnt (siARNT) or non-targeting control siRNA (siNT), and exposed to 10 μg/ml Poly I:C.
Intracellular protein levels of total and phospho-p65 (Ser536) as well as AhR and Arnt were detected by Western blotting after 2 and 4 h exposure, as
described under “Materials and methods”. The figure displays representative blots (A), as well as relative changes in phospho-p65 compared to total
p65 quantified by densitometric analysis of the Western blots (B). CXCL8 (C and E) and CCL5 (D and F) protein levels in the medium were measured
by ELISA after 18 h exposure, as described under “Materials and methods”. The results are expressed as mean ± SEM (n≥ 3). *Significantly different from
unexposed controls; †Significantly different from cells transfected with non-targeting siRNA.
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levels after 4 h exposure. Therefore, as observed with CXCL8,
Arnt seemed to suppress both basal and induced RelB while
AhR more selectively suppressed only induced RelB levels.
The latter is consistent with the observation that AhR only
suppressed induced and not basal p65 activity. However, the
Arnt-mediated suppression of RelB suggests that Arnt may
interfere with p65-signaling despite its lack of effect on p65
activation (Figures 4 and 5). Furthermore, the results suggest
that neither AhR nor Arnt suppressed chemokine responses
by stabilizing RelB in Poly I:C-exposed BEAS-2B cells.



Figure 6 Interaction between p65 and the CXCL8 and CCL5
promoters in Poly I:C exposed BEAS-2B cells. Cells were exposed
to 10 μg/ml Poly I:C for 3 h. Interaction between p65 and the NF-κB
responsive regions of the CXCL8 and CCL5 promoters were assessed
by ChIP assay as described under Materials and methods”. Results are
expressed as fold increase compared to p65 binding to the CXCL8
promoter after adjustment for the input control (GAPDH). The results are
expressed as mean ± SEM ( n = 6). The insert figure shows the same data
set on a log-scale. *Significantly different from unexposed controls.
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Notably, RelB has also been implicated in AhR- or
Arnt-mediated transcription regulation in various ways
[11,12,16,20,49]. So, to further explore whether RelB could
be involved in AhR- or Arnt-mediated chemokine suppres-
sion, we then examined the effect of RelB silencing on
chemokine responses in 1-NP-, 1-AP- or Poly I:C-exposed
BEAS-2B cells. RelB depletion by siRNA increased CXCL8
responses (Figure 8A,C and E) but reduced CCL5 responses
(Figure 8B,D and F). Thus, the effects of RelB partly resem-
bled that of Arnt (Figures 2 and 5), by suppressing both basal
and induced CXCL8 and not CCL5. However, in contrast to
Arnt, RelB seemed to be required for CCL5 responses. The
observation that AhR in addition to suppressing CCL5
selectively suppressed induced, but not basal CXCL8 levels
(Figures 2 and 5), further suggests that AhR did not mediate
its anti-inflammatory effects through RelB.
In contrast to the effects obtained by RelB siRNA

(Figure 8), silencing its binding-partner in the alternative
NF-κB pathways, p100/p52, attenuated both CXCL8 and
CCL5 responses (Additional file 5: Figure S5A, online
supplementary materials). Moreover, neither 1-NP, 1-AP or
Poly I:C induced degradation of p100 to p52 (Additional
file 5: Figure S5B, online supplementary materials), the
hallmark of alternative NF-κB activation [50]. This suggests
that the RelB-mediated suppression of CXCL8 (Figure 8)
was independent of the alternative NF-κB pathway.
However, it is possible that the RelB-dependency of CCL5
(Figure 8) may be related to some permissive role of the
alternative NF-κB pathway.

Activation of AhR by BNF suppresses Poly I:C-induced
CXCL8 and CCL5
Our present results suggest that the constitutive activity
of unligated AhR and Arnt regulate chemokine responses
through differential mechanisms. As a final step, we also
explored how ligand-mediated activation of AhR-signaling
would affect CXCL8 and CCL5 regulation. It has been re-
ported that the non-toxic AhR agonist β-naphthoflavone
(BNF) may suppress TNF-α-induced NF-κB activation and
LPS-induced cytokine responses [21,22]. Thus we exam-
ined the effect of BNF on Poly I:C-induced CXCL8 and
CCL5 in BEAS-2B cells. Pre-incubation with 1 μM BNF for
30 min prior to Poly I:C exposure for 18 h, attenuated both
Poly I:C-induced CXCL8 and CCL5 (Figure 9A and B).
This effect seem to extend to other cell types, as BNF
suppressed Poly I:C-induced chemokine responses in
A549 human alveolar type-II-like epithelial carcinoma cells
and THP-1 human leukemia monocytes (Additional file 6:
Figure S6, online supplementary materials). Of notice,
Poly I:C appeared unable to induce CXCL8-responses
in the A549 cells. We also observed that pre-incubation with
another well-known AhR-agonist, B[a]P, suppressed both
CXCL8 and CCL5 responses in BEAS-2B cells exposed to
Poly I:C or LPS (Additional file 7: Figure S7, online supple-
mentary materials). In contrast, treatment with high concen-
trations of BNF and ANF (10 and 25 μM, respectively)
alone, induced moderate two-fold increases in CXCL8 but
not CCL5 (Figure 9C and D). Therefore it seems that not
only the constitutive activity of unligated AhR, but also
ligand-mediated activation of the AhR may suppress pro-
inflammatory responses in BEAS-2B cells. These results also
show that activation of AhR by external ligands increase the
suppression of cytokine/chemokine responses compared to
the effects of unligated, constitutively active AhR. However,
in absence of other, stronger pro-inflammatory stimuli,
AhR-ligands elicited a moderat pro-inflammatory effect in
BEAS-2B cells when given at sufficiently high concentrations.

Discussion
In the present study we have compared the effects of AhR
and Arnt depletion on the classical NF-κB pathway and
expression of two differentially regulated chemokines,
CXCL8 and CCL5, in bronchial epithelial BEAS-2B cells
exposed to PAHs or the TLR3 agonist Poly I:C. The results
showed that regulation of CXCL8, but not CCL5, was
dependent on basal and/or induced p65 activity. AhR sup-
pressed both CXCL8 and CCL5 responses in BEAS-2B cells
by widely differing stimuli, while Arnt only suppressed
CXCL8. Moreover, the AhR-antagonist ANF failed to re-
produce the effects of AhR knock-down on CXCL8/CCL5
regulation. This suggests that AhR suppressed chemokine



Figure 7 Depletion of AhR and Arnt increases RelB levels in Poly I:C-exposed BEAS-2B cells. Cells were transfected with siRNA against AhR
(siAHR), Arnt (siARNT) or non-targeting control siRNA (siNT), and exposed to 10 μg/ml Poly I:C for 2 and 4 h. Intracellular protein levels of RelB
and β-actin were detected by Western blotting as described under “Materials and methods”. The figure displays representative blots of RelB levels
in unexposed cells (A) and Poly I:C-exposed cells (B). The graph depicts relative changes in RelB (B) compared to β-actin quantified by densitometric
analysis of the Western blots. The results are expressed as mean ± SEM (n = 3). *Significantly different from unexposed controls; †Significantly different
from cells transfected with non-targeting siRNA.
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responses independently of Arnt, and the effects were most
likely due to the constitutive activity of unligated AhR. AhR
suppressed p65 activation induced by strong activators of
the classical NF-κB pathway, such as TNF-α and Poly I:C,
but did not affect basal p65 activity. In addition, since AhR
also suppressed CCL5, as well as the p65-independent in-
crease in CXCL8 by 1-NP (which were unable to enhance
p65 activity), the anti-inflammatory effects of AhR were ne-
cessarily not restricted to interference with NF-κB-signaling.
In contrast to AhR, Arnt seemed unable to suppress the
onset of p65 activation. Nevertheless, Arnt may still interfere
with p65 signaling through other mechanisms, possibly in
collaboration with RelB, which is a well-known suppressor
of p65 activity. A schematic presentation of the possible
roles of AhR and Arnt in suppression of CXCL8 and CCL5
in BEAS-2B cells, as discussed below, is presented in
Figure 10. In addition to the above, we also observed that
potent-AhR agonists could suppress both CXCL8 and
CCL5-responses by TLR-ligands, but given alone at suffi-
ciently high concentrations, they elicited a moderate
activation of CXCL8. Thus ligand-activated AhR appear
to possess both pro- and anti-inflammatory effects in
BEAS-2B cells.
In an elegant series of experiments Chen and colleagues

[9] showed that AhR could induce IL-6 expression and
NF-κB activity in BEAS-2B cells and H1355 human lung
adenocarcinoma cells. Overexpression of AhR resulted in
increased formation of AhR/p65-complexes that activated
κB-sites in the IL-6 promoter, while TCDD-exposure
activated the classical p65/p50-heterodimer [9]. In line
with this, we observed that high concentrations of the
AhR-ligands ANF and BNF induced a moderate increase
in CXCL8, but not the p65-independent CCL5. However,
in extension of the findings by Chen et al., [9] we further
observed that AhR in the same cell type may also possess
anti-inflammatory properties, and we propose that whether
AhR act as suppressor or inducer of inflammation largely
depends on the type and combination of stimuli. Import-
antly, our present results show that AhR depletion did not
suppress basal p65 activity or CXCL8 levels in unexposed



Figure 8 RelB suppresses CXCL8, but not CCL5, in BEAS-2B cells. Cells were transfected with siRNA against RelB (siRELB) or non-targeting
control siRNA (siNT). Transfected cells were exposed to 20 μM 1-NP, 1-AP, or vehicle (DMSO) alone (A-D) or 10 μg/ml Poly I:C or vehicle (water)
alone (E and F). CXCL8 (A) and CCL5 (B) gene expression were measured after 6 h by real-time PCR. CXCL8 (C and E) and CCL5 (D and F)
protein levels in the medium were measured by ELISA after 18 h exposure as described under “Materials and methods”. Efficiency of transfection was
assessed by Western blotting (G). The results are expressed as mean ± SEM (A/B: n = 1 (triplicate determinations); C-F: n ≥ 3; G: representative
blot, n = 3) *Significantly different from unexposed controls; †Significantly different from cells transfected with non-targeting siRNA.
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cells. However, NF-κB activation induced by TNF-α
and Poly I:C was significantly enhanced. This may at
least partly, be due to AhR-mediated suppression of
p65-phosphorylation at Ser536, which is important to
CXCL8 transcription by promoting coupling of p65 to the
basal transcriptional machinery [45,46,51]. Phosphorylation
of p65 at Ser536 is mediated by Inhibitor of κB Kinases
(IKKs) [45,51]. Recent findings suggest that AhR may inter-
act directly with IKKs [52], providing a possible explanation
for the observed effects of AhR knock-down on Poly I:C-
induced Ser536 phosphorylation of p65. In addition,
the study by Chen and co-workers [9] indicates that
AhR/p65 may be a less efficient activator of κB-sites
than p65/p50 (TCDD-exposure induced more than twice
the NF-κB activity elicited by AhR-overexpression, despite
almost identical binding of p65 to the IL-6 promoter). It
is therefore conceivable that AhR/p65-dimerization may
restrict the availability of free p65 levels, thus limiting
formation of the more potent p65/p50-dimers when
cells are exposed to strong, AhR-independent, activators
of the classical NF-κB pathway such as Poly I:C, TNF-α
or LPS. A recent publication by Vogel and colleagues [53]
offers an interesting perspective to our current findings.
In their study, they found that AhR was under transcrip-
tional regulation by p65, and that LPS exposure induced
AhR expression in human dendritic cells [53]. Thus, the
suppressive effects of AhR on p65 activity may possibly be
ascribed to a negative feedback mechanism. However, in



Figure 9 AhR-activation suppresses Poly I:C-induced CXCL8 and CCL5 responses, but stimulate CXCL8 responses alone in BEAS-2B cells.
Cells were incubated with 1 μM of the AhR agonist β-naphtoflavone (BNF) for 30 min prior to exposure to 10 μg/ml Poly I:C for 18 h (A and B),
or exposed to high concentrations of ANF or BNF alone for 18 h (C and D). CXCL8 (A and C) and CCL5 (B and D) levels in the medium were
measured by ELISA as described under “Materials and methods”. The results are expressed as mean ± SEM (n = 3). *Significant increase induced
by Poly I:C; †Significant reduction induced by BNF.
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contrast to these observations Poly I:C exposure did not
induced AhR expression in BEAS-2B cells, but rather ap-
peared to reduce the level of AhR. In any case, the scenario
of AhR as a partial NF-κB agonist acting antagonistic in
competition with stronger NF-kB activators may provide
an explanation for how different studies have observed that
AhR either induces or suppresses NF-κB signaling.
In contrast to AhR, Arnt did not seem to affect activation

of the classical NF-κB pathway as assessed by p65-luciferace
activity or p65 phosphorylation. Yet, Arnt depletion
enhanced the expression of the NF-κB target gene RelB
[47,49] in both un-stimulated and Poly I:C-exposed
BEAS-2B cells. In addition, we observed that Arnt silencing
selectively enhanced the p65-dependent chemokine CXCL8
and not the p65-independent CCL5. It seems that although
Arnt did not appear to suppress the activation of p65, it
may possibly still interfere with p65 signaling through some
other mechanisms. Of notice, we further observed that
RelB itself suppressed CXCL8 and not CCL5, in parallel
with Arnt. In addition to being transcriptionally regulated
by p65/p50, RelB is also a well-known suppressor of the
classical NF-κB pathway and inflammation that may repre-
sent a negative feed-back loop for NF-κB regulation [48,49].
Interestingly, Wright and Duckett [49] showed that
Arnt facilitated RelB binding to NF-κB responsive pro-
moters preventing p65/p50-binding and suppressing
NF-κB-mediated transcription in CD30-exposed T-cells
(Karpas 299 cells). In coherence with our present findings,
they also observed that Arnt silencing increased RelB
levels in CD30-stimulated cells [49]. Whether Arnt
facilitates RelB-mediated suppression of p65 signaling
also in BEAS-2B cells is an intriguing scenario that requires
further investigation. If this is the case, the reason Arnt
depletion did not affect the NF-κB luciferase-assay is likely
that the Arnt/RelB-binding domain of wild-type NF-κB
responsive promoters was lacking in the luciferase
reporter-gene promoter.
Others have shown that increased inflammation in lungs

of LPS and cigarette smoke (CS)-exposed AhR−/− mice
were associated with a rapid loss of RelB [16]. Thus, the
anti-inflammatory role of AhR has been suggested to be
due to RelB-stabilization [20]. Our present data does not
suggest that this is the case in BEAS-2B cells. Silencing of
AhR enhanced RelB levels in BEAS-2B cells, although first
after 4 h exposure to Poly I:C. This is consistent with the
observation that AhR suppressed activation of p65 by



Figure 10 The constitutive activity of unligated AhR and Arnt differentially regulate CXCL8 and CCL5 in BEAS-2B cells. The model
summarizes the possible pathways discussed for AhR- and Arnt-mediated regulation of CXCL8 and CCL5 in BEAS-2B cells exposed to 1-NP and
1-AP (A) or Poly I:C (B). “x/X” and “y/Y” represents hitherto unidentified signaling pathways/response elements involved in regulation of CXCL8
and CCL5, respectively. The positioning of the response elements in the CXCL8 or CCL5 promoters is not meant to be representative. Moreover,
“y/Y” induced by 1-AP (A) and Poly I:C (B) are not necessarily identical and AhR may also affect other pathways involved in Poly I:C-induced
CXCL8 in addition to NF-κB (B). The suggested position and association of Arnt and RelB is partly based on findings reported by Wright and
Duckett [49]. The role of AhR and Arnt in chemokine regulation may differ in other cell types.
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Poly I:C and TNF-α, but not basal p65 activity. In addition,
we also observed that AhR and RelB were differentially
involved in regulation of CXCL8 and CCL5, which further
suggest that AhR does not mediate its effects through RelB.
Notably, although transfection with AhR siRNA did not

affect p65 activity in 1-NP-exposed cells, the AhR silencing
increased 1-NP-induced CXCL8 without affecting basal
CXCL8 levels. In addition, AhR (in contrast to Arnt)
also suppressed the p65-independent CCL5 responses in
the BEAS-2B cells. This suggests that suppression of the
classical NF-κB pathway cannot be the only mechanism
for the anti-inflammatory effects of the AhR, but that at
least two additional pathways must be affected (Figure 9).
In line with this, it has been reported that the activity of
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other pro-inflammatory transcription factors such as activa-
tor protein-1 (AP-1) and CCAAT-enhancer binding protein
(C/EBP) may be affected by AhR [54,55]. Therefore it is
tempting to speculate that the differential suppression
of CXCL8 and CCL5 by AhR and Arnt in BEAS-2B cells
could be due suppression of a broader range of pro-
inflammatory pathways by AhR, or through effects on
post-transcriptional or translational processes.
The majority of the present work focused on the anti-

inflammatory role of constitutive (unligated) AhR and
Arnt activity. However, we also observed that the AhR-
agonist BNF as well as B[a]P suppressed Poly I:C-induced
CXCL8 or CCL5 responses. Thus, ligand-mediated activa-
tion increased chemokine suppression by AhR, beyond the
effects of the constitutive activity of the unligated receptor.
Similarly BNF and other AhR ligands have been reported to
suppress LPS-induced cytokine expression and inflamma-
tion, in vitro and in vivo [18,21]. Moreover, in a recent study
TCDD was found to suppress silica-induced inflamma-
tion [17]. Considering that TCDD has been reported to
induce p65/p50 through AhR [9] and that our present
CCL5-responses were unaffected by p65 depletion
(Figures 4 and 7), it seems unlikely that BNF and B[a]P
attenuated Poly I:C-induced CXCL8 and CCL5 through
suppression of NF-κB signaling in the BEAS-2B cells.
However, whether unligated and ligand-activated (i.e.
endogenously and exogenously activated) AhR sup-
press inflammation through similar pathways remains
to be clarified.
The present study was performed in BEAS-2B cells, a

common model of human bronchial epithelial cells which
has been reported to exhibit the highest homology in gene
expression pattern with primary lung cells as compared to
other established lung cell lines [56]. As any result obtained
with immortalized cell lines, generalizations should always
be interpreted with some caution. However, several in vivo
studies with AhR knock-out mice or in primary mouse
cells support the notion that AhR suppresses induction
of NF-κB activity and inflammatory reactions in differ-
ent cells and tissues [16,17,19-21]. Moreover, in control
experiments with A549 and THP-1 cells, we observed
comparable inhibition of Poly I:C-induced chemokine
responses by the AhR agonist BNF (Additional file 5:
Figure S5, online supplementary materials), further sug-
gesting that the present findings are not restricted to
the BEAS-2B cell line. However, in a recent paper, Vogel
and colleagues [57] observed that combined exposure with
TCDD enhanced the expression of IL-6, IL-10, IL-22, IL-23,
CXCL2 and CXCL3 in LPS-stimulated dendritic cells. Only
LPS-induced DC-CK1 was suppressed by TCDD exposure,
while IL-12 and TNFα responses were unaffected [57].
Whether these discrepancies with our present observations
are related to cell-specific effects or variations in effects of
AhR in different target genes remains to be clarified.
Conclusion
Understanding the role of AhR and Arnt in the regulation
of inflammation may be crucial to elucidate the pro-
inflammatory effects of complex chemical mixtures, such
as air pollution which may contain a variety of organic che-
micals with varying affinity for the AhR [58]. Moreover, in-
dividual variation in AhR and Arnt expression levels appear
to be considerable [59,60] and may possibly affect suscepti-
bility towards inflammatory disease. Though it remains to
unravel the precise mechanisms by which AhR and its part-
ners modulate inflammation, our present results suggest
that depending on the type and combination of stimuli
AhR may possess both pro- and anti-inflammatory
functions, even within a single cell type. Both constitutive
and ligand-activated AhR may elicit a weak to moderate
pro-inflammatory signal, but seems to restrict activation
of p65 upon encounters with strong activators of the clas-
sical NF-κB pathway, such as Poly I:C or TNF-α. The AhR
binding partner Arnt displays a separate anti-inflammatory
role. While AhR appears to attenuate the onset of p65 ac-
tivation, including phosphorylation at Ser536, Arnt may
possibly block the access of activated p65 to kB-sites in
NF-κB-regulated promoters (Figure 10). This would fit
with the traditional perception of a differential intracellu-
lar localization of AhR and Arnt in cytosol and nucleus of
resting cells, respectively [9]. However, Arnt may also be
present in the cytosol [49], and our current findings sug-
gest that AhR and Arnt were relatively evenly distributed
across the two compartments in unstimulated BEAS-2B
cells. Finally, our results suggest that both unligated and
ligand-activated AhR also suppress pro-inflammatory re-
sponses through pathways other than NF-κB. Thus, AhR
and Arnt appear to play complex many-faceted roles in
the regulation of pro-inflammation reactions in lung cells.

Materials and methods
Reagents
Culture medium, Nutrition Mixture F12 HAM Kaigin’s
modification (F12K) was obtained from Sigma–Aldrich,
LHC-9 medium was from Invitrogen, while RPMI 1640 and
fetal bovine serum (FBS) were from Gibco BRL. Ampicillin
and fungizone were from Bristol-Myer Squibb, and
penicillin/streptomycin was from Bio Whittaker. B[a]P,
1-NP, 1-AP, α-naphthoflavone (ANF), β-naphthoflavone
(BNF), dimethyl sulphoxide (DMSO), Poly I:C-potassium
salt, antibodies against β-actin, short interfering RNA
(siRNA) against AhR (sense: GGACAAACUUUCAGUU
CUU, anti-sense: AAGAACUGAAAGUUUGUCC) and
RelB (sense: GACAAGAAAUCCACAAACA, anti-sense:
UGUUUGUGGAUUUCUUGUC) and non-targeting
control siRNA (sense: UAGCGACUAAACACAUCAA,
anti-sense: UUGAUGUGUUUAGUCGCUA) were from
Sigma-Aldrich. SiRNA against Arnt (ON-TARGET plus
Smart Pool L-007207-00-0005) was from Dharmacon RNAi
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Technologies (Thermo Fischer Scientific). Antibodies against
AhR, Arnt, RelB and p52, and siRNA against p52 (sc-29409)
with corresponding non-targeting control siRNA (sc-37007)
were from Santa Cruz Biotechnology. Antibodies against
p65, phospho-p65 (Ser536), IκB, histone H1 and GAPDH,
ChIP grade antibody against p65 (D14E12), and SiRNA
against p65 (SignalSilence® NF-κB p65 siRNA I #6261) with
corresponding non-targeting control siRNA (SignalSilence®
Control siRNA #6568) were from Cell Signaling Technol-
ogy. ChIP grade antibodies against AhR (ChIP grade ab2)
and Arnt (ChIP grade ab2770) were from Abcam plc. All
other chemicals used were purchased from commercial
sources at the highest purity available.

Cell cultures
BEAS-2B cells, a SV40 hybrid (Ad12SV40) transformed
human bronchial epithelial cell line, were from European
Collection of Cell Cultures. Cells were maintained in serum-
free LHC-9 medium in collagen-coated (PureColTM,
Inamed Biomaterials) flasks. The human alveolar type-II-
like carcinoma cell line A549 and the human leukemia
monocyte cell line THP-1 were obtained from the American
Type Culture Collection (Manhasset, VA, USA). A549 cells
were cultured in F12K medium, supplemented with ampi-
cillin (100 μg/ml), penicillin/streptomycin (100 μg/ml),
fungizone (0.25 μg/ml) and 10% heat-inactivated FBS,
while THP-1 cells were cultured in RPMI 1640 medium
supplemented with 100 μg/ml gentamicin and 10% heat-
inactivated FBS fetal calf serum. Cells were cultured in a
humidified atmosphere at 37°C with 5% CO2, and pas-
saged twice per week. Prior to exposure, cells were plated
in 12-well culture dishes, grown to near confluence
and treated as described elsewhere. When used, DMSO
concentrations in all samples were below 0.5%.

Gene expression
Total RNA was isolated using Absolutely RNA Miniprep
Kit (Stratagene, La Jolla, CA, USA) and reverse transcribed
to cDNA on a PCR System 2400 (PerkinElmer) using a
High Capacity cDNA Archive Kit (Applied Biosystems).
Real-time PCR was performed using pre-designed TaqMan
Gene Expression Assays and TaqMan Universal PCR Master
Mix and run on ABI 7500 fast (Applied Biosystems).
Gene expression of CXCL8 (Hs00174103_m1), CCL5
(Hs00174575_m1) and CYP1A1 (Hs00153120_m1) were
normalized against 18S rRNA (Hs99999901_s1), and
expressed as fold change compared to untreated control
as calculated by the ΔΔCt method (ΔCt = Ct [Gene of
Interest] – Ct [18S]; ΔΔCt =ΔCt [Treated] – ΔCt [Control];
Fold change = 2 [−ΔΔCt]).

Chemokine release
Chemokine protein levels in cell-supernatants were deter-
mined by ELISA assays for CXCL8 (Human IL-8 Cytoset)
and CCL5 (Human RANTES Cytoset) from Biosource
International as described elsewhere [24]. Absorbance
was measured using a plate reader (TECAN Sunrise,
Phoenix Research Products) complete with software
(Magellan V 1.10).

Gene silencing by siRNA
BEAS-2B cells were reverse-transfected with the respective
siRNAs, using HiPerFect transfection reagent according to
the Fast-Forward protocol for adherent cells recommended
by Qiagen adapted for 12-well plate format, to give a final
siRNA concentration of 10 nM and 2.75 μl of HiPerFect in
a total of 1 ml growth medium. The effectiveness of gene
silencing was monitored at 48, 72 and 96 h by measuring
protein levels by Western blotting.

NF-κB luciferase assay
Cells seeded at 55x103 cells/cm2 were transfected 24 h
later with the respective siRNAs using DharmaFECT 1
(Thermo Fischer Scientific) according to protocol. The next
day, reporter gene constructs were transiently transfected
into cells. For this, the media were changed to opti-MEM
(Gibco) containing 2.5 μl/ml of Fugene 6 (Roche), 375 ng
of a NF-kB-driven luciferase reporter vector (Stratagene ref:
219058–51) and 40 ng of a renilla reporter vector, used
as an internal control, according to the manufacturer’s
instructions. 24 h after this second transfection, cells
were exposed for 6 or 16 h to DMSO or 1-NP or TNFα.
Cell extracts were assayed for luciferase activity with a
Dual-Luciferase® Reporter assay system from Promega
according to the manufacturer’s instructions.

Immunoblotting
Total and phosphorylated protein levels were analyzed
by Western blotting as described elsewhere [61]. The
Compartment Protein Extraction Kit (BioChain Institute,
Inc.) was used for or extraction/isolation of nuclei and cyto-
sol according to producer’s recommendations. The blots
were developed and quantified using a ChemiDox™
XRS + molecular imager with Image Lab™ software,
Bio-Rad Laboratories Inc. (Hercules, CA, USA).

Immunocytochemistry
Cells were grown in X-well Tissue Culture Chambers
(Sarstedt). Effect of treatment were stopped by washing
with ice-cold PBS, and cells were fixed by incubation inn
methanol for 4 min, before incubation overnight with
antibodies against p65, AhR or Arnt (working dilution 1:
200 in PBS with 1% BSA). After washing and incubating
for 3 h with secondary antibodies conjugated with Alexa
Fluor®488 or 594, the preparations were visualized using
a Zeiss AxioObserved.Z1 equiped with an AxioCam ERc
5 s digital camera (Zeiss).
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Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed according to the protocol
specified by the manufacturer (HighCell# ChIP kit,
Diagenode Inc.), In brief, treated cells were collected
by trypsinisation, and DNA-protein interactions were
cross-linked with 1% formaldehyde. Chromatin shearing
was performed by sonication at 4°C with a Bioruptor® Plus
equipped with a Minichiller (Diagenode Inc.). Lysates
were centrifuged, and aliquots (1%) of the supernatants
were collected for input control, while the remaining
supernatants were incubated overnight (at 4°C) with
magnetic beads coated with ChIP grade antibodies
against p65, AhR or Arnt. DNA was isolated from the
collected precipitates after reversal of the cross-linking
by incubation for 15 min at 55°C. Real-time PCR were
performed using primer sets for human CXCL8 and
CCL5 promoter regions containing NF-κB response
elements [62,63]. The sequences of primers used for ChIP
assay were as follows: human CXCL8 sense 5’-AGTGTGA
TGACTCAGGTTTGCCCT-3’ and anti-sense 5’-AAGCT
TGTGTGCTCTGCTGTCTCT-3’; human CCL5 promoter
sense 5’-GGGAAGAAGATTGCCTAAAC-3’ and antisense
5’-TGTGGAAATCAAAGGGACAG-3’.

Statistical analysis
Statistical significance was evaluated by GraphPad Prism
software (GraphPad Software Inc., San Diego, CA, USA),
using analysis of variance (ANOVA) with Bonferroni
post-test.

Additional files

Additional file 1: Figure S1. AhR, Arnt, p65 and RelB differentially
regulate basal CXCL8 andCCL5 levels in BEAS-2B cells. Cells were
transfected with siRNA against AhR (siAHR), Arnt (siARNT), p65 (siP65),
RelB (siRELB) or non-targeting control siRNA (siNT). Basal levels of CXCL8
(A, C and E) and CCL5 (B, D and F) protein levels in the medium
(produced over a period of 18 h) were measured by ELISA as described
under “Materials and methods”. The results are expressed as mean ± SEM
(n ≥6). *Significantly different from cell transfected with non-targeting siRNA.

Additional file 2: Figure S2. Poly I:C induce both CXCL8 and CCL5
responses and mediates IκB degradation and p65 phosphorylation in
BEAS-2B cells. Cells were exposed different concentrations of Poly I:C for
18 h, and CXCL8 (A) and CCL5 (B) levels in the medium were measured
by ELISA as described under “Materials and methods”. Subsequently, cells
were exposed to 20 μM 1-NP, 1-AP or 10 μg/ml of Poly I:C for 2 and 4 h
(n = 2). Intracellular protein levels of IκB, β-actin, p65 and phosphor-p65
(Ser536) were detected by Western blotting. The figure displays representative
blots as well as changes in IκB and phospho-p65 (p-p65) relative to β-actin or
total p65, respectively, as quantified by densitometric analysis of the Western
blots. The results are expressed as mean ± SEM (n = 2).

Additional file 3: Figure S3 AhR suppress CXCL8 and CCL5 responses
in Poly I:C-exposed BEAS-2B cells. Cells were transfected with commercially
available siRNA (Dharmacon RNAi Technologies, Thermo Fischer Scientific)
against AhR (siAHR; ON-TARGET plus Smart Pool L-004990-00) or non-targeting
control siRNA (siNT; ON-TARGET Control Pool D-001810-10-05), and exposed
to 10 μg/ml Poly I:C. CXCL8 (A) and CCL5 (B) protein levels in the
medium were measured by ELISA after 18 h exposure, as described
under “Materials and methods”, and expressed as fold increase
compared to untreated controls transfected with siNT. The results are
expressed as mean ± SEM (n = 2-3).

Additional file 4: Figure S4. Sub-cellular localization of p65, AhR and
Arnt in 1-NP and Poly I:C exposed BEAS-2B cells. Cells were exposed to
1-NP (20 μM) or Poly I:C (10 μg/ml) for 2.5 h. Sub-cellular localization of
p65, AhR and Arnt were detected by immunocytochemistry with specific
antibodies, as described under “Materials and methods”.

Additional file 5: Figure S5. Characterization of the role of alternative
NF-κB signaling in CXCL8 and CCL5 responses in BEAS-2B cells. Cells were
transfected with siRNA against p100/p52 (siP52) or non-targeting control
siRNA (siNT), and exposed to 20 μM 1-NP, 1-AP or 10 μg/ml Poly I:C for
18 h. CXCL8 (A) and CCL5 (B) levels in the medium were measured by ELISA
as described under “Materials and methods”. Efficiency of transfection with
siP52 was assessed by Western blotting (C). Subsequently, non-transfected
cells were exposed to 20 μM 1-NP, 1-AP or 10 μg/ml of Poly I:C for 2
and 4 h. Intracellular protein levels of p100, p52 and β-actin were detected
by Western blotting (D). The figure presents results obtained from 1
experiment.

Additional file 6: Figure S6. AhR-activation suppresses Poly I:C-induced
chemokine responses in A549 and THP-1 cells. A549 (A and C) and
THP-1 (B and D) cells were incubated with 1 μM of the AhR agonist
β-naphtoflavone (BNF) for 30 min prior to exposure to 10 μg/ml
Poly I:C for 18 h. CXCL8 (A and B) and CCL5 (C and D) levels in the
medium were measured by ELISA as described under “Materials and
methods”. *Significant increase induced by Poly I:C; †Significant
reduction induced by BNF. The results are expressed as mean ± SEM
(1 experiment performed in triplicates).

Additional file 7: Figure S7. Pre-treatment with B[a]P suppress LPS
and Poly I:C induced chemokine responses in BEAS-2B cells. Cells were
incubated with 25 μM B[a]P for 2 h or 24 h prior to exposure to 10 μg/ml
LPS or Poly I:C for 18 h. CXCL8 (A) and CCL5 (B) levels in the medium were
measured by ELISA as described under “Materials and methods”. The results
are expressed as mean ± SEM (n = 2).
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
JØ participated in conceiving and designing the study, carried out the
majority of experiments, performed the statistical analysis and drafted the
manuscript. VL and DG participated in designing the siRNA experiments
and drafting of the manuscript. VL also carried out the luciferase assay. TS
carried out the studies in A549 cells and participated in drafting the
manuscript. RB performed the immunocytochemistry and participated in
drafting the revised manuscript. ML, MR, PES and JAH participated in the
conceiving and design of the study and helped to draft the manuscript.
DLG participated in the design of the study, helped to draft the
manuscript, and together with JAH coordinated the collaboration
between NIPH and the Inserm institute/University of Rennes. All authors
read and approved the final manuscript.
Acknowledgement
We thank E. Lilleaas (Norwegian Inst. of Public Health, Oslo Norway) for technical
assistance throughout the study and Professor O. Fardel (UMR INSERM 1085,
Rennes, France) for his helpful advice. The work was supported by the Research
Council of Norway, through the Environmental Exposures and Health
Outcomes-program (MILPAAHEL; grants no. 185620 and 228143).

Author details
1Department of Air Pollution and Noise, Division of Environmental Medicine,
Norwegian Institute of Public Health, Oslo, Norway. 2UMR Inserm 1085,
Institut de Recherche en Santé, Environnement, Travail, Rennes, France.
3EA4427-SeRAIC, IFR140, Université de Rennes 1, Faculté des Sciences
Pharmaceutiques et Biologiques, Rennes, France. 4UMR CNRS 6290, GEO
Team (Gene Expression and Oncogenesis), Institut de Génétique et de
Développement de Rennes, Faculté de Pharmacie, Université de Rennes I,
Rennes, France.

http://www.biomedcentral.com/content/supplementary/12964_2014_48_MOESM1_ESM.png
http://www.biomedcentral.com/content/supplementary/12964_2014_48_MOESM2_ESM.png
http://www.biomedcentral.com/content/supplementary/12964_2014_48_MOESM3_ESM.png
http://www.biomedcentral.com/content/supplementary/12964_2014_48_MOESM4_ESM.png
http://www.biomedcentral.com/content/supplementary/12964_2014_48_MOESM5_ESM.png
http://www.biomedcentral.com/content/supplementary/12964_2014_48_MOESM6_ESM.png
http://www.biomedcentral.com/content/supplementary/12964_2014_48_MOESM7_ESM.png


Øvrevik et al. Cell Communication and Signaling 2014, 12:48 Page 16 of 17
http://www.biosignaling.com/content/12/1/48
Received: 18 December 2013 Accepted: 13 July 2014
Published: 24 July 2014

References
1. Rowlands JC, Gustafsson JA: Aryl hydrocarbon receptor-mediated signal

transduction. Crit Rev Toxicol 1997, 27:109–134.
2. Ukena C, Mahfoud F, Kindermann M, Kindermann I, Bals R, Voors AA, van

Veldhuisen DJ, Bohm M: The cardiopulmonary continuum systemic
inflammation as ‘common soil’ of heart and lung disease. Int J Cardiol
2010, 145:172–176.

3. Scrivo R, Vasile M, Bartosiewicz I, Valesini G: Inflammation as “common
soil” of the multifactorial diseases. Autoimmun Rev 2011, 10:369–374.

4. Gomez-Mejiba SE, Zhai Z, Akram H, Pye QN, Hensley K, Kurien BT, Scofield RH,
Ramirez DC: Inhalation of environmental stressors & chronic inflammation:
autoimmunity and neurodegeneration. Mutat Res 2009, 674:62–72.

5. Bhatnagar A: Could dirty air cause diabetes? Circulation 2009, 119:492–494.
6. Sonkoly E, Pivarcsi A: MicroRNAs in inflammation and response to injuries

induced by environmental pollution. Mutat Res 2011, 717:46–53.
7. Tian Y, Rabson AB, Gallo MA: Ah receptor and NF-kappaB interactions:

mechanisms and physiological implications. Chem Biol Interact 2002,
141:97–115.

8. Vogel CF, Matsumura F: A new cross-talk between the aryl hydrocarbon
receptor and RelB, a member of the NF-kappaB family. Biochem
Pharmacol 2009, 77:734–745.

9. Chen PH, Chang H, Chang JT, Lin P: Aryl hydrocarbon receptor in
association with RelA modulates IL-6 expression in non-smoking lung
cancer. Oncogene 2012, 31:2555–2565.

10. Kobayashi S, Okamoto H, Iwamoto T, Toyama Y, Tomatsu T, Yamanaka H,
Momohara S: A role for the aryl hydrocarbon receptor and the dioxin
TCDD in rheumatoid arthritis. Rheumatology (Oxford) 2008, 47:1317–1322.

11. Vogel CF, Sciullo E, Li W, Wong P, Lazennec G, Matsumura F: RelB, a new
partner of aryl hydrocarbon receptor-mediated transcription. Mol
Endocrinol 2007, 21:2941–2955.

12. Vogel CF, Li W, Wu D, Miller JK, Sweeney C, Lazennec G, Fujisawa Y, Matsumura
F: Interaction of aryl hydrocarbon receptor and NF-kappaB subunit RelB in
breast cancer is associated with interleukin-8 overexpression. Arch Biochem
Biophys 2011, 512:78–86.

13. Kim DW, Gazourian L, Quadri SA, Romieu-Mourez R, Sherr DH, Sonenshein
GE: The RelA NF-kappaB subunit and the aryl hydrocarbon receptor
(AhR) cooperate to transactivate the c-myc promoter in mammary cells.
Oncogene 2000, 19:5498–5506.

14. Tauchi M, Hida A, Negishi T, Katsuoka F, Noda S, Mimura J, Hosoya T, Yanaka A,
Aburatani H, Fujii-Kuriyama Y, Motohashi H, Yamamoto M: Constitutive
expression of aryl hydrocarbon receptor in keratinocytes causes
inflammatory skin lesions. Mol Cell Biol 2005, 25:9360–9368.

15. Podechard N, Lecureur V, Le Ferrec E, Guenon I, Sparfel L, Gilot D, Gordon
JR, Lagente V, Fardel O: Interleukin-8 induction by the environmental
contaminant benzo (a) pyrene is aryl hydrocarbon receptor-dependent
and leads to lung inflammation. Toxicol Lett 2008, 177:130–137.

16. Thatcher TH, Maggirwar SB, Baglole CJ, Lakatos HF, Gasiewicz TA, Phipps RP:
Aryl hydrocarbon receptor-deficient mice develop heightened inflammatory
responses to cigarette smoke and endotoxin associated with rapid loss of the
nuclear factor-kappaB component RelB. Am J Pathol 2007, 170:855–864.

17. Beamer CA, Seaver BP, Shepherd DM: Aryl hydrocarbon receptor (AhR)
regulates silica-induced inflammation but not fibrosis. Toxicol Sci 2012,
126:554–568.

18. Sekine H, Mimura J, Oshima M, Okawa H, Kanno J, Igarashi K, Gonzalez FJ,
Ikuta T, Kawajiri K, Fujii-Kuriyama Y: Hypersensitivity of aryl hydrocarbon
receptor-deficient mice to lipopolysaccharide-induced septic shock. Mol
Cell Biol 2009, 29:6391–6400.

19. Kimura A, Naka T, Nakahama T, Chinen I, Masuda K, Nohara K, Fujii-Kuriyama Y,
Kishimoto T: Aryl hydrocarbon receptor in combination with Stat1 regulates
LPS-induced inflammatory responses. J Exp Med 2009, 206:2027–2035.

20. Baglole CJ, Maggirwar SB, Gasiewicz TA, Thatcher TH, Phipps RP, Sime PJ:
The aryl hydrocarbon receptor attenuates tobacco smoke-induced
cyclooxygenase-2 and prostaglandin production in lung fibroblasts
through regulation of the NF-kappaB family member RelB. J Biol Chem
2008, 283:28944–28957.

21. Furumatsu K, Nishiumi S, Kawano Y, Ooi M, Yoshie T, Shiomi Y, Kutsumi H,
Ashida H, Fujii-Kuriyama Y, Azuma T, Yoshida M: A role of the aryl hydrocarbon
receptor in attenuation of colitis. Dig Dis Sci 2011, 56:2532–2544.
22. Tian Y, Ke S, Denison MS, Rabson AB, Gallo MA: Ah receptor and NF-kappaB
interactions, a potential mechanism for dioxin toxicity. J Biol Chem 1999,
274:510–515.

23. Øvrevik J, Låg M, Holme JA, Schwarze PE, Refsnes M: Cytokine and
chemokine expression patterns in lung epithelial cells exposed to
components characteristic of particulate air pollution. Toxicology 2009,
259:46–53.

24. Øvrevik J, Arlt VM, Oya E, Nagy E, Mollerup S, Phillips DH, Låg M, Holme JA:
Differential effects of nitro-PAHs and amino-PAHs on cytokine and
chemokine responses in human bronchial epithelial BEAS-2B cells.
Toxicol Appl Pharmacol 2010, 242:270–280.

25. Fox SE, Lu W, Maheshwari A, Christensen RD, Calhoun DA: The effects and
comparative differences of neutrophil specific chemokines on neutrophil
chemotaxis of the neonate. Cytokine 2005, 29:135–140.

26. Gangur V, Birmingham NP, Thanesvorakul S: Chemokines in health and
disease. Vet Immunol Immunopathol 2002, 86:127–136.

27. Bisset LR, Schmid-Grendelmeier P: Chemokines and their receptors in the
pathogenesis of allergic asthma: progress and perspective. Curr Opin
Pulm Med 2005, 11:35–42.

28. Xie K: Interleukin-8 and human cancer biology. Cytokine Growth Factor Rev
2001, 12:375–391.

29. Oppenheim JJ, Murphy WJ, Chertox O, Schirrmacher V, Wang JM:
Prospects for cytokine and chemokine biotherapy. Clin Cancer Res
1997, 3:2682–2686.

30. Yuan A, Yang PC, Yu CJ, Chen WJ, Lin FY, Kuo SH, Luh KT: Interleukin-8
messenger ribonucleic acid expression correlates with tumor
progression, tumor angiogenesis, patient survival, and timing of
relapse in non-small-cell lung cancer. Am J Respir Crit Care Med 2000,
162:1957–1963.

31. Moran CJ, Arenberg DA, Huang CC, Giordano TJ, Thomas DG, Misek DE,
Chen G, Iannettoni MD, Orringer MB, Hanash S, Beer DG: RANTES
expression is a predictor of survival in stage I lung adenocarcinoma.
Clin Cancer Res 2002, 8:3803–3812.

32. Mule JJ, Custer M, Averbook B, Yang JC, Weber JS, Goeddel DV, Rosenberg
SA, Schall TJ: RANTES secretion by gene-modified tumor cells results in
loss of tumorigenicity in vivo: role of immune cell subpopulations.
Hum Gene Ther 1996, 7:1545–1553.

33. Kutubuddin M, Federoff HJ, Challita-Eid PM, Halterman M, Day B, Atkinson
M, Planelles V, Rosenblatt JD: Eradication of pre-established lymphoma
using herpes simplex virus amplicon vectors. Blood 1999, 93:643–654.

34. Henriquet C, Gougat C, Combes A, Lazennec G, Mathieu M: Differential
regulation of RANTES and IL-8 expression in lung adenocarcinoma cells.
Lung Cancer 2007, 56:167–174.

35. Nhu QM, Shirey K, Teijaro JR, Farber DL, Netzel-Arnett S, Antalis TM, Fasano
A, Vogel SN: Novel signaling interactions between proteinase-activated
receptor 2 and Toll-like receptors in vitro and in vivo. Mucosal Immunol
2010, 3:29–39.

36. Øvrevik J, Refsnes M, Totlandsdal AI, Holme JA, Schwarze PE, Låg M: TACE/
TGF-alpha/EGFR regulates CXCL8 in bronchial epithelial cells exposed
to particulate matter components. Eur Respir J 2011, 38:1189–1199.

37. Øvrevik J, Holme JA, Låg M, Schwarze PE, Refsnes M: Differential
chemokine induction by 1-nitropyrene and 1-aminopyrene in bronchial
epithelial cells: Importance of the TACE/TGF-alpha/EGFR-pathway.
Environ Toxicol Pharmacol 2013, 35:235–239.

38. Øvrevik J, Refsnes M, Holme JA, Schwarze PE, Låg M: Mechanisms of
chemokine responses by polycyclic aromatic hydrocarbons in bronchial
epithelial cells: sensitization through toll-like receptor-3 priming. Toxicol
Lett 2013, 219:125–132.

39. Mayati A, Le FE, Holme JA, Fardel O, Lagadic-Gossmann D, Øvrevik J:
Calcium signaling and beta2-adrenergic receptors regulate 1-nitropyrene
induced CXCL8 responses in BEAS-2B cells. Toxicol in Vitro 2014,
28:1153–1157.

40. Hoffmann E, Dittrich-Breiholz O, Holtmann H, Kracht M: Multiple control of
interleukin-8 gene expression. J Leukoc Biol 2002, 72:847–855.

41. Landvik NE, Gorria M, Arlt VM, Asare N, Solhaug A, Lagadic-Gossmann D,
Holme JA: Effects of nitrated-polycyclic aromatic hydrocarbons and diesel
exhaust particle extracts on cell signalling related to apoptosis: possible
implications for their mutagenic and carcinogenic effects. Toxicology
2007, 231:159–174.

42. Asare N, Tekpli X, Rissel M, Solhaug A, Landvik N, Lecureur V, Podechard N,
Brunborg G, Låg M, Lagadic-Gossmann D, Holme JA: Signalling pathways



Øvrevik et al. Cell Communication and Signaling 2014, 12:48 Page 17 of 17
http://www.biosignaling.com/content/12/1/48
involved in 1-nitropyrene (1-NP)-induced and 3-nitrofluoranthene
(3-NF)-induced cell death in Hepa1c1c7 cells. Mutagenesis 2009, 24:481–493.

43. Doyle S, Vaidya S, O’Connell R, Dadgostar H, Dempsey P, Wu T: IRF3
mediates a TLR3/TLR4-specific antiviral gene program. Immunity 2002,
17:251–263.

44. Matsukura S, Kokubu F, Kurokawa M, Kawaguchi M, Ieki K, Kuga H, Odaka
M, Suzuki S, Watanabe S, Takeuchi H, Kasama T, Adachi M: Synthetic
double-stranded RNA induces multiple genes related to inflammation
through Toll-like receptor 3 depending on NF-kappaB and/or IRF-3 in
airway epithelial cells. Clin Exp Allergy 2006, 36:1049–1062.

45. Buss H, Dorrie A, Schmitz ML, Hoffmann E, Resch K, Kracht M: Constitutive
and interleukin-1-inducible phosphorylation of p65 NF-{kappa} B at
serine 536 is mediated by multiple protein kinases including I {kappa} B
kinase (IKK)-{alpha}, IKK{beta}, IKK{epsilon}, TRAF family member-associated
(TANK)-binding kinase 1 (TBK1), and an unknown kinase and couples p65
to TATA-binding protein-associated factor II31-mediated interleukin-8
transcription. J Biol Chem 2004, 279:55633–55643.

46. Schmeck B, Zahlten J, Moog K, Van LV, Huber S, Hocke AC, Opitz B,
Hoffmann E, Kracht M, Zerrahn J, Hammerschmidt S, Rosseau S, Suttorp N,
Hippenstiel S: Streptococcus pneumoniae-induced p38 MAPK-dependent
phosphorylation of RelA at the interleukin-8 promotor. J Biol Chem 2004,
279:53241–53247.

47. Bren GD, Solan NJ, Miyoshi H, Pennington KN, Pobst LJ, Paya CV:
Transcription of the RelB gene is regulated by NF-kappaB. Oncogene
2001, 20:7722–7733.

48. Marienfeld R, May MJ, Berberich I, Serfling E, Ghosh S, Neumann M: RelB
forms transcriptionally inactive complexes with RelA/p65. J Biol Chem
2003, 278:19852–19860.

49. Wright CW, Duckett CS: The aryl hydrocarbon nuclear translocator alters
CD30-mediated NF-kappaB-dependent transcription. Science 2009,
323:251–255.

50. Sun SC: Non-canonical NF-kappaB signaling pathway. Cell Res 2011,
21:71–85.

51. Sakurai H, Chiba H, Miyoshi H, Sugita T, Toriumi W: IkappaB kinases
phosphorylate NF-kappaB p65 subunit on serine 536 in the transactivation
domain. J Biol Chem 1999, 274:30353–30356.

52. Kurita H, Schnekenburger M, Ovesen JL, Xia Y, Puga A: The Ah Receptor
Recruits IKKalpha to Its Target Binding Motifs to Phosphorylate Serine-10
in Histone H3 Required for Transcriptional Activation. Toxicol Sci 2014,
139:121–132.

53. Vogel CF, Khan EM, Leung PS, Gershwin ME, Chang WL, Wu D,
Haarmann-Stemmann T, Hoffmann A, Denison MS: Cross-talk between
aryl hydrocarbon receptor and the inflammatory response: a role for
nuclear factor-kappaB. J Biol Chem 2014, 289:1866–1875.

54. Suh J, Jeon YJ, Kim HM, Kang JS, Kaminski NE, Yang KH: Aryl hydrocarbon
receptor-dependent inhibition of AP-1 activity by 2,3,7,8-tetrachlorodibenzo-
p-dioxin in activated B cells. Toxicol Appl Pharmacol 2002, 181:116–123.

55. Wu D, Li W, Lok P, Matsumura F, Vogel CF: AhR deficiency impairs expression
of LPS-induced inflammatory genes in mice. Biochem Biophys Res Commun
2011, 410:358–363.

56. Courcot E, Leclerc J, Lafitte JJ, Mensier E, Jaillard S, Gosset P, Shirali P,
Pottier N, Broly F, Lo-Guidice JM: Xenobiotic metabolism and disposition
in human lung cell models: comparison with in vivo expression profiles.
Drug Metab Dispos 2012, 40:1953–1965.

57. Vogel CF, Wu D, Goth SR, Baek J, Lollies A, Domhardt R, Grindel A,
Pessah IN: Aryl hydrocarbon receptor signaling regulates NF-kappaB
RelB activation during dendritic-cell differentiation. Immunol Cell Biol
2013, 91:568–575.

58. Totlandsdal AI, Herseth JI, Bolling AK, Kubatova A, Braun A, Cochran RE,
Refsnes M, Øvrevik J, Låg M: Differential effects of the particle core and
organic extract of diesel exhaust particles. Toxicol Lett 2012, 208:262–268.

59. Hayashi S, Watanabe J, Nakachi K, Eguchi H, Gotoh O, Kawajiri K:
Interindividual difference in expression of human Ah receptor and
related P450 genes. Carcinogenesis 1994, 15:801–806.

60. Helmig S, Seelinger JU, Dohrel J, Schneider J: RNA expressions of AHR,
ARNT and CYP1B1 are influenced by AHR Arg554Lys polymorphism.
Mol Genet Metab 2011, 104:180–184.

61. Øvrevik J, Refsnes M, Namork E, Becher R, Sandnes D, Schwarze PE, Låg M:
Mechanisms of silica-induced IL-8 release from A549 cells: initial
kinase-activation does not require EGFR activation or particle uptake.
Toxicology 2006, 227:105–116.
62. Raymond B, Batsche E, Boutillon F, Wu YZ, Leduc D, Balloy V, Raoust E,
Muchardt C, Goossens PL, Touqui L: Anthrax lethal toxin impairs IL-8
expression in epithelial cells through inhibition of histone H3
modification. PLoS Pathog 2009, 5:e1000359.

63. Dai C, Wen X, He W, Liu Y: Inhibition of proinflammatory RANTES expression
by TGF-beta1 is mediated by glycogen synthase kinase-3beta-dependent
beta-catenin signaling. J Biol Chem 2011, 286:7052–7059.

doi:10.1186/s12964-014-0048-8
Cite this article as: Øvrevik et al.: AhR and Arnt differentially regulate NF-κB
signaling and chemokine responses in human bronchial epithelial
cells. Cell Communication and Signaling 2014 12:48.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusion

	Introduction
	Results
	Role of p65 in CXCL8 and CCL5 regulation in 1-NP- or 1-AP-exposed BEAS-2B cells
	Role of AhR and Arnt in CXCL8 and CCL5 regulation in 1-NP- or 1-AP-exposed BEAS-2B cells
	Induction of NF-κB activity by 1-NP and TNF-α, and the roles of AhR and Arnt
	Role of AhR and Arnt in p65 and CXCL8/CCL5 regulation in Poly I:C-exposed BEAS-2B cells
	Interaction with CXCL8 and CCL5 promoters and subcellular localization of p65, AhR and Arnt in Poly I:C-exposed BEAS-2B cells
	Role of RelB in AhR and Arnt-mediated regulation of CXCL8 and CCL5
	Activation of AhR by BNF suppresses Poly I:C-induced CXCL8 and CCL5

	Discussion
	Conclusion
	Materials and methods
	Reagents
	Cell cultures
	Gene expression
	Chemokine release
	Gene silencing by siRNA
	NF-κB luciferase assay
	Immunoblotting
	Immunocytochemistry
	Chromatin immunoprecipitation (ChIP) assay
	Statistical analysis

	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgement
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


