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1 Abstract 

The aryl hydrocarbon receptor (AhR) is one of the key sensors of aromatic xenobiotics, and 

has been shown to act in both a pro- and anti-inflammatory. Inflammation is a central 

protective mechanism against infection and other harmful stimuli, but chronic inflammation 

may also be involved in the development of many non-communicable diseases (NCDs). 

Knowledge on how AhR-activation modulates inflammatory responses is therefore important 

to increase the understanding of how xenobiotics may suppress immune function or contribute 

NCDs. Previous results from our laboratory have shown that constitutive active AhR (un-

ligated) may suppress cytokine responses in BEAS-2B cells by inhibition of NF-κB. The main 

aim of the present study was to determine the effect of exogenously activated AhR on 

cytokine responses in NCI-H292 cells stimulated with the Toll-like receptor 3 (TLR3) ligand 

Poly I:C, which mimics viral RNA. The effect of AhR activation by βNF and B[a]P on Poly 

I:C-induced CXCL8, interleukin (IL)-6 and CCL5 responses was investigated using several 

methods, including ELISA to measure both extra- and intracellular protein levels, and RT-

PCR to measure cytokine gene expression. Effect of AhR activation of mRNA stability was 

also measured, using actinomycin D to prevent transcription. The role of NF-κB (IκB and 

p65) and MAPK (ERK1/2 and p38) transcription factors were investigated using western 

blotting. No significant effect of AhR activation on Poly I:C induced cytokine secretion was 

found, however, gene expression of all cytokines increased significantly. Activation of AhR 

by βNF did not affect mRNA stability. However, AhR activation appear to inhibit the release 

of Poly I:C induced IL-6, but not CXCL8. The increase in gene expression was not accounted 

for by either NF-κB, or MAPK signalling. However, B[a]P priming significantly increased 

Poly I:C induced ERK1/2 phosphorylation. These results suggest that exogenous AhR 

activation may stimulate increased cytokine gene expression through other pathways in NCI-

H292 cells, but that this is counteracted by suppressive effects on cytokine translation and 

protein release. 
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2 Abbreviations  

1-aminopyrene (1-AP), 1-nitropyrene (1-NP), Actinomycin D (Act D), aryl hydrocarbon 

receptor (AhR), aryl hydrocarbon response element (AHRE), AhR nuclear translocator 

(ARNT), benzo[a]pyrene (B[a]P), β-naphthoflavone (βNF), cigarette smoke extract (CSE), 

cytochrome P450 (CYP), diesel exhaust particles (DEP), dimethyl sulfoxide (DMSO), dioxin 

response element (DRE), double stranded RNA (dsRNA), Ethylenediaminetetraacetic acid 

(EDTA), enzyme-linked ImmunoSorbent assay (ELISA), extracellular signal-regulated 

kinases 1/2 (ERK1/2), fedal bovine serum (FBS), Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), horse-radish peroxidase (HRP), heat-shock protein 90 (HSP90), human antigen R 

(HuR), IκB kinase (IKK), interleukin-6 (IL-6), interleukin-8 (IL-8), c-Jun N-terminal kinase 

(JNK), lipid mediators (LM), mitogen activated protein kinase (MAPK), mitogen activated 

protein kinase kinase (MAPKK), mitogen activated protein kinase kinase kinase (MAPKKK), 

microRNA (miRNA), non-communicable disease (NCD), nuclear-factor- κB (NF-κB), 

polycyclic aromatic hydrocarbons (PAH), pathogen-associated molecular pattern (PAMP), 

phenylmethylsulfonyl (PMFS), polyinosinic:polycytidylic acid (Poly I:C), persistent organic 

pollutants (POP), Pattern recognition receptors (PRR), regulated on activation, normal T cell 

expressed and secreted (RANTES), receptor-interacting protein 1 (RIP1), reactive oxygen 

species (ROS), reverse transcriptase polymerase chain reaction (RT-PCR), serine 536 (S536), 

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), systemic lupus 

erythematosus (SLE), transforming growth factor beta-activated kinase 1 (TAK1), 2,3,7,8-

Tetrachlorodibenzo-p-dioxin (TCDD) toll-like receptor (TLR), tetramethylbenzidine (TMB), 

toxic proteases (TP), TNF receptor associated factor (TRAF6), TIR-domain-containing 

adapter-inducing interferon-β (TRIF), xenobiotic response element (XRE). 
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3 Background 

3.1 Introduction   

Inflammation is an important defence mechanism against harmful stimuli such as invading 

pathogens and irritants. However, chronic inflammation is harmful and may originate from 

high concentrations or prolonged exposure to environmental chemicals. An initial exacerbated 

response may also induce further inflammation responses, creating a viscous circle of chronic 

inflammation (Kelly and Fussell 2011). Thus, regulation of the inflammatory response is an 

important process in both the initiation and resolution of several diseases. During the last 

decades there have been an increase in non-communicable diseases (NCDs), such as cancer, 

cardiovascular disease, diabetes, neurodegenerative disorders, asthma and allergies 

(Beaglehole and Yach 2003). Low-grade chronic inflammation is considered “common soil” 

for many of NCDs (Ukena et al. 2010, Scrivo et al. 2011), and several of these disorders have 

also been linked to an increased exposure to environmental chemicals (Gomez-Mejiba et al. 

2009) Environmental chemicals, alone or in combinations, may trigger inflammatory 

reactions directly or affect pre-existing inflammation induced by other stimuli (Ganey and 

Roth 2001). These interactions may not only enhance inflammatory responses, but also 

suppress them (Øvrevik et al. 2014). Increased understanding of how environmental 

chemicals may affect the inflammatory response may therefore be important to improve 

public health. 

3.2 Inflammation 

Inflammation is part of the innate immune system, and is an important defence mechanism 

against harmful stimuli, such as pathogens, injury and irritants (Ferrero-Miliani et al. 2007). 

In the presence of such stimuli, cells send out pro-inflammatory mediators, including 

cytokines and chemoattractant cytokines (chemokines), to induce inflammation. Signs of 

inflammation include heat, pain, redness and swelling. Some cytokines induce changes in 

endothelial cells of blood vessels, inducing vasodilation, allowing fluids and cells to leave the 

blood. Changes to the surface molecules of the vascular endothelium will instruct leucocytes 

to enter the infected tissue. Chemokines (chemo-attractant cytokines) will attract immune 
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cells to aid in recovery (Parham 2015). Recruited cells fight possible threats by phagocytosis, 

production of cytokines, reactive oxygen species (ROS), lipid mediators (LM) and toxic 

proteases (TP) (Springer 1994, Folkerts et al. 2001, Ley et al. 2007). Usually this is a transient 

event, resulting in the removal of possible pathogens capable of harming the body.  

3.2.1 Pulmonary epithelium 

The pulmonary epithelium consists of a single polarized cell layer, and is the primary barrier 

against airborne particles and pathogens (Salvi and Holgate 1999).  On the outer side, the 

epithelial cells protect against pathogens by secretion of mucus lining the epithelium. In 

addition, bronchial epithelial cells direct pathogens and foreign particles up to the pharynx by 

ciliary movement, where they are coughed up or swallowed. Cytokines may be secreted on 

the basolateral side to recruit immune cells, and to up-regulate endothelial adhesion molecules 

(Davies and Holgate 2002, Kim 2012). Removal of particles and pathogens by ciliary 

escalator and phagocytosis is under normal circumstances a non-inflammatory process. 

However, pollutants may interact with the epithelium and induce an inflammatory response 

(Donaldson and Tran 2002, Seagrave 2008). Epithelial cells are the primary target of inhaled 

substances, and the response of primary cells are significant for the induction of 

inflammation. 

3.2.2 Cytokines 

Cytokines are signalling molecules cells use to relay signals to itself or to other cells. During 

an inflammatory response, cytokines may recruit immune cells to aid in the inflammatory 

response, or facilitate its down-regulation. They can also be used to warn other cells.  

Cytokines bind to specific sites on the cell membrane, causing activation of signal cascades 

culminating in specific gene expressions. Cytokines are divided into different families based 

on composition and function. Cytokine families include interferons, interleukins, colony 

stimulating factors, tumor-necrosis family and chemoattractant cytokines (chemokines) 

(Murphy et al. 2012). The main functions of chemokines is to activate and attract other 

immune cells, e.g. neutrophils (Baggiolini et al. 1989). Chemokines are divided into two 

subfamilies, based on conserved amino acids near the N-termini. The CC family consists of 

two adjacent cysteine residues, while in the CXC family they are separated by a single amino 

acid (Rollins 1997).   
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CXCL8 

CXCL8, also known as interleukin-8 (IL-8), is a chemokine expressed in all cells (Rollins 

1997). A variety of stimuli, such as bacteria, viruses, other cytokines, and cellular stress, can 

induce production and secretion of CXCL8 (Hoffmann et al. 2002). Its main function is to 

activate and attract neutrophils at the site of infection, in addition to upregulate adhesion 

molecules (Baggiolini et al. 1989). Neutrophils are small phagocytic cells, and their 

recruitment is usually the first event in a series of reactions in the inflammatory response 

(Parham 2015). Neutrophils are also one of the most numerous leucocytes, constituting 60-

70% of the circulating white blood cells (Parham 2015), and are crucial to the innate immune 

response. 

CCL5 

CCL5, often called RANTES (regulated on activation, normal T cell expressed and secreted), 

is a chemokine normally expressed in epithelial cells. It is involved in asthma and allergic 

inflammation, and attracts eosinophils (Wang et al. 1996). Eosinophils are granulocytes that 

are an important part of the defence against parasitic infections, and significant in allergic 

inflammation (Parham 2015). 

Interleukin-6 

Interleukin-6 (IL-6) is expressed in many different cell types, including epithelial cells. It is a 

pleiotropic cytokine involved in inflammation by increasing levels of acute phase proteins 

(Gauldie et al. 1987), and upregulating expression of adhesion molecules that promotes 

transmigration of neutrophils (Mihara et al. 2012). The cytokine is also involved in regulation 

of production of other pro-inflammatory cytokines (Xing et al. 1998). In addition, IL-6 is able 

to reduce levels of other pro-inflammatory mediators, meaning it can exhibit both pro- and 

anti-inflammatory effects (Aderka et al. 1989, Schindler et al. 1990). The cytokine also plays 

a role in pathogenesis of cancer, and is involved the transition from acute to chronic 

inflammation (Kaplanski et al. 2003). 

  



6 

 

6 

 

3.2.3 Inflammation and disease 

Inflammation induced by pathogens is an important response for protection of the body. It is 

critical to have a strong enough response for a successful defence, however a prolonged 

response could cause damage. Recruited cells will fight the invasion, by continuously 

producing ROS, LM and TP (Kelly 2003). ROS may damage proteins, lipids, and nucleic 

acids in the lung, producing inflammatory stressors, such as proteins with oxidation products, 

inflammatory cytokines, bioactive lipids, and lipid peroxidation products. This may in turn 

activate further pro-inflammatory pathways, perpetuating an inflammatory response. 

Oxidative stress is a common trait of many autoimmune diseases, including rheumatic 

diseases such as arthritis and systemic lupus erythematosus (SLE) (Kurien and Scofield 

2003). Inflammatory stressors, including pro-inflammatory cytokines, may also enter the 

bloodstream and be transported to other tissues in the body, potentially triggering 

inflammation related disorders (Gomez-Mejiba et al. 2009). Chronic inflammation has been 

linked to a variety of conditions, such as asthma, diabetes, atherosclerosis, cancer and obesity 

(Nathan 2008, Ukena et al. 2010, Scrivo et al. 2011).  

 

FIGURE A: Pulmonary chronic inflammation may lead to several NCDs. Environmental chemicals may 

induce inflammation cells in the airways. Subsequently produced reactive oxygen species (ROS) damage 

proteins, lipids, and nucleic acids in the lung. Inflammatory stressor such as, inflammatory cytokines, proteins 

with oxidation products, bioactive lipids, and lipid peroxidation products, may enter systemic circulation. This 

may induce several diseases away from the lung (Gomez-Mejiba et al. 2009). 
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3.3 Signalling pathways 

To relay a signal from outside the cell to the inside, cells have a multitude of receptors both 

on the cell surface and intracellularly. These receptors are capable of responding to a variety 

of extracellular stimuli by initiating a pathway culminating in regulation of specific genes. 

Other receptors recognize potential pathogens. Pattern recognition receptors (PRR) are a 

group of receptors found in many cell types to protect and react against threats from the 

environment (Lafferty et al. 2010). PRR recognizes motifs that are evolutionary conserved in 

pathogens, so called pathogen-associated molecular patterns (PAMP) (Bianchi 2007). Many 

classes of PAMPs gave been described, including Toll-like receptors (TLR). This enables a 

response to a variety of potential harmful stimuli (Parham 2015). Binding to a receptor is 

followed by activation of a intracellular signal cascade, inducing a response. To transfer 

signals from the receptors, the cell relies on complex networks of signalling pathways, each 

involving a chain of biochemical events. These events typically include activation of specific 

proteins by phosphorylation by kinases, and binding of co-factors. Eventual translocation to 

the nucleus makes it possible for a transcription factor, or often a complex of transcription 

factors, to bind to a response element of a specific gene, and increase (or decrease) the 

transcription rate of the target gene. The mRNA then may be transported out of the nucleus, 

and translated to protein.  

3.3.1 NF-B transcription factor 

Nuclear factor-B (NF-κB) is a dimeric pro-inflammatory transcription factor. It is expressed 

ubiquitously, and is activated by several factors. These include UV-light, oxidative stress, 

pathogens and cytokines. Activation of NF-B results in, among other responses,  

upregulation of pro-inflammatory cytokines (Baker et al. 2011). Activation happens by 

phosphorylation of Inhibitor κB (IB)-α by IB-β kinase (IKK). IB-α is an inhibitor bound 

to a dimer of NF-B subunits, p65 and p50. Phosphorylation of IB-α releases it from the 

dimer and is subsequently degraded. P65 may then be phosphorylated at several sites, 

including serine 536 (s536) by IκB kinases (Mattioli et al. 2004). The now active p65/p50 

dimer translocate to the nucleus, and binds to B-sites in the promotors of target genes. This 

finally upregulates transcription of pro-inflammatory cytokines (Fig. B) (Gilmore 1999). NF-
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B activation may induce CXCL8, IL-6, and CCL5, cytokines significant in pulmonary 

inflammation (Libermann and Baltimore 1990, Kunsch and Rosen 1993, Culley et al. 2006).  

 

FIGURE B: NF-B signalling pathway. Degradation of IB allows the phosphorylated p65/p50 dimer to 

translocate to the nucleus and promote transcription of target genes. Figure from Gilmore (1999). 

3.3.2 Toll-like receptor 3 

TLR3 is an endosomal receptor capable of recognizing double stranded RNA (dsRNA), and 

thusly plays a role in defence against viral infections. Upon dsRNA binding, TLR3 initiates 

TIR-domain-containing adapter-inducing interferon-β (TRIF) mediated binding of TNF 

receptor associated factor (TRAF6) and receptor-interacting protein 1 (RIP1), which then 

activate Transforming growth factor beta-activated kinase 1 (TAK1) and finally inducing 

typical NF-κB activation (Fig. C)(Kawai and Akira 2007).  
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FIGURE C: Activation of NF-κB by TLR3. Binding of dsRNA activates TLR3, triggering TRIF, subsequent 

activation of TAK1 by TRAF6 and RIP1 induces NF-κB activation  (Kawai and Akira 2007).    

3.3.3 MAPK signalling pathways 

Mitogen activated protein kinases (MAPK) are a group of evolutionary conserved signalling 

molecules. These include extracellular protein kinase 1/2 (ERK1/2), c-Jun N-terminal kinase 

(JNK) and p38 MAPK (Fig. D)(Puddicombe and Davies 2000). Several factors can activate 

the MAPK pathway. Growth factors can activate ERK1/2, while JNK and p38 are primarily 

activated by cellular stress and cytokines (Lewis et al. 1998). When activated, specific MAPK 

kinase kinases (MAPKKK) phosphorylate MAPK kinases (MAPK), which in turn 

phosphorylate MAPK, and complete the signal, resulting in a cellular response (Johnson and 

Lapadat 2002). The MAPK pathways plays a role in many functions, from cytokine 

production, cell proliferation and differentiation, and environmental stress adaption, to 

apoptosis (Widmann et al. 1999), in addition to regulation of the NF-B pathway (Mercurio 

and Manning 1999). JNK and p38 are normally involved in inflammation, cell survival and 

apoptosis, while ERK1/2 ordinarily plays a role in cell proliferation (Puddicombe and Davies 

2000). However, all MAKP pathways may potentially be activated by cellular stress and 

environmental chemicals, and may be involved in regulation of inflammatory response. 
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FIGURE D: MAPK signaling pathways. Figure shows several MAPK pathways, including ERK1/2, JNK, and 

p38 MAPK. Figure from Puddicombe and Davies (2000). 

3.3.4 AhR classical pathway 

The aryl hydrocarbon receptor (AhR) is a central receptor in recognition of many 

environmental chemicals, including polycyclic aromatic hydrocarbons (PAHs) and aromatic 

dioxin-like persistent organic pollutants (POPs) (Ruzzin et al. 2010). AhR has classically been 

linked to development of cancer, but has emerged as a receptor central in immune regulation, 

and have displayed both pro-, and anti-inflammatory properties (Øvrevik et al. 2014). AhR 

has been linked to the regulation of pro-inflammatory cytokines, such as IL-6, and the 

chemokines CXCL8 and CCL5 (Kobayashi et al. 2008, Øvrevik et al. 2014). 

AhR is a ligand-activated transcription factor. It is a sensor for a variety of xenobiotics, that 

upon activation induces expression of cytochrome P450 (CYP) enzymes (Totlandsdal et al. 

2010). The classical mode of activation of AhR begins with binding of a ligand, resulting in 

dissociation from heat-shock protein 90 (hsp90) and translocation to the nucleus. In the 

nucleus it binds to AhR nuclear translocator (ARNT). By finally binding to the recognition 
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motif of AhR, referred to as AhR-, dioxin-, or xenobiotic response element (AHRE, DRE, or 

XRE), this leads to increased expression of target genes, including CYP 1A1, -1A2, and -1B1 

(Fig. E)(Whitlock 1999, Denison and Nagy 2003). CYP enzymes metabolize hydrophobic 

substances into more hydrophilic substances, facilitating secretion. This way CYP represent 

an important defence mechanism against harmful compounds. However, CYP may also 

increase the toxicity of some compounds by formation of electrophilic intermediates. These 

can interact with DNA, RNA, and proteins, in addition to the formation of ROS (Namazi 

2009).  

 

FIGURE E: Classic mode of action of AhR. Ligand activation of AhR causes translocation to the nucleus 

where association with ARNT, and subsequent binding to the response element leads to increase in gene 

expression of enzymes, such as CYP 1A1.  Figure from Denison and Nagy (2003). 

3.3.5 Interaction of pathways 

A variety of pathways may be involved in the regulation of pro-inflammatory cytokines. AhR 

is known to interact with pro-inflammatory pathways, although some cytokines may be 

induced directly by AhR through DRE (Øvrevik et al. 2014). 2,3,7,8-Tetrachlorodibenzo-p-

dioxin (TCDD), a well-known AhR ligand, have been shown to increase NF-B activation 

and IL-6 expression (Chen et al. 2012). Similarly, TCDD induced NF-B mediated IL-6 and 
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CXCL8 expression in rheumatoid arthritis (Kobayashi et al. 2008). NF-B has also been 

found to interact with un-ligated AhR, by NF-B subunit p65 (RelA) binding to AhR and 

activating B sites in the IL-6 promotor (Kim et al. 2000, Chen et al. 2012). On the other 

hand, increased NF-B activity and inflammation was observed in AhR deficient mice 

(Thatcher et al. 2007). Activation of AhR by TCDD and β-naphthoflavone (βNF) has also 

been shown to suppress NF-B signalling in mice (Furumatsu et al. 2011, Beamer et al. 

2012). In bronchial epithelial cells (BEAS-2B), activation of AhR by βNF reduced NF-B 

induced CXCL8 and CCL5, while knockdown of AhR resulted in upregulation of 1-

nitropyrene (1-NP) induced CXCL8 expression and secretion, and both 1-NP and 1-

aminopyrene (1-AP) induced CCL5. One model suggests that p65 (RelA) and AhR may 

dimerize, and the pathways are mutually repressive through competitive binding of 

coactivators (Fig. F) (Tian et al. 2002).  

 

FIGURE F: Mutual suppression of AhR and NF-B through competitive binding. Coactivators of both 

pathways compete for the AhR/p65 dimer. Figure from Tian et al. (2002). 
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4 Aims of study 

The main objective of this study was to explore the effect of AhR activation on the regulation 

of Poly I:C-induced pro-inflammatory cytokines in lung epithelial cells. 

We hypothesized that AhR activation by βNF, and reduce Poly I:C-induced cytokine release 

in NCI-H292 cells, in line with previous observations in BEAS-2B cells. Furthermore, we 

hypothesized that ligand activated AhR supress Poly I:C-induced cytokine release through 

suppression of the NF-κB pathway and cytokine gene expression, similar to mechanisms 

previous reported for un-ligated, constitutively active AhR   

To explore this, the following specific aims were pursued: 

 Study effects of AhR activation on Poly I:C-induced CXCL8, IL-6 and CCL5 release 

and gene expression. 

 Study effects of AhR activation on the stability of cytokine mRNA in Poly I:C-

exposed cells. 

 Study effects of AhR on intracellular cytokine protein levels in Poly I:C-exposed cells. 

 Study how AhR interacts with other pathways, specifically NF-κB and MAPK 

signaling. 
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5 Experimental considerations   

5.1 Cell model 

NCI-H292 human lung mucoepidermoid carcinoma cells were used in this study, and are one 

of the cell lines with greatest genetic homology with primary lung epithelial cells (Courcot et 

al. 2012). Using cell lines has several advantages. They are inexpensive and conditions for 

exposure can be controlled with ease, and results are readily replicable. It is a simplified 

system that makes it possible to study particular mechanisms without the need to consider 

other factors that are present in vivo. On the other hand, this makes extrapolation of the results 

to living organisms more difficult, because of the elimination of those factors, e.g. genetic 

variability and interactions between cell types. An alternative is primary cells, which may be 

closer to in vivo conditions, but primary cells have a shorter lifecycle and require more work 

in addition to being more expensive. They also have greater genetic variability, which in turn 

might provide results that are less reproducible. Significant findings with in vitro methods 

could be supplemented with primary cells and/or in vivo trials.  

5.2 AhR activation 

β-Naphthaflavone (βNF) is synthetic derivative of a naturally occurring flavonoid, and is a 

strong agonist of AhR, and commonly used as model substance for this purpose (Dewa et al. 

2008, Shi and Czuprynski 2009). In addition, βNF is thought to have chemo-preventive 

properties (Takahashi et al. 1996).  Benzo[a]pyrene (B[a]P) is a PAH, which are common by-

products of incomplete combustion. B[a]P and several other PAHs are well known inducers 

of AhR activation (Pretti et al. 2001). While βNF is considered relatively non-toxic (Weber 

and Janz 2001), metabolism of B[a]P may produce electrophile metabolites, which can cause 

oxidative stress. In addition, B[a]P may interact with β2-adrenoceptors. This means B[a]P 

may induce non-AhR related effects. 
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5.3 AhR inhibition 

Trimethoxyflavone, CH-223191, and α-napthoflavone are all antagonists of AhR. TMF and 

CH-223191 are ligands that compete with potential agonists for binding to AhR, with very 

little agonist activity. αNF binds to AhR, and may induce a weak agonist response, but 

regardless competes with stronger agonists (Kim et al. 2006, Murray et al. 2010). However, in 

this study these inhibitors failed to suppress AhR and inducing of CYP 1A1 (Appendix, Fig. I 

and II). The reason for this lack of effect remains unclear. 

5.4 Poly I:C induced pro-inflammatory response 

Polyinosinic: polycytidylic acid (Poly I:C) is a compound structurally similar to double-

stranded RNA, and is often used to mimic virus- infections to induce an immune response. It 

is a very potent pro-inflammatory agent, and induces a variety of cytokines and chemokines. 

Toll-like receptor 3 (TLR3) recognizes Poly I:C and induces activation of NF-κB 

(Alexopoulou et al. 2001), as well as other transcription factors, such as interferon regulatory 

factor (IRF3) (Kawai and Akira 2007). IRF3 measurements were attempted in this study, but 

had only one successful experiment (Appendix, fig. III). 

5.5 Prevention of DNA transcription with 

Actinomycin D 

Actinomycin D (Act D) is a cyclic polypeptide-containing antibiotic that prevent RNA 

synthesis by binding to DNA and interfering with the elongation of the growing RNA strands 

by the polymerase enzyme (Appendix, Fig. IV) (Sobell 1985). 

5.6 ELISA 

Enzyme-Linked ImmunoSorbant Assay (ELISA) is a common technique for quantification of 

protein levels in biological fluids. The method is used not only in research, but also clinically. 

By utilizing an antigen-antibody complex to recognize a protein of interest, it provides an 

accurate and sensitive way of quantifying cytokine concentrations in this study (Leng et al. 
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2008). There are three types of ELISA, and the most specific is the ”sandwich” -ELISA, 

which two different antibodies are used against two different epitopes on one antigen. The 

antibodies are conjugated with an enzyme which metabolizes a substrate, providing a 

quantifiable colour reaction. By comparing the levels measured with a standard-curve it is 

possible to estimate an accurate concentration of the protein in question. In this study 

“sandwich”-ELISA was performed using horse-radish peroxidase (HRP) and 

tetramethylbenzidine (TMB) to measure CXCL8, IL-6 and CCL5. ELISA was not only used 

to measure accumulation of cytokines in the supernatant, but also concentrations in cell-

lysates to measure intracellular levels of cytokines. It is worth noting that cytokine 

concentrations may be affected by reduced cell growth, cytotoxicity or re-uptake by the cells.  

5.7 Real-time RT-PCR 

Real-time RT-PCR (real-time reverse transcriptase polymerase chain reaction) is a method 

using isolated RNA to synthesize corresponding cDNA, then real-time PCR to investigate 

gene expression. PCR is a method used to duplicate specific segments of DNA. This is done 

by heating the DNA until the strands separate, allowing primers to bind. A polymerase 

enzyme then makes a complementary strand of the sequence of interest, and the temperature 

is lowered. This process is then repeated, resulting in a doubling of the sequence by each 

iteration. After amplification the gene of interest is compared to a housekeeping (control) 

gene, in this case Glyceraldehyde 3-phosphate dehydrogenase gene (GAPDH). In this study 

gene expression of CXCL8, IL-6, CCL5, and CYP1A1 has been measured. Because mRNA 

tend to degrade rapidly, this method provides a snapshot of the cellular response, in contrast 

to ELISA where greater stability of proteins means less short term variation, and thusly 

reflects the accumulative effect of release of proteins over time. By using real-time RT-PCR, 

the results may vary depending on the time the samples are collected (Totlandsdal et al. 

2012). This should be considered when designing the experiment, and is why two different 

time-points were used in this study.  

5.8 Western blotting 

Western blotting, also referred to as immunoblotting, is a widely used semi-quantitative 

technique for separation and identification of proteins. The method uses SDS-PAGE (sodium 
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dodecyl sulphate polyacrylamide gel electrophoresis) to separate the cellular proteins by size, 

then transferring them to a nitrocellulose support membrane from the gel by electrophoresis. 

Antibodies are used to identify specific proteins attached to the support membrane. A 

secondary antibody conjugated with a signalling molecule, here HRP, is added and binds to 

the primary antigen-antibody complex. To visualize the complex, chemi-luminescent 

substrates (luminol and hydrogen peroxide) are used. HRP in combination with hydrogen 

peroxide induces chemi-luminescence in the luminol. In addition to binding to antibodies, 

proteins are identified comparison with a standard protein ladder containing several proteins 

of increasing and known sizes (Towbin et al. 1979). Increases or reductions (i.e. degradation) 

of specific proteins can be investigated by comparing the levels of a specific protein with the 

levels of a loading control, typically a reference (housekeeping) protein, such as β-actin, 

which is not suspected to be affected by the treatment in question. Protein phosphorylation 

(activation) can be measured by use of specific antibodies against phosphorylated sites and 

comparing with total levels of the protein in question or (less ideal) by comparing the level of 

phosphorylated protein to a loading control. In this study, phosphorylation of MAPK 

(ERK1/2 and p38) and p65 was measured, in addition to degradation of IκB. Western blot has 

the advantage of being able to detect very low concentrations of specific proteins. The 

separation of proteins by size also increases specificity combined with antibody detection. 

The measurements however, are only semi-quantitative, due to comparison to specific 

housekeeping proteins. This means measurements of exact concentrations are not possible.   

5.9 Statistical analysis 

Two-way ANOVA is an extension of the t-test, and makes it possible to compare means of 

two categorical independent variables. To decrease the number of false positives (type 1 

error), post-tests are commonly used to adjust the p-values.  Bonferroni post-test has been 

used in this study. Two-way ANOVA requires samples to be independent, obtained from 

normal distributed population, and have homogeneous variance. If the data does not fulfil 

these requirements, the strength of the test is reduced. In this study normal distribution were 

assumed, and homogeneity of variance was confirmed with levenes test. In the case of non-

homogenous variance, log-transformation is a common method to remedy this. Lastly, in vitro 

experiments are commonly performed with a low number of replicates (often n=3), which 

may reduce confidence.  
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6 Summary of findings 

The results of the present study are presented in a manuscript of a paper. The main findings 

are summarized below.  

 In contrast to previous observations in BEAS-2B cells, βNF mediated activation of 

AhR had no statistical significant effect on Poly I:C induced CXCL-8, IL-6, or CCL5 

secretion. 

 AhR activation by βNF increased Poly I:C induced gene expression of all cytokines.  

B[a]P mediated activation of AhR increased IL-6 gene expression in poly I:C-exposed 

cells. 

 βNF induced CYP1A1, and B[a]P induced CYP1A1 equal or less than βNF.   

 Activation of AhR by βNF did not reduce stability of Poly I:C-induced CXCL8 and 

IL-6 mRNA.  

 Intracellular protein levels of IL-6 were significantly increased in Poly I:C-exposed 

cells, after co-treatment with βNF. 

 AhR activation by βNF did not affect intracellular CXCL8 protein levels in Poly I:C-

exposed cells. 

 βNF reduced Poly I:C-induced degradation of IκB and phosphorylation of p65 

slightly, but the effect was not significant. 

 βNF did not affect phosphorylation (activation) of p38 MAPK or ERK1/2 

significantly in Poly I:C-exposed cells. However B[a]P exposure significantly 

increased ERK1/2 phosphorylation in combination with Poly I:C. 
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7 Conclusions 

The results of the present work show that activation of AhR by exogenous ligands affect 

regulation of cytokines both at the transcriptional and post-transcriptional level. AhR 

activation enhance Poly I:C induced cytokine gene expression, but due to post-transcriptional 

suppression, it is not reflected in the release of cytokines, which were not significantly 

affected. This differs from the observations in BEAS-2B cells, were a significant decrease in 

cytokine release was attributed to inhibition of NF-κB signalling, preventing transcription. 

However, several previous studies have explored constitutive effect of AhR by knockdown in 

different cell lines, including BEAS-2B. Differences in the constituent effect and exogenous 

active AhR could possibly account for the observed disparity. While an endogenous active 

AhR might suppress NF-κB, an exogenous activated AhR appear to increase cytokine gene 

expression as well as inhibit translation and secretion. Reduction of mRNA stability was ruled 

out as a possible explanation for post-transcriptional regulation. However, it appears that 

CXCL8 could to be regulated at the level of translation/protein synthesis. IL-6 on the other 

hand, accumulates intracellularly, indicating an AhR-dependent mechanism for retention of 

IL-6. 

Although the effects on NF-κB in the present study did not directly conflict with previous 

studies suggesting a mutual suppression of AhR, they are not in accordance with the increase 

in gene expression observed here. This indicates that AhR may stimulate increased gene 

expression through other pro-inflammatory pathways. The increase in ERK1/2 

phosphorylation was only observed with B[a]P. Since B[a]P had equal or less effect on 

CYP1A1 gene expression compared to βNF, this suggests that activation of ERK1/2 pathway 

is not necessarily due to AhR activation. Moreover, this also indicates that effects on ERK1/2 

activity does not account for the βNF induced increase in cytokine gene expression.   

Finally, differences in cell lines may affect the regulation of cytokines, as AhR activation by 

βNF in BEAS-2B cells reduced Poly I:C-induced cytokines significantly, but not in NCI-

H292 cells. It is clear that the role of AhR in regulation of pro-inflammatory cytokines 

responses is a complex process, and there is still much to be done.  
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8 Future work  

The following experiments could strengthen the results and conclusion in the present study: 

 Test if AhR activation on degradation of Poly I:C induced CCL5 mRNA. 

 Test effect of AhR activation on intracellular Poly I:C induced CCL5. 

 Measure formation of ROS in cells exposed to combinations of βNF or B[a]P, and 

Poly I:C. 

 Investigate effects of inhibition of AhR on βNF and Poly I:C induced cytokine 

responses. 

 Test constituent effects of AhR in NCI-H292 cells by siRNA transfection. 

 Test effects of exogenous activation of AhR on Poly I:C induced cytokine gene 

expression in BEAS-2B. 

 Investigate effects of AhR activation on other pro-inflammatory pathways. 

 Investigate role of microRNA in AhR mediated regulation of cytokine responses.  
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Introduction 

Inflammation is a central part of the innate immune response, and aid in recovery and 

protection of tissues and cells. However continuous and chronic inflammation can cause 

diseases (Ferrero-Miliani et al. 2007). Exposure to environmental chemicals may induce an 

inflammatory response. This immune response may be unnecessary, where recruited cells 

may end up damaging neighbouring cells and tissue (Kelly 2003). Such secondary effects 

may develop the inflammatory response further, leading to a vicious circle resulting in 

chronic inflammation. Chronic inflammation has been linked to several life-style related 

multi-factorial disease, including, cancer, cardiovascular disease, diabetes, neurodegenerative 

disorders, asthma and allergies (Ukena et al. 2010, Scrivo et al. 2011).  

 

Inflammation is regulated trough a complex network of signalling pathways up-regulating 

pro-inflammatory cytokines. Pro-inflammatory chemoattractant cytokines (chemokines), such 

as CXCL8 (Interleukin 8) and CCL5 (RANTES), attracts specific cells to aid in the 

inflammatory response. CXCL8 recruits neutrophils associated with the innate immune 

response (Hoffmann et al. 2002), and CCL5 recruits eosinophils often involved in allergic 

reactions (Bisset and Schmid-Grendelmeier 2005). Interleukin-6 (IL-6) is a cytokine involved 

with the acute phase response (Gauldie et al. 1987), and the transition from acute to chronic 

inflammation (Kaplanski et al. 2003). These cytokines are controlled through several 

mechanisms, for example by regulating transcription and stabilizing of the mRNA (Le et al. 

1991, Hoffmann et al. 2002). This is done through pro-inflammatory pathways, such as 

nuclear factor-κB (NF-κB) and mitogen activated protein kinases (MAPK) (Kim et al. 2004, 

Hayden and Ghosh 2008, Baker et al. 2011). The classical NK-kB pathway begins with the 

degradation of IκB and phosphorylation of the p65/p50 dimer, enabling translocation to the 

nucleus, where the dimer binds to response elements, inducing pro-inflammatory responses 

(Perkins 2007). The MAPK pathways include several different protein kinases, such as p38 

MAPK and extracellular protein kinases (ERK1/2). MAPK pathways may be activated by 

many factors, including environmental chemicals and cellular stress. Phosphorylation may 

induce up-regulation of downstream transcription factors, and are involved in regulation of a 

variety of responses (Puddicombe and Davies 2000). 

 

A key sensor for several environmental chemicals, such as certain polycyclic aromatic 
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hydrocarbons (PAH) and dioxin-like persistent organic pollutants (POP) is the aryl 

hydrocarbon receptor (AhR). AhR is a ligand activated transcription factor. In the classical 

mode of action, AhR is activated by ligands binding to AhR in cytosol, and the receptor then 

translocates to the nucleus. There it dimerizes with AhR nuclear translocator (Arnt), and this 

complex binds to sites in the promotor region of target genes. The archetypical genes 

activated by AhR:Arnt are the cytochrome P450 enzymes (CYP), CYP1A1, -1A2 and -1B1, 

which are also involved in the metabolic degradation of PAHs and many POPs with 

subsequent formation of reactive metabolites and reactive oxygen species (ROS) which may 

cause DNA damage (Ruzzin et al. 2010, Fardel 2013).  

 

Although classically linked with cancer development, AhR has emerged as a receptor 

important in the regulation of inflammation, and has been shown to have both pro- and anti-

inflammatory effects (Øvrevik et al. 2014). Cross-talk between the NF-B- and AhR-pathway 

has been demonstrated, as AhR has been observed binding to both NF-B subunit p65 (RelA) 

and RelB, inducing up-regulation of IL-6 and CXCL8 (Vogel et al. 2011, Chen et al. 2012). 

In recent experiments in bronchial epithelial cells (BEAS-2B) exposed to toll-like receptor 3 

(TLR3) ligand Poly I:C, AhR knock-down increased CCL5 and CXCL8 release, possibly due 

to increased p65 phosphorylation, indicating that endogenous active AhR inhibits NF-κB 

signalling. Similarly, CXCL8 and CCL5 were suppressed with the activation of AhR 

(Øvrevik et al. 2014). However, it is unclear whether this is also due to interactions with p65.  

Lung epithelial cells have an important role in the effects of air pollution. As a barrier to the 

environment, they represent a central target of airborne pollutants. They regulate the release 

of several mediators, for example pro-inflammatory cytokines (Salvi and Holgate 1999). 

Thus, in the present study we have investigated the role of AhR activation in regulation of 

CXCL8, and CCL5, as well as IL-6 responses induced by Poly I:C, in NCI-H292 human 

bronchial epithelial cells. We also investigated effects on NF-B and MAPK signalling, both 

of which can be induced by Poly I:C, to clarify possible interactions with activation of AhR-

signalling. Poly I:C is structurally similar to double stranded RNA, and mimics a viral 

infection (Alexopoulou et al. 2001).We suspected to see a suppression of NF-B mediated 

CXCL8, CCL5 and IL-6 responses by AhR agonists. However, AhR activation had little to no 

effect on the secretion of CXCL8 IL-6 and CCL5, even though we could observe a large 

increase in gene expression of the same cytokines. Finally, in an effort to account for this 

difference, mRNA stability and intracellular cytokine accumulation was explored.  
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Materials and methods 

Reagents 

RPMI 1640 cell medium supplemented with L-gluthamine from BioWhittaker, Lonza 

(Verviers, Belgium) and Fedal Bovine Serum (FBS) was from Gibco (Grand Island, NY, 

USA). Aprotinin, Benzo[a]Pyren (B[a]P), etylenediaminetetraacetic acid (EDTA), leupeptin, 

pepstatin A, phenylmethylsulfonyl (PMFS), polyinosinic:polycytidylic acid (Poly I:C), 

polyoxyethylene octyl phenyl ether (Triton x-100), Ponceau S, 6, 2′, 4′-trimethoxyflavone 

(TMF), β-Naphthoflavone (βNF), Actinomycin D (Act D), and antibodies against β-actin 

were purchased from Sigma-Aldrich (St. Louis, Mo, USA). Real-time RT-PCR reagents were 

from Applied Biosystems (Foster city, CA, USA). Bio-Rad DC protein assay was from Bio-

Rad laboratories, Inc (Hercules, CA, USA). Antibodies against IκB, and phosphorylated and 

total ERK1/2, p65, p38, and JNK2 were from Cell Signaling (Beverly, MO, USA). 

Horseradish peroxidase-conjugated rabbit anti-mouse and goat anti-rabbit IgG were from 

Dako (Glostrup, Denmark). Strong antibody stripping solution was from Millipore 

(Termecula, CA, USA). Human IL-6 and CXCL8/IL-8 cytosets were purchased from 

BioSource International (Camarillo, CA, USA). CCL5/RANTES duosets were from R&D 

systems (Minneapolis, MN, USA). All other reagents were purchased from commercial 

sources at the highest purity available. 

Culture of cells: 

NCI-H292 human lung mucoepidermoid carcinoma cells (ATCC, USA) were grown at 37°C 

in a humidified incubator with a 5% CO2, and passaged twice a week. Cells were cultured in 

RPMI 1640 cell medium with 10% serum and 3% Penicillin Streptomycin. Cells were seeded 

in 24 (500 µL) or 6 (1500 µL) wells culture dishes, and grown to near confluence in medium 

before exposure. 

Cell exposure 

In all experiments new medium was added just before exposure. The cells were primed with 

the AhR agonists βNF or B[a]P, before being exposed to Poly I:C. In some cases, the cells 

were also exposed to actinomycin D(Act D). βNF, B[a]P, and Act D were dissolved in 
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Dimethyl sulfoxide (DMSO). Non-exposed cells were subject to an equal volume of DMSO. 

Final concentration of DMSO was <0.5% (v/v). 

Measurements of secreted cytokines by ELISA 

Cell medium were collected, centrifuged at 1200 rpm for 10 min. and stored at -20. The 

samples were thawed and diluted 10 times prior to analysis. ELISA was performed using 

CXCL8 and IL-6 Cytoset and CCL5 duoset according to manufactures instructions. 

Absorbance was measured using plate reader (TECAN sunrise, Phoenix Research Products, 

Hayward, CA, USA), with software (Magellan V 1.10, Phoenix Research Products). 

Gene expression measurments by real-time RT-PCR 

RNA was isolated using PerfectPure RNA cultured cell kit from 5 Prime (Hilden, Germany) 

according to instructions. cDNA was synthesized using high capacity cDNA reverse 

transcription kit from Applied Biosystems according to instructions. Real-time RT-PCR was 

performed using TaqMan gene expression assays and TaqMan universal master mix and run 

on ABI 7500 fast from Applied Biosystems. CYP1A1, CCL5/RANTES, CXCL8 and IL-6 

gene expression were compared to untreated control samples and normalized against 

GAPDH. Fold change given by ΔΔCt method:  

ΔCt = 𝐶𝑡[𝑔𝑒𝑛𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡] − 𝐶𝑡[𝐺𝐴𝑃𝐷𝐻] 

ΔΔCt = ΔCt[Treated] − ΔCt[Control] 

𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 = 2−ΔΔ𝐶𝑡 

Measurements of intracellular cytokine levels 

Effects of treatment was stopped by rinsing with ice-cold PBS, and subsequent freezing at -

20° C. Cells were thawed on ice in presence of lysate buffer for 15 minutes, before lysates 

were collected. Protein concentration was then measured using BioRad DC Protein Assay. 

Intracellular control samples were diluted 5 times, the rest diluted to achieve identical protein 

concentration to the control. ELISA was performed using CXCL8 and IL-6 Cytoset according 

to manufactures instructions. Absorbance was measured using plate reader (TECAN sunrise, 
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Phoenix Research Products, Hayward, CA, USA) with software (Magellan V 1.10, Phoenix 

Research Products). 

Examination of protein levels by western blotting 

Effects of treatment was stopped by rinsing with ice-cold PBS, and subsequent freezing at -

20° C. Cells were thawed on ice in presence of lysate buffer for 15 minutes, before lysates 

were collected and sonicated. Protein concentration was then determined using the BioRad 

DC Protein Assay. Glycerol, β-mercaptoetanol and SDS were then added to all samples. 

Protein concentrations were adjusted with additional lysis buffer. 10-20 µg protein were 

added to each well and separated with 10% acrylamide gel, and blotted onto a nitrocellulose 

membrane. Ponceau-staining was used to check for similar protein levels between the 

samples. The membrane was probed with p-p65, p-p38, p-jnk, p-ERK1/2, and IκB antibodies 

before HRP-conjugated secondary antibodies were applied. The blots were developed using 

SuperSignal west Dura chemiluminiscence system (Rockford, IL, USA). Image Lab analysis 

software from BioRad was used to quantify the bands. The blots were then stripped at 10 min 

at room temperature with strong antibody stripping solution, before reprobing with antibodies 

against p65, p38, JNK, ERK1/2, and β-actin. 

Statistical analysis 

Statistical analysis was performed by two-way anova with Bonferroni post-hoc test, using 

GraphPad Prism software (GraphPad, Software, Inc., CA, USA). Homogeneity of variance 

was tested with levenes test from the “car” package (Fox and Weisberg 2011) in R 3.1.1 (The 

R Foundation for Statistical Computing, Vienna, Austria). Results are expressed as means ± 

SEM of fold change. Datasets with non-homogeneous variance were log-transformed. 

Levenes test then confirmed homogeneity of log-transformed data (Fig. 2F).  
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Results 

Effects of AhR activation on Poly I:C-induced CXCL8, IL-6 and CCL5 responses 

AhR has been shown to suppress Poly I:C induced CXCL8 and CCL5 in BEAS-2B cells. To 

further investigate this effect, we wanted to explore if this could be extrapolated to other 

bronchial epithelial cell lines. Poly I:C induced a statistically significant increase in response 

to the Poly I:C in all cytokines in NCI-H292 cells (Fig. 1). However, in contrast to our 

observation from BEAS-2B cells, the CXCL8 response was not affected by βNF priming 

(Fig. 1A).  IL-6 and CCL5 secretion appeared to decrease slightly, but this effect was not 

statistically significant (Fig. 1B and 1C). These results suggest that activation of AhR by βNF 

do not affect Poly I:C-induced CXCL8, IL-6, or CCL5 responses in NCI-H292 cells 

significantly.   

Effects of AhR activation by βNF and B[a]P on Poly I:C-induced gene 

expression 

To further confirm this observation, we also assessed effects on mRNA levels. In contrast to 

the effects observed on cytokine release, βNF, and also B[a]P, enhanced Poly I:C-induced 

cytokine expression (Fig. 2). βNF exposure increased Poly I:C-induced IL-6 mRNA, already 

after 2 hours (Fig. 2C), while CXCL8 and CCL5 expression was increased after 4 hours of 

exposure (Fig. 2B, 2D, and 2F). B[a]P induced a slight increase in IL-6 and CCL5 after 4 

hours (Fig. 2D and 2F), but these effects were not statistically significant. βNF and B[a]P 

priming differentially affected the Poly I:C-induced CXCL8 expression, with βNF inducing a 

significantly higher response (2B). A similar trend was also seen for IL-6 and CCL5, although 

not statistically significant (2D and 2F).   

CYP1A1 expression was also measured to confirm AhR activation. Both βNF and B[a]P 

induced CYP1A1 gene expression after 2 hours. B[a]P induced CYP 1A1 was suppressed by 

Poly I:C exposure, an effect that was significant after 4 hours of exposure (Fig. 2G and 2H). 

A similar trend was also observed with βNF, but this effect was not significant. 
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These results confirm that βNF and B[a]P both activate AhR, at the concentrations tested. 

This activation appears to increase transcription of Poly I:C-induced CXCL8, IL-6 and CCL5 

genes. On the other hand, Poly I:C-exposure appears to suppress AhR induced CYP 1A1. 

Effects of βNF on CXCL8 and IL-6 mRNA stability in Poly I:C-exposed cells  

The ability of βNF to increase gene expression of CXCL8, IL-6, and CCL5 did not reflect the 

levels of secreted cytokines. One possible explanation for this could be that AhR activation 

reduced mRNA stability, as reported elsewhere, resulting in mRNA degradation prior to 

protein synthesis (Zago et al. 2013). Therefore, to explore this, the cells were co-treated with 

βNF and Poly I:C, together with Act D, which inhibit transcription. If activation of AhR 

reduces mRNA stability, a quicker degradation of mRNA would be expected in βNF primed 

cells. However, βNF treatment did not increase the rate of CXCL8 or IL-6 mRNA-reduction 

after Act D treatment in Poly I:C-exposed cells (Fig. 3A). This suggests that CXCL8 and IL-6 

mRNA stability was not reduced by AhR activation in Poly I:C-exposed cells.  

Effects of AhR activation on Poly I:C-induced intracellular CXCL8 and IL-6 

responses 

Since reduced mRNA stability did not explain the discrepancy between the extracellular 

cytokine levels and the increase in gene expression, we investigated whether AhR activation 

could prevent cytokines from being released from the cells. Thus, we measured intracellular 

protein levels of CXCL8 and IL-6, in Poly I:C-exposed cells both with and without βNF. 

After 8 hours, βNF primed cells displayed a slight increase in intracellular levels of both Poly 

I:C-induced CXCL8 and IL-6 compared to non-primed cells (Fig. 4). A similar, non-

significant trend was observed after 23 hours in CXCL8 (Fig 4A). However, Poly I:C-induced 

IL-6 however increased significantly by βNF priming after 23 hours. These results indicate 

that activation of AhR by βNF results in increased intracellular accumulation of Poly I:C 

induced IL-6, but not CXCL8.  

Effect of AhR on NF-B and MAPK signalling 

AhR have been show to interact with NF-B (Øvrevik et al. 2014), so in an effort to 

characterize the internal mechanisms of the CXCL8, IL-6, and CCL5 responses, effects on 
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NF-B was also explored. This was done by measuring degradation of IB and 

phosphorylation of p65, both of which are indicators of NF-B activation. Neither βNF nor 

B[a]P increased Poly I:C-induced IB-degradation or p65-phosphorylation. βNF and B[a]P 

rather seemed to supress NF-B signalling in Poly I:C exposed cells, although not statistically 

significant (Fig. 5). Both ERK1/2 and p38 phosphorylation could indicate possible 

involvement of these MAPK pathways. There was no obvious effect on phosphorylation of 

p38 from neither βNF, B[a]P, or Poly I:C (Fig. 6A). Phosphorylation of ERK1/2 however, 

increased when primed with B[a]P, and significantly so when also exposed to Poly I:C, 

compared to both DMSO and βNF (Fig. 6B). These results indicate the ERK1/2 pathway is 

activated by B[a]P, but not by βNF. 
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Discussion 

Inflammation is a central part of the immune system, and while it is an important defence 

mechanism, a prolonged response might be harmful. Several environmental chemicals may 

cause an inflammatory response. However, inflammation is a complex process affected by 

several pathways, and in some cases combinations of environmental chemicals might reduce 

inflammation (Øvrevik et al. 2014). The inflammation may become chronic, and chronic 

inflammation is related to many non-communicable diseases (NCDs), it is important to 

understand how chemicals may affect the inflammation response. Similarly, suppression of 

inflammation is also important, as this may reduce the efficiency of the immune system, 

increasing susceptibility to diseases. 

In a previous study from our laboratory, constitutive active AhR suppressed Poly-I:C induced 

chemokine responses in BEAS-2B cells by inhibiting p65 phosphorylation (Øvrevik et al. 

2014). Similarly, activation of AhR by BNF and B[a]P reduced Poly I:C- and LPS -nduced 

chemokine response. In contrast to this, our present results show that AhR activation by βNF 

did not cause significant inhibition of Poly I:C-induced cytokine responses in NCI-H292 

cells. To further explore the effects of AhR activation on Poly I:C-induced cytokine 

responses, effects on gene expression was also investigated. To our surprise, Poly I:C-induced 

cytokine expression was significantly increased by βNF mediated activation of AhR. This 

difference in effects on gene expression and secretion of cytokines implies a post-

transcriptional inhibition of the cytokine response. Zago and colleges (2013) observed a 

similar effect on COX-2 by AhR in lung fibroblasts from mice. Activation of AhR by 

cigarette smoke extract (CSE) increased COX-2 mRNA levels, without an increase in protein 

levels. Furthermore, with inhibition of transcription by Act D, CSE induced mRNA was 

rapidly degraded in AhR positive cells, compared to AhR deficient cells. The authors 

suggested that HuR (human antigen R), a protein that relocates from the nucleus to cytosol 

and aid in mRNA stabilization  (Fan and Steitz 1998), was retained in the nucleus by AhR 

(Zago et al. 2013). However, in the present study, mRNA stability did not seem to be affected 

by AhR activation by βNF, and did not explain the difference in cytokine gene expression and 

cytokine secretion. The differences in the present finding and the results from Zago et al. 

(2013) may be due to differences in constitutive activation of AhR and exogenous activation 

of the receptor. Zago et al. (2013) relied on AhR knockdown, meaning any constituent effects 
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of AhR will not be maintained, and any comparison with an activated AhR will include such 

effects. It is also worth noting that CSE is a complex mixture of many chemicals, and the 

effect of CSE on COX is not necessarily the same as βNF or B[a]P on Poly I:C-induced 

cytokines. 

This could suggest differential effects by AhR depending on the manner of activation, and/or 

the involvement of other co-stimuli. This notion is also supported by the differences between 

B[a]P and βNF effects on poly I:C-induced cytokine gene expression observed in this study, 

with βNF contributing to significant up-regulation. Similar experiments using 2,3,7,8-

Tetrachlorodibenzo-p-dioxin (TCDD) as AhR ligand, revealed that AhR activation alone 

induced an increase in both CXCL8 and IL-6 responses (Kobayashi et al. 2008, Chen et al. 

2012). In addition, when exposed in combination with another pro-inflammatory agent, 

crystalline silica, TCDD enhanced the IL-6 response. However, AhR knockdown increased 

LPS- and silica-induced IL-6 mRNA (Beamer et al. 2012), similar to the suppressive effect 

observed in cytokine secretion in AhR deficient cells (Øvrevik et al. 2014). AhR can therefore 

act pro-inflammatory alone, but anti-inflammatory in competition with other pro-

inflammatory stimuli. 

Another possible explanation for the observed discrepancy between effects of AhR-activation 

on Poly I:C induced cytokine gene expression and protein release, is that AhR activation 

prevent the release of cytokines from the cells. After 8 hours of βNF exposure induced a 

slight increase in both intracellular Poly I:C-induced CXCL8 and IL-6. After 23 hours, AhR 

activation by βNF increased Poly I:C-induced IL-6 significantly. This accumulation of IL-6 

suggests that AhR could mediate mechanism for retention of intracellular cytokines, in 

particular IL-6. CXCL8 also appear to be post-transcriptionally suppressed, although prior to 

protein synthesis. Conceivably, the apparent discrepancy in effect of βNF on IL-6 and 

CXCL8 release could be due to differences in release the mechanisms of these two (Stanley 

and Lacy 2010, Murray and Stow 2014). 

One mechanism for post-transcriptional regulation is microRNA (miRNA), which may reduce 

translation of a target mRNA (O'Neill et al. 2011). In a later study Zago et al (2014) suggested 

that RelB mediated regulation of miRNA, specifically miR-146a, as a mechanism for post-

transcriptional suppression of CSE induced COX-2. Inhibition of miR-146a in mouse 

fibroblasts increased COX-2 protein, without affecting gene expression. Interaction with p65 
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is a possible explanation of how RelB regulates miR-146a (Zago et al. 2014). Indeed, RelB 

has been shown to directly interact with AhR (Vogel et al. 2007), and AhR has been linked to 

suppression of COX-2 protein, but not mRNA (Baglole et al. 2008, Zago et al. 2013). 

Considering miR-146 is also known to reduce CXCL8 and CCL5 in epithelial cells this could 

be a possible mechanism of regulation (O'Neill et al. 2011). While reduced translation by 

miRNA possibly explain the difference between mRNA and released protein, the mechanism 

by which IL-6 is retained is not known.  

AhR and NF-kB have been shown to interact with each other, and can act mutually 

suppressive. In the present study, Poly I:C induced both IκB degradation and p65 

phosphorylation. AhR activation by βNF somewhat reduced poly I:C induced p65 

phosphorylation, indicating possible suppression of NF-κB by ligand activated AhR, similar 

to the constitutive effect of AhR observed by Øvrevik et al. (2014). This suppression appears 

to be mutual, as B[a]P and βNF induced CYP1A1 gene expression was slightly reduced in 

Poly I:C-exposed cells after 4 hours. However, the suppression of seems inconsistent with the 

observed up-regulation of cytokine mRNA. Poly I:C alone did not have any effect on the 

MAPK pathways explored, but in combination with B[a]P, ERK1/2 phosphorylation 

increased significantly. βNF on the other had no effect on either p38 or ERK1/2. Therefore, is 

seems unlikely that ERK1/2 could account for the increase seen on cytokine mRNA, as this 

effect was primarily observed in βNF exposed cells. 

Previous results from our laboratory have shown that endogenously active AhR function as a 

suppressor of cytokines gene expression. This decrease in cytokine responses were attributed 

to an AhR mediated suppression of NF-κB signalling. However, neither NF-κB nor MAPK 

signalling could account for the observed increase in mRNA in the present study. βNF- and 

Poly I:C-exposed BEAS-2B cells showed a greater reduction in cytokine secretion than 

observed in NCI-H292 in the present study. However, effects of exogenous activation of AhR 

on gene expression were not measured in BEAS-2B. If this difference in cytokine secretion 

could be attributed to differences in cell lines remains to be clarified. Our present findings 

indicate that an exogenous activation results in increased gene expression through a non-

typical pathway. However, this effect is counteracted by post-transcriptional inhibition of 

CXCL8 and IL-6. Although the exact mechanisms are not clear, AhR seem to affect both 

protein synthesis and secretion.  
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Figures 

 

 

FIGURE 1: Effects of βNF priming on Poly I:C-induced cytokine responses. The cells were primed with 

βNF (10 µM) for 30 minutes (controls with DMSO), before a 23-hour Poly I:C exposure (10 µg/mL). Bars 

represent mean ± SEM fold increase relative to unexposed control. (A and B:  n=5, C: n=3). Levels of protein 

secretion of CXCL8 (A), IL-6 (B) and CCL5 (C) was measured after 23 hours and analysed with ELISA as 

described under “Materials and methods”. * p<0.05; Poly I:C exposed compared to non-exposed.  
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FIGURE 2: Effects of βNF priming on Poly I:C-induced expression of CXCL8, IL-6 and CCL5 genes. The 

cells were primed either with βNF (10 µM) or B[a]P (10 µM), and controls with DMSO, for 30 minutes before 

being exposed to Poly I:C (10 µg/mL). Cells were harvested after 2 and 4 hours. Gene expression was measured 

with real-time PCR. Bars represent means ± SEM fold change relative to unexposed control cells. (n=3-5). * 

p<0.05; Poly I:C exposed compared to non-exposed. + p<0.05; βNF or B[a]P primed compared to non-primed. # 

p<0.05; B[a]P primed compared to βNF primed. Statistical analysis was based on log-transformed data in F. 
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FIGURE 3: Effects of βNF on mRNA stability. The cells were primed with βNF (10µM) for 30 minutes 

before a 2-hour Poly I:C (10 µg/mL) exposure. The cells were then treated with Act D to prevent further 

transcription. Cells were harvested without Act D (0h) and after 1, and 3 hours. Gene expression was analysed 

using real-time PCR.  Points represent mean ± SEM of fold change relative to controls not exposed to Act D. 

(n=4-5). 
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FIGURE 4: Effects of βNF on intracellular accumulation of CXCL8 and IL-6. Cells were primed with βNF 

(10µM), and controls with DMSO, for 30 minutes before being exposed to Poly I:C (10 µg/mL). Cells were 

harvested after 8 and 23 hours. Intracellular CXCL8 and IL-6 levels were measured with ELISA as describe in 

“Materials and methods”. Bars represent mean ± SEM of fold increase relative to unexposed control. (n=5). * 

p<0.05; Poly I:C exposed (+) compared to non-exposed (-). + p<0.05; βNF primed (+) compared to non-primed 

(-). # p<0.05; 23 hours compared to 8 hours. 
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FIGURE 5: Effects of βNF and B[a]P on Poly I:C-induced NF-B activity. The cells were primed either with 

βNF (10µM) or B[a]P (10µM), and controls with DMSO, for 30 minutes before being exposed to Poly I:C (10 

µg/mL) for 4 hours. Phosphorylation of p65 and degradation of IB was measured using western blotting as 

described in “Materials and methods”. The figure shows representative blots of IB and p65. Bars represent 

means ± SEM of fold change relative to unexposed cells. (n=3).   
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FIGURE 6: Effects of βNF and B[a]P priming on MAPK signalling. The cells were primed either with βNF 

(10µM) or B[a]P (10µM), and controls with DMSO, for 30 minutes before being exposed to Poly I:C (10 

µg/mL) for 4 hours. Phosphorylation of p38 and ERK1/2 was measured using western blotting as described in 

“Materials and methods”. The figure shows representative blots of p38 and ERK1/2. Bars represent means ± 

SEM of fold change relative to unexposed cells. (n=3).  * p<0.05; Poly I:C exposed compared to non-exposed. + 

p<0.05; βNF or B[a]P primed compared to non-primed. # p<0.05; B[a]P primed compared to βNF primed. 
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11 Appendix 

 

FIGURE I: No inhibition of CYP1A1 by AhR antagonists. The cells were primed with TMF, CH223191 or 

ɑNF to inhibit AhR and then primed with βNF (10µM), and controls with DMSO, for 30 minutes before being 

exposed to Poly I:C (10 µg/mL) for 2 hours. (n=2-4) (A). The cells were then treated with Act D to prevent 

further transcription. Cells were harvested without Act D (0h) and after 1, and 3 hours. (n=5) (B). Gene 

expression was analyzed using real-time PCR. Bars represent mean ± SEM of times increase relative to un-

primed controls. + p<0.05; βNF primed compared to non-primed. + p<0.05; βNF primed compared to non-

primed. # p<0.05; TMF- and βNF-primed compared to βNF-primed. 
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FIGURE II: Attempted inhibition AhR in βNF and Poly-I:C exposed cells. The cells were primed with TMF 

(10 µM) prior to βNF (10 µM) for 30 minutes (controls with DMSO), before a 23 hour Poly I:C (10 µg/mL) or 

cytomix exposure (10 µg/mL). ). Levels of protein secretion of CXCL8 (A), IL-6 and CCL5 was measured after 

23 hours and analysed with ELISA as described under “Materials and methods”. Bars represent mean ± SEM 

fold increase relative to unexposed control (n=3-5).  
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FIGURE III: Effect of AhR activation on Poly I:C-induced IRF3 phosphorylation. The cells were primed 

either with βNF (10µM) or B[a]P (10µM), and controls with DMSO, for 30 minutes before being exposed to 

Poly I:C (10 µg/mL) for 4 hours. Phosphorylation of IRF3 was measured using western blotting as described in 

“Materials and methods”. The figure shows representative blots of p-IRF3 and IRF- Bars represent one 

experiment (n=1). 
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FIGURE IV: Inhibition of transcription by Act D. The cells were primed with Act D for 30 minutes, before 2 

hours of Poly I:C-exposure. Gene expression was analyzed using real-time PC. Bars represent fold change of one 

experiment (n=1).   
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