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Abstract 
 

Phthalates are used in plastics to promote flexibility, but as they easily migrate from the 

plastic humans are widely exposed. The exposure to phthalates has been associated with 

worsening and incidence of allergic diseases like asthma in epidemiological studies. This 

suggestion is partly supported by experimental studies showing that phthalates can induce 

adjuvant and immunological effects in mice and cell models. The hypothesis of this study was 

that the model phthalate di-n-butyl phthalate (DBP) affects systemic and pulmonary primary 

immune cells after in vitro exposure to concentrations relevant for human exposure levels, and 

that different cell models would vary in their sensitivity to DBP. 

Three experimental models were used to study the effects of 0.01-100µM DBP; a whole 

blood assay (WBA) relevant for systemic exposure, and sputum and monocyte-derived 

macrophages with relevance for inhalation exposure. Three inflammatory stimuli were used in 

combination with DBP: the toll like receptor (TLR) agonists lipopolysaccharide (LPS) or R848, 

or a combination of phorbol 12-myristate 13-acetate (PMA) and ionomycin (P/I), activating T 

cells. The release of inflammatory cytokines was determined by enzyme-linked immunosorbent 

assay (ELISA) and/or by the cytometric bead assay (CBA) using flow cytometry.  

The effects of DBP were generally greater after a challenge with inflammatory stimuli for 

the last 4h of the 24h DBP-exposure, when compared to combined exposure for 24h. DBP caused 

U-shaped response curves for P/I-induced cytokine release in whole blood, for tumor necrosis 

factor (TNF)-α, interferon (IFN)-γ and interleukin (IL)-5, with a 30-45% reduction at 0.01µM -

10µM DBP. This reduction was possibly linked to a parallel increase in cytotoxicity. The effects 

of DBP in combination with the other inflammatory stimuli in whole blood were less 

pronounced. For sputum macrophages, LPS-induced cytokine release also showed a U-shaped 

decrease for 0.01-10µM DBP, but only for TNFα. DBP did not affect the cytokine release from 

monocyte-derived macrophages.  

In conclusion, environmentally relevant concentrations of DBP decreased the release of 

cytokines from both innate and adaptive immune cells in vitro, suggesting that DBP exposure 

may lead to an impaired immune response. Moreover, cytokine release from whole blood after 

P/I stimulation and LPS-induced TNFα release from sputum macrophages were more sensitive to 

DBP exposure than the other model systems and endpoints.  
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1 Introduction 

1.1 Phthalates 

Phthalates are a widely used group of plasticizers, applied to soften and promote 

flexibility to plastics. In Western Europe alone, roughly 1 million tons of phthalates are 

produced each year (Plasticisers Information Center, 2007). Phthalates are found in many 

commonly used products, such as polyvinylchloride (PVC) flooring and wall covering, 

furniture, food packaging, industrial materials, cosmetics, electronic devices, toys, textiles and 

medical devices (Wormuth et al., 2006). Phthalates do not form covalent bonds to the plastic 

and therefore readily dissociate from materials and migrate to the environment, food or water 

(Koch and Calafat, 2009). They are slowly degraded in the environment and are consequently 

found almost everywhere (Wormuth et al., 2006). 

1.1.1 Exposure  

Phthalates are divided into two groups based on their molecular weight, which 

depends on the number of carbons in their side chains. The high-molecular weight phthalates 

have more than 6 carbons, while low-molecular weight phthalates have 3 to 6 carbons in the 

side chains (Koch and Calafat, 2009). The different phthalates have different chemical and 

physical properties that affect which products they are used in and how we are exposed 

(Wormuth et al., 2006). 

Humans are exposed to phthalates mainly via the gut through ingestion of food, but we 

are also exposed through the skin and lungs (Wormuth et al., 2006). The patterns and levels 

of phthalate exposure also vary due to differences in human behavior, for instance related to 

age and gender. Infants and toddlers have been found to have the greatest exposure to 

phthalates in relation to their body weight, compared to all other consumer groups (Wormuth 

et al., 2006). This high exposure is often due to mouthing of toys and ingestion of food and 

dust.  

The concentrations of phthalates are generally low in outdoor air compared to indoor 

air (Rakkestad et al., 2007). Many phthalates act as semi volatile organic compounds 

(SVOC’s) and since they are easily released from products, they can become airborne or 

absorbed to small particles of dust depending on their molecular weights (Weschler et al., 

2008). Distribution between these compartments differs between different phthalates 
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(Weschler et al., 2008). Generally, lower weight phthalates are found in the gas phase while 

heavier phthalates tend to associate with particles (Bølling et al., 2013). High-molecular 

weight phthalates, such as di-(2-ethylhexyl) phthalate (DEHP) or di-isononyl phthalate 

(DINP), are found in high concentrations in house dust (Bølling et al., 2013). Phthalates of 

lower molecular weight, such as dimethyl phthalate (DMP), di-ethyl phthalate (DEP) and di-

n-butyl phthalate (DBP) are present in higher concentrations in indoor air and the particles 

that we breathe in (Rudel et al., 2001). DBP is one of the most common phthalates in the air 

and particles we inhale in indoor environments (Rakkestad et al., 2007, Bølling et al., 2013). 

As estimated by Wormuth et al. (2006), exposure from contaminated indoor air may 

contribute to more than 20% of the daily internal dose for DBP. 

Exposure to phthalates has been confirmed in epidemiological studies and urinary 

biomarkers of phthalates have indicated that the general population is continuously exposed to 

phthalates (Koch and Calafat, 2009). Moreover,  associations are observed between the 

metabolites of some of the low molecular weight phthalates in urine and corresponding air 

levels (Adibi et al., 2003, Adibi et al., 2008), furthermore, a correlation is reported between 

butyl-benzyl phthalate (BBzP) in dust and urinary levels of its metabolite in children (Hsu et 

al., 2012). 

1.1.2 Metabolism 

Following absorption, phthalate diesters are quickly metabolized into hydrolytic 

monoesters. The alkyl chain of the monoester is next oxidized by various oxidation reactions, 

forming several different secondary metabolites (Koch and Calafat, 2009). Low-molecular 

weight phthalates are usually metabolized into their monoesters, while high-molecular weight 

phthalates are further metabolized into oxidative secondary metabolites (Wittassek and 

Angerer, 2008). The hydrolytic monoesters and the secondary metabolites may in addition be 

conjugated with glucuronic acid to facilitate excretion through urine or feces (Koch and 

Calafat, 2009).  There are both species and organ differences in the metabolism of phthalates 

(Ito et al., 2005). In general the phthalates are metabolized and excreted very quickly, with 

half-lives ranging from 2 to 24h (Koch et al., 2006, Janjua et al., 2008, Wittassek and 

Angerer, 2008). 

Depending on the route of exposure, the uptake and metabolism will differ. In the case 

of ingestion of phthalates there will be rapid uptake over the gastrointestinal tract, but due to 

first pass effect to the liver much of the parent compounds may be metabolized before 
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reaching the rest of the body. The phthalates in air and dust may deposit in the lungs resulting 

in inhalation exposure, which may cause a higher local concentration of phthalates in the 

lungs when compared to other organs. Uptake over the alveolar sacs is likely to happen 

rapidly, but due to low rate of local metabolism the parent compounds are more readily 

transported directly to the blood and into the body’s compartments (Bølling et al., 2013). 

Dermal exposure to phthalates can occur from direct contact with phthalate containing 

surfaces or products, as well as indirectly via adsorption and uptake from air (Weschler et al., 

2015).  

Excretion of phthalate metabolites and some parent phthalates occurs via sweat, milk 

and mostly through urine (Högberg et al., 2008). 

1.2 The immune system 

To explore the potential effects that DBP may have on immune cells, it is important to 

have a general understanding of the typical functions of the immune system.  

The immune system is divided into two entities, the innate (natural/non-adaptive) and 

the adaptive (acquired/specific; Figure 1), that have to work together and communicate in 

order to fight pathogens like bacteria, virus, parasites and fungi (Belardelli, 1995, Jovanovic 

et al., 1998, Elenkov, 2004). 
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Figure 1:The main cells from the innate and adaptive immune system. 

(Adapted from: http://medquarterly.com/mq88/index.php/n-immunoinfectious/article/26-cells-organs-and-tissues-of-the-

immune-system) 

1.2.1 The innate immune system  

The innate immune system is the first line of defense against invading pathogens and 

its job is to induce a state of inflammation in infected tissue (Parham, 2015). This resistance 

towards infections is an inherited ability that exists from birth (Bogen and Munthe, 2000). 

The innate resistance includes different barriers (e.g. epithelial and mucus layers) and 

phagocytic cells (e.g. neutrophil granulocytes, macrophages and monocytes) (Bogen and 

Munthe, 2000). These phagocytic cells react relatively non-specifically to microorganisms 

through activation of Toll-like receptors (TLRs) and are able to ingest and process pathogens 

by phagocytosis (Iwasaki and Medzhitov, 2010). They secrete cytokines that interact with 

other cells and trigger an immune response (Parham, 2015). Monocytes circulate in the blood 

and enter a tissue during inflammation. Macrophages may be tissue resident, and recognize 

and ingest pathogens, and release chemokines and pro-inflammatory cytokines such as tumor 

necrosis factor (TNF)-α, interleukin (IL)-6, IL12, IL8 and IL1β to recruit other inflammatory 

cells, like neutrophils and additional macrophages (Jovanovic et al., 1998). Macrophages can 

also increase the vascular permeability to let cells enter the tissue, and present antigens to T 
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cells (Parham, 2015). In the lungs, monocyte-derived macrophages and tissue resident 

macrophages originate from different stem cells, but whether they have distinct functions is 

currently unclear (Epelman et al., 2014). Dendritic cells are antigen-presenting cells (APCs) 

as well, and interact with T cells in a similar way as macrophages. Mast cells are innate 

immune cells that reside in all connective tissues. They contain granules with preformed 

inflammatory mediators like histamine and TNFα (Parham, 2015). 

1.2.2 The adaptive immune system 

The adaptive immune system is the last line of defense and is set in motion following 

contact with antigens, including microorganisms and allergens (Bogen and Munthe, 2000). 

The adaptive response is specific and usually leads to release of immunoglobulins (Ig), 

cytokines and chemokines, in addition to formation of memory cells (Parham, 2015). The 

main cells involved in the adaptive immune response are different T- and B-lymphocytes, 

which have cell-surface receptors specific to particular pathogens (Parham, 2015). During an 

infection, the receptor that recognizes the pathogen is activated, resulting in lymphocyte 

proliferation and differentiation, and increased numbers of effector cells to terminate the 

infection (Parham, 2015). B cells are part of the humoral immunity (antibody response). 

When antigens bind to the Ig domains of their receptors, the B cells are stimulated to 

proliferate and differentiate into plasma cells, which secrete free-soluble antibodies (Parham, 

2015). T-lymphocytes are part of the cell-mediated immunity and express specific T-cell 

receptors in order to kill specific pathogens (Parham, 2015). T cells are divided into helper T 

cells (Th), cytotoxic T cells, regulatory T cells (Treg) and natural killer T cells (NKT) 

(Parham, 2015). Helper T cells may be divided into two major groups: type 1 (Th1) and type 

2 (Th2) helper T cells. Th1 cells are primarily involved in cell-mediated immunity and release 

cytokines such as IL2 and interferon (IFN)-γ (Romagnani, 2000). This may lead to 

inflammation and macrophage activation. Th2 cells are primarily involved in humoral 

immunity and release cytokines such as IL4, IL5, IL10 and IL13 (Bornehag and Nanberg, 

2010). This cytokine release may activate B cells to release IgE or recruit eosinophils to the 

place of inflammation. The balance between the different T cells determines the outcome after 

an antigen triggering has occurred (Reinherz and Schlossman, 1980). Allergic asthma is 

generally characterized by the involvement of Th2 cells and IgE that recognize allergens 

(Magnan et al., 2000, Mazzarella et al., 2000, Galli et al., 2008). Eosinophils, basophils and 

other leukocytes (white blood cells) are recruited to the lungs, in addition to locally produced 
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mediators. This inflammatory response leads to narrowing of the airways and mucus 

hypersecretion which are common reactions in asthmatics (Chung and Barnes, 1999).  

1.2.3 Cytokines  

Cytokines are small proteins involved in the communication between immune cells, 

and are also important regulators in the immune response (Belardelli, 1995). Chemokines are 

a special kind of cytokines involved in guiding cells to sites of infection, a process known as 

chemotaxis (Parham, 2015). 

Cytokines are important in both the innate and the adaptive immune responses. TNFα 

is an early pro-inflammatory cytokine produced by Th1 cells, macrophages and neutrophils 

(Chung and Barnes, 1999). It is a cytokine of the innate and adaptive immune systems and is 

involved in activation and recruitment of inflammatory cells. IL1β is another early pro-

inflammatory cytokine, while IL8 is a late pro-inflammatory cytokine important for 

neutrophil recruitment. IL5 is released by Th2 and it is involved in the recruitment of 

eosinophils during inflammations (Chung and Barnes, 1999). IL10 is an anti-inflammatory 

cytokine released by Treg to regulate Th1/Th2 balance. It suppresses other T cells and innate 

immune functions (Chung and Barnes, 1999). IFNγ is released by Th1 cells and it suppresses 

allergic inflammation and inhibits viral infections. IFNγ activates macrophages and 

monocytes and inhibits Th2 differentiation (Chung and Barnes, 1999). IFNα is released by T 

cells, macrophages and B cells. It is involved in innate immunity and viral responses and 

promotes differentiation towards Th1 cell types (Belardelli, 1995). IL6 is both a pro- and anti-

inflammatory cytokine secreted by T cells and macrophages, and monocytes (Bauer et al., 

1988). It has inhibitory effects of TNFα and IL1, and is involved in T-cell activation (Chung 

and Barnes, 1999). 

1.2.4 Asthma and allergies 

Asthma is a chronic inflammation of the lungs in which the airways are narrowed in a 

reversible manner. Symptoms common for asthmatics include wheezing, shortness of breath, 

cough, persistent phlegm and chest tightness. Asthma is thought to be caused by a 

combination of genetic and environmental factors that can affect the immune system 

(McLeish and Turner, 2007). Allergic asthma may occur from prolonged exposure to specific 

allergens, leading to a persistent inflammation of the airways. It is characterized by an 
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increase in allergen-specific IgE and a skewed T helper cell balance towards the Th2 cells 

(Afshar et al., 2008). Th2 cells secrete IL4 and IL13 which promotes an Ig class-switch in B 

cells and IL5 which recruits eosinophils to the airways. Phthalates have been suggested to be 

involved in the development and exacerbation of allergic asthma through modulation of the 

pulmonary immune cells (Bornehag and Nanberg, 2010). Asthma is also related to increased 

levels of Th1 which may cause increased airway inflammation (Hansen et al., 1999, Randolph 

et al., 1999). Other allergic diseases, such as allergic contact dermatitis, do not involve IgE 

and Th2 recruitment and activation. 

1.2.5 Inflammatory stimuli and responses 

In order to study environmental factors, one may investigate the factor itself (Kuo et 

al., 2011, Bølling et al., 2012) or how it affects an inflammatory response (Hansen et al., 

2015). To study the latter, different types of inflammatory stimuli are often used to affects 

different immune cells, e.g. lipopolysaccharide (LPS), R848 or the combination of phorbol 

12-myristate 13-acetate (PMA) and ionomycin (P/I), which were all used in the current study. 

LPS is a major component of the cell wall of gram negative bacteria which activates 

immune cells by binding to TLR4 (Poltorak et al., 1998, Hoshino et al., 1999, Muzio et al., 

2000). Cells activated by LPS include monocytes, macrophages, myeloid dendritic cells, 

neutrophils, NK cells and B cells (Muzio et al., 2000, Varma et al., 2002, Aomatsu et al., 

2008). Through receptor interaction with the signal adaptor MyD88, LPS activates the 

transcription factors nuclear factor kappa beta (NF-κB) and activator protein 1 (AP1) to 

produce pro-inflammatory cytokines such as TNFα, IL1, IL10, IFNγ and IL6 (Yoshimura et 

al., 1997, Chow et al., 1999, Pålsson‐McDermott and O'Neill, 2004, Chanteux et al., 2007, 

Negishi et al., 2011). Through receptor interaction with the signal adaptor TRIF, the 

interferon pathway is also induced by LPS, activating the interferon regulatory transcription 

factor 3 (IRF3) to increase the transcription of type I interferons, which includes IFNα and 

IFNβ (Yamamoto et al., 2003).  

R848, also known as Resiquimod, is an imidazoquinoline compound which triggers 

viral response pathways. Inside endosomes, R848 stimulates TLR7 and TLR8  which 

normally recognizes viral single stranded RNA (Akira and Hemmi, 2003). Immune cells 

activated by R848 include dendritic cells, monocytes, macrophages, neutrophils, eosinophils, 

NK cells, and also B cells and T cells (Gibson et al., 1995, Ahonen et al., 1999, Tomai et al., 

2000, Hayashi et al., 2003, Caron et al., 2005, Hart et al., 2005, Lombardi et al., 2009, 
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Parham, 2015). Like LPS, the stimulation with R848 activates MyD88-dependent signaling 

pathway which leads to the translocation of NF-κB into the nucleus, but also activation of 

IRF5 or IRF7 (Akira and Hemmi, 2003, Schoenemeyer et al., 2005). The activation of these 

transcription factors may lead to production and release of chemokines and cytokines, such as 

TNFα, IFNγ, IL8 and large amounts of IFNα, but not IL4 and IL5 (Wagner et al., 1999, 

Hayashi et al., 2003, Caron et al., 2005, Gorden et al., 2005). 

PMA is a diester of phorbol that activates the signal transduction enzyme protein 

kinase C (PKC), as it is very similar to diacylglycerol, the natural activator of PKC (Liu and 

Heckman, 1998). Ionomycin is a calcium ionophore (ion carrier) from the bacterium 

Streptomyces conglobatus, used to raise intracellular Ca
2+ 

levels which may activate 

Ca2+/calmodulin-dependent signaling pathways (Downey et al., 1990). When ionomycin is 

used in conjunction with PMA (referred to as P/I), ionomycin further enhances the activation 

of PKC in adaptive T cells and stimulates cytokine production (Lappalainen et al., 2009). P/I 

stimulates the release of many cytokines, including IFNγ, IL5, IL8, IL10 and TNFα 

(Lappalainen et al., 2009). 

1.3 Biological effects of phthalates 

Phthalate exposure may disrupt the endocrine system, and reproductive and 

developmental toxicity has been reported in both animal and human studies (Diamanti-

Kandarakis et al., 2009). Lately, there has also been an increased focus on the effects of 

phthalates on the lung and immune related diseases, such as asthma and allergy. 

1.3.1 Epidemiology studies 

In an early study related to phthalate exposure, the risk of bronchial obstruction in 

children was greater in homes with PVC flooring compared to homes without (Jaakkola et al., 

1999). Several other studies have also reported associations between PVC floors and plastic 

wall materials and airway symptoms in children, such as wheezing, persistent phlegm and 

respiratory infections (Jaakkola et al., 2000, Jaakkola et al., 2004, Bornehag et al., 2005, 

Larsson et al., 2010, Shu et al., 2014). PVC is made up of several other compounds in 

addition to phthalates, associations found in these studies could therefore be due to products 

other than phthalates (Kimber and Dearman, 2010). Consequently, studies on PVC flooring 

give an indirect measure of phthalate exposure. 
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Moreover, the concentrations of, for instance, DEHP and BBzP, have been associated 

with asthmatic symptoms and allergic diseases in both children and adults in studies using 

concentrations of phthalates in house dust provide a direct measure of phthalate exposure 

(Bornehag et al., 2004, Kolarik et al., 2008, Hsu et al., 2012).  

Several studies have reported significant associations between urinary levels of 

phthalate metabolites and asthma. For instance, urinary levels of the metabolites of the low 

molecular weight phthalates DEP and DBP  have been associated with decreased lung 

function in male participants (Hoppin et al., 2004), while metabolites of the high-molecular 

weight phthalates DINP, di-isobutyl phthalate (DiDP) and DEHP have been associated with 

asthma in children (Bertelsen et al., 2013, Ku et al., 2015). In addition, BBzP and DBP 

metabolites were associated with diagnosed asthma (Hsu et al., 2012) and atopic dermatitis in 

children (Wang et al., 2014, Wang and Karmaus, 2015). On the other hand, some studies did 

not find any correlation between phthalate levels in urine and asthma or allergies in children 

(Hoppin et al., 2013, Callesen et al., 2014), adding some uncertainty to these data. Recently, 

there has been an increasing focus on the effects of prenatal exposure to phthalates, and 

several studies report associations with later-in-life outcomes of allergic and asthmatic 

symptoms (Just et al., 2012, Whyatt et al., 2014, Gascon et al., 2015). 

The type of sample collected for phthalate analysis determines the exposure measure 

of the study. PVC flooring and indoor dust measures provide information about one type of 

source (indoor environment), but exposure may occur through inhalation, ingestion as well as 

skin. The exposure of phthalates in indoor air is more stable over time; therefore these 

phthalate-measures reflect exposure over a longer period of time when compared to e.g. 

phthalates obtained via food or skin products. Urinary metabolites, on the other hand, are 

more useful biomarkers of total phthalate exposure. However, urinary samples display a more 

instant picture of the exposure, since phthalates are metabolized very quickly (Koch et al., 

2006, Koch and Calafat, 2009) 

1.3.2 Experimental studies 

Effects of phthalates on the immune system have been investigated in mechanistic 

mouse models, where the immune response to phthalates in combination with the model 

allergen ovalbumin (OVA) is examined (Jaakkola and Knight, 2008, Bornehag and Nanberg, 

2010, Kimber and Dearman, 2010).  Different exposure routes for phthalates, including 

topical exposure, subcutaneous and intraperitoneal injection, ingestion and inhalation have 
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been investigated in these experimental studies.  The effects of phthalates seem to be highly 

influenced by the route of exposure (Bornehag and Nanberg, 2010). 

Phthalates have been reported to induce inflammatory responses in both lung and 

immune cells and modulate the response to co-allergens (Bornehag and Nanberg, 2010). 

Moderate doses of DBP decreased the expression of surface receptors, production of pro-

inflammatory cytokines and the phagocytic capacity of macrophages (Li et al., 2013). In 

contrast, other phthalates, such as DEHP and its metabolite mono-(2-ethylhexyl) phthalate 

(MEHP),  induced a release of the pro-inflammatory cytokine TNFα from monocytes and 

macrophages and may initiate differentiation into anti-inflammatory macrophages (Hansen et 

al., 2015). In addition, phthalates might inhibit alveolar macrophage killing of bacteria 

(Shertzer et al., 1985). This suggests an impact on the functionality of immune cells when 

they are exposed to phthalates. However, the molecular mechanisms involved in any 

inflammatory response to phthalates are largely unknown (Bølling et al., 2013).  

Relatively few studies compare the effects of different types of phthalates. Kuo et al. 

(2011) tested the effects of different phthalates (DBP, BBzP, DEHP, DEP) and found that, 

DBP had the greatest effect on increasing the proliferation and migration of bronchial smooth 

muscle cell. High doses of DBP has induced apoptosis in a macrophage cell line (Naarala and 

Korpi, 2009).  

Overall, epidemiological studies suggest a possible correlation between phthalate 

exposure and asthma and allergy. This correlation is supported by many experimental studies 

showing adjuvant effects of phthalates on immune responses related to allergic asthma 

(Bornehag and Nanberg, 2010). 

1.3.3 Relevant concentrations  

DBP was chosen as the model phthalate because some of the highest indoor air levels 

have been reported for this phthalate (Bølling et al., 2013), which is relevant for models 

investigating effects related to inhalation exposure. Also, DBP appears to have a high 

inflammatory potential compared to other commonly used phthalates (Naarala and Korpi, 

2009, Kuo et al., 2011). The reported concentrations of DBP in human serum from 

individuals without known occupational exposure are between 0.2 and 214.8ng/mL (Högberg 

et al., 2008, Guo et al., 2010, Genuis et al., 2012), which corresponds to 0.7 - 771.7nM. For 

the lungs, relevant concentrations of DBP have been roughly estimated to be between 0.03 

and 4µM after 2h inhalation (Bølling et al., 2013). This estimation was based on indoor air 
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levels of DBP reported in the literature, and the assumption that all the phthalates absorbed 

would be taken up in the lungs and that they would distribute evenly in the lung lining fluid 

(Bølling et al., 2013). Thus, based on this literature of DBP concentrations in the blood and 

lungs, the concentrations of DBP relevant for human exposure seem to be in the nM and 

lower µM range. 
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1.4 Aims and hypothesis 

The aim of this study was to investigate effects of DBP on innate and adaptive 

immune responses, in concentrations reflecting human exposure in the general population. 

Three experimental models were used to study the immune cell activation and functionality: a 

whole blood assay (WBA) relevant for systemic exposure, and sputum macrophages and 

monocyte-derived macrophages with relevance for inhalation exposure. Different 

inflammatory stimuli were used to activate either innate or adaptive immune cells.  

 

The main research hypothesis was that DBP affects human primary immune cells at 

concentrations relevant for human exposure and that different cell models would vary in their 

sensitivity to DBP.  

 

To test this hypothesis, we studied effects of 0.01 - 100µM DBP for the following endpoints:  

 

1. Whole blood assay 

 cytokine release with and without inflammatory stimuli exposure 

 cytokine release to inflammatory stimuli in combined- or pre-exposure regimes  

 ability to phagocytose Zymosan particles 

 

2. Sputum macrophages 

 cytokine release with and without inflammatory stimuli exposure  

 

3. Monocyte-derived macrophages 

 cytokine release with and without inflammatory stimuli exposure 
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2 Materials and methods 

2.1 Ethics 

This study took place both in Vancouver, Canada, and Oslo, Norway and it was 

approved by ethics boards at the University of British Columbia (RISe) and the regional 

committees for medical and health research ethics (REK). All subjects signed an informed 

consent to participate in the study and contributed with either blood or sputum samples, or 

both.  

Blood and sputum sample collection are relatively non-invasive methods, not 

associated with notable risk. All samples were given voluntarily and subjects received 

compensation for transportation and loss of working hours. 

2.2 Primary human cell culture models 

Three human primary cell models were used in this study; whole blood, sputum and 

monocyte-derived macrophages. Laboratory work with human specimens was performed in 

accordance with Bio Safety Level 2 guidelines; meaning samples were handled with gloves in 

Biological Safety Cabinets and materials were decontaminated with 5% bleach after use. 

Sample collection, processing, seeding and number of individuals are described below. 

2.2.1 Whole blood assay (WBA) 

Sample collection 

Peripheral venous blood was collected from volunteers between 9am and 10am in 

sterile sodium heparin tubes (Vacutainer, BD, New Jersey, USA). Blood samples were then 

transported to the laboratory in the dark at room temperature and processed within 2h.  

Sample culturing 

Heparinized whole blood was diluted with RPMI 1640 medium with L-glutamine 

(Lonza, Basel, Switzerland), supplemented with 10% heat inactivated fetal calf serum (FCS, 

Thermo Fisher Scientific, Waltham, USA in Norway) and 1% penicillin-streptomycin 

(Sigma-Aldrich, St.Louis, USA) (further referred to as “Complete medium I”). 
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The blood tube was inverted several times right after the sample was taken to mix the 

blood completely with the sodium heparin in the vacutainer. Due to limitations in blood 

volume, a 4x blood dilution was chosen. This was also found to induce sufficient cytokine 

releases in pilots when 2x, 4x and 8x dilutions were tested (data not shown). The diluted 

blood was inverted several times in polypropylene tubes before it was transferred to 24-well 

non-attachment Falcon cell culture plates (Corning, Life Sciences, Durham, USA), with 1mL 

per well for exposure to DBP and inflammatory stimuli (section 2.3.2). 

Study population 

Blood was collected from 10 healthy volunteers in Canada between the ages of 22 and 

46 (Table 1). All participants filled in a questionnaire with their current medicinal use, if they 

were smokers or had a cold the last 4 weeks or if they suffered from asthma or other medical 

conditions. For each experiment, we tried to achieve an equal distribution of donors between 

both sexes. In the current study, two different exposure regimes were used to stimulate blood 

cells with DBP and inflammatory stimuli (section 2.3.3). Whole blood from the 6 participants 

listed under “Combined exposure” was used for one regime, while blood from the 4 

participants from “Pre-exposure” was used for the second regime. 
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Table 1: Details of subjects from combined and pre-exposed WBA in Canada. The results based on the individuals from 

this table can be observed in Figure 11 (corresponding to “Combined exposure Canada”, n = 6), Figure 11 and Figure 13 

(corresponding to “Pre-exposure Canada”, n = 4). Abbreviations: F= female, M = Male. Yr = years of age 

Characteristics of the WBA participants 

 Combined exposure  Pre-exposure  

Number 6 4 

Sex (F/M) 3/3 2/2 

Age (Yr) mean 30.83 26.75 

Age (Yr) (lowest/highest) 22/46 25/30 

Current smokers 0 0 

Any medical conditions 0 0 

Current medicinal users 0 2* 

Asthma 0 0 

Recent cold 2’ 0 

Pregnancy 1 0 
* in the week prior to sampling one participant took antihistamines and another took Fluoxetine and Wellbutrin 

‘ had mild colds within the last 4 weeks 

 

2.2.2 Sputum 

Sample collection 

Sputum induction 

Spirometry and sputum induction was performed as described in Gibson et al. 1998 

(sputum induction timeline in current study in Figure 2). Participants (not eaten the last hour) 

were pretreated with Salbutamol 10 min prior to sputum induction (Airomir Autohaler, Teva). 

After baseline spirometry the participants inhaled nebulized hypertonic saline (1mmol/mL, 

50mL, 58.5mg/mL, B.Braun), produced using an ultrasonic nebulizer, for 7min in 

concentrations of 3, 4 and 5%.  The hypertonic saline irritates the airways, which stimulates 

secretions of watery mucus. This mucus helps to moisten the airways and loosen and thin out 

secretions to make it more easily coughed up. After every 7min interval, the participants 

rinsed out their nose and mouth before performing a vigorous chest-type cough to produce a 

sputum sample into a sterile plastic container. Secretions in the throat could be brought up by 

the use of muscles in the throat and mouth, but at the same time avoiding excessive throat 

clearing. The participants were coached through the procedure in order to obtain high quality 

samples containing many plugs, with viable cells, and as little contamination as possible of 

cells from the nasal interior, squamous epithelial cells or oral bacteria.  
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Spirometry, measuring forced expiratory volume in 1 s (FEV1) was done at baseline 

recording three acceptable measurements and after each inhalation procedure. The spirometry 

measurements were done to monitor the lung function throughout the sputum induction 

procedure. The highest FEV1 level was chosen as the baseline value. During the monitoring, a 

10% drop below the baseline would lead to a continued procedure, but the saline 

concentration would not be increased. A 20% drop below baseline would lead to termination 

of the procedure and the participant would be offered bronchodilators or rest until the lung 

function reached 5% of baseline again. A drop below 10% of baseline was observed for a few 

participants, but we never experienced a 20% drop during our experiments.  

The sputum sample was kept on ice during the sputum collection. In total the 

participants were breathing nebulized saline for 21min.  

 

 

Figure 2: Schematic illustration of sputum induction timeline (created by Bølling, AK, Gu, Q, Steensen, TB) 
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Sputum processing 

Sputum is the expectorate secretion that originates from the central airways (trachea 

and bronchi). It consists of mucus, epithelial cells and dense plugs containing immune cells. 

In addition, sputum often contains debris such as dead cells, bacteria, cellular fragments, 

blood and pus (Lay et al., 2011).  

At the end of the sputum induction, the entire sputum sample was weighed and diluted 

in 0.1% dithiothreitol (DTT) in PBS, to disperse the mucus. The added volume of DTT was 

calculated as 4x the mass of the sputum (i.e. if sputum weighed 5g, then 20mL of DTT was 

added). Immediately after adding the DTT to the sputum, the suspension was mixed and 

homogenized gently by pipetting with a large pipette opening (using a 25mL pipette or a 

Pasteur pipette, depending on the size of the plugs). The suspension was then placed on a 

rocker for approximately 10 min, ensuring that the sputum was not dispersed in DTT for more 

than 15min in total. Then, PBS in the same volume as DTT was added to the suspension to 

neutralize the DTT since prolonged exposure to DTT could negatively affect the cell viability 

(Efthimiadis et al., 1997) and the suspension was filtered through a 50µM nylon mesh filter 

(Sintab, Sweden). The sample was centrifuged at 4°C at 1400rpm (340 x g) for 5min and the 

DTT supernatant was discarded into the sink by a gentle, but quick tilt of the tube. The cells 

were resuspended in 1–5mL Complete medium I with 0.2% of the antifungal agent 

Amphotericin B (Sigma Aldrich, St.Louis, USA, further referred to as “Complete medium 

II”). The resuspension depended on the size of the pellet, as well as the size and quality of the 

original sputum sample. Initially 1mL Complete medium I was added to the suspension and if 

it was still dense/cloudy additional Complete medium I would be added, up to a total of 5mL. 

The cell suspension was mixed well, before cell counts were performed to achieve cell 

numbers and differential cell counts (described below). 

Cell count 

Cell suspension was diluted 2x with Trypan-Blue (Sigma-Aldrich, St.Louis, USA). 

Live and dead immune cells, as well as bronchial and squamous epithelial cells, were counted 

in 4 quadrants (1 x 1 mm) in a Bürker chamber, using light microscopy. The sum of live, dead 

and bronchial and squamous epithelial cells was used to determine the Total Cell Count 

(TCC) and the sum of the live cells was used to achieve the Viable Cell Count (VCC). The 

viability of only the immune cells was calculated as live cells divided by the sum of live and 

dead. In the calculations, these sums were each divided by the number of quadrants counted 
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and multiplied with the dilution factor (2x) and 10
4
 to achieve the total cell number per mL 

and the total number of viable cells per mL.  

Identification of cell populations by differential cell count 

Cytospins were prepared based on the Total Cell Count, to avoid smears overcrowded 

with squamous or dead cells. Starting with 15.000 and 20.000 cells per cytospin, 15 and 20µL 

of the cell suspension at 1million cells/mL was added to the slide, in addition to 20µL PBS. 

Cytospins were centrifuged at 900rpm (140 x g) for 5min and visually examined to evaluate 

the quality and density of the smears. The smear should optimally be a full circle of cells 

packed not too dense, but also not too scarce. If necessary, additional cytospins of increased 

or decreased volume of cell suspension would be prepared to achieve better quality slides in 

which the cells would have appropriate distance to each other.  

The selected cytospins were air-dried for about 30min before they were stained with 

Diff quik (Medion Diagnostics, Duedingen, Switzerland). Slides were dipped in acetone 

(Sigma-Aldrich, St. Louis, USA) for fixation of the cells, before subsequent staining with diff 

quik I and diff quik II for 8 and 10sec and finally dipped in water twice to rinse of excess 

staining solution. The cytospin was allowed to dry before it was mounted with a drop of 

Eukitt quick-hardening mounting medium (Sigma-Aldrich, St. Louis, USA). 

A differential cell count was performed to determine the percentages of macrophages, 

neutrophils, eosinophils, lymphocytes and squamous epithelial cells. The different leukocytes 

were identified based on size and appearance in a microscope at 64x magnification (Figure 3). 

Macrophages are relatively large and irregularly shaped with one nucleus usually. The size 

and shape depends on the level of maturity, and the older/more activated macrophages have 

more vacuoles than the less mature ones. Macrophages were one of the most common cells in 

the sputum. Lymphocytes are smaller, very round cells with one large nucleus that almost 

covers the entire inside of the cell. Lymphocytes are the least granular cells in sputum. 

Neutrophils are much smaller and round and may look quite similar to the round and small 

eosinophils, but the neutrophils have multilobed (two or more lobes) nuclei that often appear 

kidneyshaped while eosinophils have two distinct nuclei and granules that stain pink. The 

granules of eosinophils may be released, making them look even more similar to the 

neutrophils. Squamous epithelial cells have very large, sheet-like structures. Bronchial 

epithelial cells are columnar with cilia in one end. They do not stain as dark, but appear pink. 

In sputum, basophils rarely appear, but can be recognized on their many granules. The cells 
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were counted at the Department of Respiratory Medicine, Institute of Clinical Medicine 

(OUS-RH) as the sputum samples were transported to the National Institute of Public Health 

(NIPH) for seeding into wells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the percentage of macrophages that was counted in the differential cell 

count, the Macrophage Cell Count (MCC) was calculated. By multiplying the Viable Cell 

Count (see section on cell count above) with the percentage of macrophages, the MCC was 

achieved. In this calculation, the Viable Cell Count was used instead of Total Cell Count 

because we are interested in live immune cells, and the squamous and dead cells would be 

Figure 3: Light microscopy image of sputum stained with Diff-Quik. Abbreviations: M = macrophage, E = 

eosinophil, N = neutrophil, SE = squamous epithelial cell, L = lymphocyte, CE = columnar bronchial epithelial cell. 

Top left: represents a normal sample. Top right and bottom: represents unusual sputum sample with many neutrophils.  
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washed away in the first wash. To achieve the Total macrophage Cell Number (TCN), the 

MCC was multiplied with the total volume of remaining cell suspension. The volume that 

would attain 400.000 macrophages per mL was calculated as TCN was divided by 400.000 

cells/mL, to achieve the volume of Complete medium II to add after the final centrifugation.  

Sample culturing - Macrophage enrichment  

The sample was kept on ice after the initial processing at OUS-RH and transported to 

NIPH. Upon arrival, the sample was centrifuged again to make sure the DTT was removed 

from the cells, and re-suspended in pre-warmed Complete medium II to achieve a 

concentration of 400.000 macrophages/mL. Macrophages were isolated by seeding 250µL of 

this cell suspension into 48-well tissue culture treated Falcon plates (BD Biosciences, Puls, 

Oslo, Norway), resulting in 100.000 macrophages per well. After 1h incubation, the cells 

were washed twice with PBS and fresh medium was added before exposure. The cells rested 

overnight at 37°C and 5% CO2, and the medium was replaced before the cells were exposed 

to DBP (section 2.3.2) 

Study population 

Sputum was collected in total from 10 volunteers in Norway between the ages 21 and 

46. All participants filled in a questionnaire with their age, sex, current medicinal use, if they 

were smokers or had a cold the last 4 weeks or if they suffered from any airway diseases, 

asthma or allergies. Some participants were excluded during the analyses due to cold 

symptoms, low sputum production (non-producers) or abnormal sputum samples (Appendix 

1). Consequently only 4 subjects were included in the final analysis (Table 2). 
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Table 2: Details of subjects labelled as sputum producers. The study results (Figure 15 and Figure 16) are based on the 

individuals from this table. (n = 4). For information of those excluded from the study, see Appendix 1. F = female, M = Male. 

Yr = years of age 

Characteristics of sputum producers 

Number 4 

Sex (F/M) 1/3 

Age (Yr) mean 31.5 

Age (Yr) (lowest/highest) 26/42 

Current smokers 0 

Chronic disease 0 

Current medicinal users 1* 

Airway disease, asthma, allergies 0 

Recent cold 0 

Pregnancy 0 
*metabolism medicine 

 

 

2.2.3 Monocyte-derived macrophages 

Sample collection  

Sample collection, monocyte isolation and cryopreservation was performed by Oslo 

University Hospital, as described by (Vestad, 2012). In short, whole blood was collected in 

blood bags from one healthy volunteer donor. Peripheral blood monocytes (lymphocytes and 

monocytes; PBMCs) were isolated directly from whole blood using Lymphoprep, which is a 

polymer solution used to separate cells by centrifugation based on differences in cell density. 

High density cells, such as granulocytes and red blood cells, sediment through the 

Lymphoprep solution, while less dense mononuclear cells end up in the interphase layer 

above the Lymphoprep layer and underneath a layer of plasma. Most of the plasma was 

removed and the interphase layer with PBMCs was transferred before a second centrifugation 

to remove excess plasma.  

 

Monocyte isolation by counter-current elutriation 

The monocytes were isolated from PBMC based on the “counterflow” principle, using 

counter-current centrifugal elutriation (Figure 4), as described by Vestad (2012). In brief, the 

liquid stream with PBMC was added to a special chamber in one direction and centrifugal 

force was working in the other direction, to separate the cells based on size and density. Using 
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this gentle process, the lymphocytes were isolated first, and then the monocytes. The 

mononuclear fraction isolated with this method is highly purified (90-95% purity). 

 

 

 

 

 

 

 

 

 

 

Cryopreservation 

To retain the cell viability, the isolated monocytes were cryopreserved, meaning they 

were slowly frozen and quickly thawed. First, the cell number was counted and the cells were 

dissolved in RPMI to achieve a final concentration of 6 x 10
6
 cells/mL. DMSO (final 

concentration 10%) and FCS (final concentration 25%) was added dropwise to the monocytes 

on ice and the mixture was placed in ice water for 10min. DMSO acts as a cryo-protectant by 

reducing formation of ice crystals and thus protecting the cells from rupturing. The cells were 

then distributed into each pre-cooled Nunc tube with 1mL in each tube. The tubes were placed 

in polystyrene boxes and stored at 80°C overnight, and then transferred to a -152°C freezer 

with liquid nitrogen. The cells were kept in liquid nitrogen until cultivation.  

Culturing - Differentiation of human monocytes to macrophages 

The cryopreserved isolated monocytes received from Oslo University Hospital were 

quickly thawed in a water bath at 37°C, under gentle rotation making sure to leave a small 

ice-clot in the tube to avoid exposing the cells to high concentrations of DMSO at temperature 

above zero. DMSO was quickly diluted by drop-wise adding Complete medium I (with 10% 

extra FCS and 50ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF)). 

After centrifugation at 1000rpm (201 x g) for 10-15min at 20°C, the medium was discarded 

and Complete medium I (with 50ng/mL GM-CSF) was added. The monocytes were counted 

Figure 4: Illustration of a counter-current elutriation chamber and the counterflow principle. This method was 

used to isolate monocytes from PBMC 

http://www.google.no/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjp19Gw9b7NAhXJiiwKHXyLABoQjRwIBw&url=http://www.nature.com/nprot/journal/v3/n4/fig_tab/nprot.2008.34_F1.html&psig=AFQjCNEKAG3vuJ300mSLRXB7uEVp_MMYhQ&ust=1466796928532885
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in an automated cell counter (Bio-Rad Laboratories Ltd, UK). Additional medium was added to 

achieve a cell suspension of 600 000 cells/mL. 80µL of the cell suspension was added in 96 

well plates to achieve a cell density of 48 000 cells per well (or 141 176 celler/cm
2
). Cells 

from same donors were used for the biological replicated of these experiments. 

In order to differentiate monocytes into macrophages, the cells were treated with GM-

CSF (50ng/mL) for 7 days. The medium was exchanged on day 1 and 4 (on day 4 there was 

an additional wash with PBS before adding the fresh medium) in addition to the day of 

exposure. On day 7 the isolated monocytes were completely differentiated into macrophages 

(termed monocyte-derived macrophages) and were exposed to DBP (section 2.3.2). 

Macrophage purity and differentiation were verified by flow cytometric analysis of CD14, 

CD71, CD11b and CD206 (Øya, E., not published). The PhD student working with this cell 

culture model had the main responsibility for the culturing of the cells. 

2.3 Exposure and harvesting  

For all model systems the cells were exposed to DBP alone or in combination with 

various stimuli. Preparation of the stock solutions and description of exposures and harvesting 

of supernatant or cells is explained below.  

2.3.1 Stocks solutions 

Stock solutions of DBP (Sigma-Aldrich, St. Louis, USA) were prepared in DMSO 

(Sigma-Aldrich, St. Louis, USA) at stock concentrations: 5, 50, 500, 5.000 and 50.000µM 

DBP to achieve concentrations of 0.01, 0.1, 1, 10 and 100μM when adding 2µL stock solution 

per mL of medium/blood (calculations for stock solutions in appendix 2). This range includes 

relevant concentrations for human environmental exposure both with respect to serum 

concentrations (0.001-1µM DBP) and estimated pulmonary levels (0.01 – 10µM DBP) as 

summarized in the introduction. In addition one high concentration (100µM) was included as 

a high-dose reference. 

The inflammatory stimuli used were lipopolysaccaride (LPS, from E. coli 026:B6, 

Sigma Aldrich, St.Louis, USA), R848 (Enzo Life Sciences, Farmingdale, NY, USA,) and 

phorbol 12-myristate 13-acetate (PMA) and ionomycin; referred to as P/I (both from Cayman, 

Ann Arbor, USA). Stock solutions were prepared in dimethyl sulfoxide (DMSO) (Sigma-

Aldrich, St. Louis, USA) for R848 (3140µg/mL) and PMA (0.5µg/µL) and ionomycin 
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(1µg/µL), while the LPS stock solution was made in RPMI 1640 medium (0.8mg/mL for 

whole blood or 1mg/mL for sputum and monocyte-derived macrophages) (calculations for 

stock solutions in Appendix 2). All stock solutions were aliquoted and stored at -20 °C, and 

thawed and diluted further for the cellular exposure as described below. The PMA stock was 

diluted 20x in Complete medium I for the stimulation, resulting in a negligible DMSO 

volume during the cellular exposure.  

2.3.2 Exposure 

DBP exposure 

In the WBA, wells containing 1mL diluted blood were exposed to 2μL of DBP stock 

solution. For sputum and monocyte derived macrophages, exposure medium containing 2x 

DBP concentrations (i.e. 0.02 – 200μM or 4μL/mL DMSO) were prepared to avoid pipetting 

volumes < 1μL into the wells. For sputum, 125μL of “fresh medium” without stimuli was first 

added to the wells, followed by 125μL exposure medium containing DBP/DMSO. For the 

monocyte derived macrophages 50μL of “fresh medium” without stimuli was added to the 

wells, followed by 50μL exposure medium with DBP/DMSO. Due to this 2x dilution in 

“fresh medium” the target concentrations of 0.01-100μM DBP in the wells were achieved 

after addition of the exposure medium. DBP was always vortexed before adding to 

blood/medium and exposure medium was vortexed before adding to wells. For all cell 

models, the plates with exposed cells were gently moved to mix the contents in the wells 

before incubation at 37°C with 5% CO2.  

As a negative control, cells were exposed to DMSO only, in concentrations equivalent 

to the volume of DMSO added with the DBP; i.e. 2μl of DMSO per mL was added to these 

negative controls. The maximum DMSO concentration added was 0.2% of the total volume, 

except for the WBA, where incubation with ionomycin and R848 resulted in a maximum 

DMSO concentration of 0.31%. 

Inflammatory stimuli exposure 

In the WBA, three different inflammatory stimuli were applied; LPS (0.1µg/mL), 

R848 (1µM) or a combination of PMA (25ng/mL) and ionomycin (1μg/mL) (referred to as 

P/I). The concentrations of stimuli were determined from pilot studies, choosing the 
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concentration that gave an “intermediate” response in cytokine release allowing for both an 

increase and decrease due to DBP exposure. As an example, the concentration-dependent 

effects of LPS on cytokine release are shown in Appendix 3, Figure A3 - 1. R848 and P/I also 

induced concentration-dependent increases for the analysed cytokines (data not shown). The 

inflammatory stimuli stock solutions were diluted in DMSO or RPMI before adding 1µL 

stimuli per well containing 1mL diluted blood to achieve the concentrations listed above 

(Appendix 2).  

For sputum and monocyte-derived macrophages only one inflammatory stimuli was 

applied; lipopolysaccaride (LPS). In initial experiments of sputum, cytokine release at three 

concentrations of LPS (10, 1 and 0.1µg/mL) were tested, and the lowest concentration, 

0.1µg/mL LPS, was chosen for further analyses as it provided the greatest cytokine response 

(Appendix 3, Figure A3 - 3). LPS did not affect viability, as determined by Alamar blue 

(Appendix 3, Figure A3 - 7). The LPS stock solution of 1mg/mL was diluted with Complete 

medium II into two additional stocks (0.1 and 0.01mg/mL) (Appendix 2). After a 100x 

dilution in the wells (2.5µL added to 250µL), the final conentrations of LPS for sputum 

stimulation were 10, 1 and 0.1µg/mL. 

Based on previous pilots at NIPH with monocyte-derived macrophages, a range of 

LPS concentrations were tested in our study (2, 10 and 20ng/mL, Appendix 3, Figure A3 - 5). 

10ng/mL LPS gave an intermediate response and it was chosen to test the effects of DBP. The 

LPS stock solution of 1mg/mL was diluted with Complete medium I into a stock of 0.2µg/mL 

(Appendix 2). To achieve the final concentrations of 2, 10 and 20ng/mL LPS in the wells, 

different volumes of this stock was added to the wells (1, 5 and 10µL, respectively, added to 

the 100µL exposure medium).   

2.3.3 Exposure regimes  

Two different exposure regimes were used in this study, a combined exposure to DBP 

and various inflammatory stimuli simultaneously or a pre-exposure of DBP before a 4h 

challenge with inflammatory stimuli. During the combined exposure the primary cells were 

incubated for 24h under 5% CO2 at 37°C with DBP in combination with LPS, R848 or P/I 

(Figure 5a). During the pre-exposure regime, the cells were incubated with DBP for 20h 

under 5% CO2 at 37°C and were only challenged either with LPS, R848 or P/I during the 

additional last 4h (Figure 5b). During both regimes the total DBP exposure time was 24h. 

Similarly, whole blood was exposed to DBP alone for 24h for the phagocytosis assay. 
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Whole blood was exposed using both the combined and the pre-exposure regime. 

Since the pre-exposure regime gave a stronger response it was chosen for the continuing 

studies in sputum and monocyte-derived macrophages (simplified overview of the three 

models in Figure 5c). As described above, only LPS was used in these two macrophage-based 

model systems. 

 

 

 

 

Figure 5: Schematic illustration of exposure regimes and overview of exposure models for human primary cells. a) 

Combined exposure of DBP (0.01-100µM) and stimuli (lipopolysaccaride (LPS), R848 or PMA and Ionomycin (P/I)) 

simultaneously for 24h. b) Pre-exposure of DBP for 20h, added stimuli-challenge for the last 4h. c) illustration of the 

selection of inflammatory stimuli and exposure regimes used for each of the model system.  

 

2.3.4 Harvesting of supernatant/cells 

Whole blood was harvested by pipetting the blood up and down at least 3x to mix the 

suspension. The blood was centrifuged at 3000rpm for 10min and cytokine supernatants were 

collected in Eppendorf tubes and stored at -80°C for future determination of cytokine 

production. When testing the viability of the whole blood with the Alamar blue assay, pre-
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warmed Complete medium I was added to all Eppendorf tubes shortly after supernatants were 

collected (section 2.4.4 for Alamar blue assay).   

For the phagocytosis assay, 400µL whole blood cells that had been exposed to DBP 

for 24h was transferred to Eppendorf tubes after mixing of the blood (section 2.4.3 for 

phagocytosis assay). 

Harvesting of sputum medium was performed by pipetting the medium straight into 

Eppendorf tubes without disturbing the cells at the bottom of the wells. The medium was 

centrifuged at 1200rpm for 10min and cytokine supernatants were collected in storage plates 

and stored at -20°C for future determination of cytokine production. When testing the 

viability of sputum, pre-warmed Complete medium II was added to all wells shortly after 

supernatants were collected (section 2.4.4 for Alamar blue assay).  

Medium from monocyte-derived macrophages was harvested by pipetting the medium 

straight into Eppendorf tubes without disturbing the cells at the bottom of the wells. The 

medium was centrifuged at 500 x g for 6min and cytokine supernatants were collected in 

storage plates or Eppendorf tubes and stored at -20°C for future determination of cytokine 

production.  

When testing the viability of sputum and monocyte-derived macorphages, pre-warmed 

Complete medium I was added to all wells shortly after supernatants were collected (section 

2.4.4).   

2.3.5 Follow-up WBA experiments 

After the combined and pre-exposure experiments were finished in Canada, the next step was 

to perform mechanistic studies in the endpoints affected by DBP in the WBA. This was 

supposed to be performed in Norway, however there were problems with establishment of the 

assay in Norway and further investigations of mechanistic studies were terminated. The 

challenges encountered with the WBA are described in Appendix 4. 

2.4 Immunological analyses 

2.4.1 Cytokine secretion by enzyme-linked immunosorbent assay (ELISA) 

Enzyme-linked immunosorbent assay (ELISA) is a highly sensitive method of 

measuring enzyme activity reflecting concentrations of antigens or antibodies involved in an 
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underlying immune reaction (Paulie and Perlmann, 2003). It is a method that may detect and 

quantify substances such as cytokines, hormones, disease-related antibodies and pathogenic 

antigens (Paulie and Perlmann, 2003). ELISA uses antigen or antibodies bound to a solid 

support and enzyme-conjugated antibodies.  

In this study, a sandwich (or capture) ELISA with two monoclonal antibodies that 

bound to separate areas (epitopes) of inflammatory cytokines (Figure 6) was used to quantify 

their release. First, the primary antibody was attached to the 96 well polystyrene plate and 

served as an immobile capture antibody. The wells were then washed and blocked to avoid 

unspecific binding of cytokines to other surfaces than the antibodies bound to the plate. 

Subsequently, samples of known (standard) or unknown concentrations of the cytokines were 

added and the cytokines bound specifically to the primary antibody. The wells were incubated 

with a secondary detection antibody, which bound to a different site of the cytokine than the 

capture antibody to avoid interference between the different antibodies. Following a wash, the 

wells were incubated with enzyme-conjugated streptavidin-horseradish peroxidase (HRP). 

Any unbound reagents were washed away and tetramethylbenzidine (TMB) substrate for the 

enzyme was added. Interaction between the substrate and the enzyme resulted in a color 

development. Once the desired intensity of the color was achieved, a stop solution was added. 

The absorbance was measured at 450nm (with 620nm as a reference wavelength). The 

concentration of the cytokines was proportional to the amount of substrate hydrolyzed and the 

unknown concentration in the sample was determined by comparing the absorbance against 

the known standards of the cytokine ((Paulie and Perlmann, 2003). 



29 

 

 

 

Figure 6: Schematic illustration of sandwich ELISA. (Illustration from: Paulie and Perlmann (2003), altered by Steensen, 

TB) 

 

After exposure to different concentrations of DBP (section 2.3.1 and 2.3.2) the release 

of the inflammatory cytokines was measured by Sandwich ELISA for whole blood, sputum 

and monocyte-derived macrophages. For whole blood samples, the Opt EIA kit (BD 

Biosciences, New Jersey, USA) was used to measure the release of TNFα, IL10, IL5, IFNα 

and IFNγ. For sputum and monocyte-derived macrophages, the release of TNFα, IL6 and IL8 

was measured using CytoSet kits (Novex, Life Technologies, Camarillo, USA), while IL1β-

release was measured using a DuoSet kit (R&D Systems, Abingdon, UK). Measurements 

were performed according to the manufacturer’s instructions and on 96-well plates. Based on 

pilot studies, samples were diluted up to 200x depending on the stimuli they were exposed to 

and the cytokine measured. Absorbance at 450nm was measured using the microplate reader 

Sunrise (Tecan, Grödig, Austria), and calculated using the Magellan V 1.10 software.  

The sensitivity for the ELISA kits was determined from the mean optical density from 

20 zero replicates plus two standard deviations, subsequently converted into analytic 

concentration from the standard curve. The corresponding limit of detection (LOD) for the 

cytokine measurements for WBA in Canada (Figure 11 and Figure 12) were as follows:  

TNFα, 2.195pg/mL; IL10, 2.643pg/mL; IL5, 2.625pg/mL, IFNγ, 5.341pg/mL; and IFNα 

14.130pg/mL. For sputum (Figure 15) and WBA (Figure A4 - 3) in Norway, the detection 
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limits of cytokine measurements were: TNFα, 2.329pg/mL; IL8, 1.787pg/mL; IL6, 

3.446pg/mL and IL1β, 0.401pg/mL. 

Selection of cytokines for the different samples 

Since there was not enough sample to test for all cytokines in each assay/stimuli, the 

cytokines that were expected to have the least responses were excluded from the ELISA’s. 

Moreover, some of the analyzed cytokines were below the LOD, and are therefore not 

displayed in the figures. 

For combined exposure in whole blood, IL5 was not analyzed after LPS and R848-

stimulation, while IFNα was not analyzed for P/I. LPS-induced IFNα release was below the 

LOD, as was the release of all cytokines except IL10 after no stimuli and these were therefore 

not included in the figure or analysis. 

For pre-exposed whole blood the release of P/I stimulated IFNα was not tested. The 

release of IL5 after LPS or R848 stimulation was included, however, the levels of release 

were below LOD as assumed during combined exposure. The release of IFNγ was also below 

the LOD after LPS- and R848-stimulation. 

For sputum the LPS-induced release of TNFα, IL6, IL8 and IL1β was analyzed by 

ELISA and were all above the LOD, even for sputum exposed to no stimuli. This selection of 

cytokines was based on the availability in the lab. 

For monocyte-derived macrophages the cytokine analysis was done by CBA due to the 

small volumes of supernatant available. The selection of cytokines was based on the available 

kit. Here, non-stimulated and LPS-stimulated release of IL-12p70, IL10 and IL1β were below 

the LOD in more than 50% of the samples. Also, the non-stimulated TNFα and IL6 were 

below the LOD.  

2.4.2 Cytokine secretion by cytometric bead array and flow cytometry 

Flow cytometry  

Flow cytometry is the process in which particles, often cells, in a fluid stream flows 

one at a time through a measuring device while measurements are recorded. This method was 

utilized to characterize the monocytes and macrophages (not included), measure cytokine 
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secretions from monocyte-derived macrophages (see next paragraph; Cytometric bead assay 

(CBA)) and to investigate phagocytic properties of whole blood (section 2.4.3). 

During flow cytometry, a particle suspension is drawn up from a test tube very quickly 

(500-1500 cells/second) and into the flow chamber. In the flow chamber laser beams hit the 

fluid stream as particles pass through and the scattered light and fluorescence of different 

wavelengths can be recorded (Figure 7). The way the light bounces of the particles provide 

information about the physical characteristics of the particles. Light that bounces off at small 

angles (diffracted light) is called forward scatter and it gives information about the size of the 

particles. Light bouncing off in other directions (reflected and refracted light) is called side 

scatter and it provides information about the internal complexity of particles, such as cell 

granularity. This information is gathered in light detectors and sent to the computer. As each 

particle or cell type has a unique combination of size, shape, internal complexity and 

granularity, the forward and side scatter measurements will help to identify the different 

types.  

  

 

 

 

Figure 7: Systematic illustration of the principle and components of flow cytometry. The fluidic system, the optic system and the 

electronic system of flow cytometry (adapted from: http://regmed.musc.edu/flowcytometry/flowcytometry.html) 
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Antibodies attached to certain molecules on or inside cells or particles may be 

conjugated with fluorescent compounds called fluorochromes. The fluorochromes absorb 

light and emit light in a different wavelength, which is directed by filters to color detectors 

and sent to the computer. The fluorescence can be used to supplement the identification of 

particle types using forward and side scatter or for information about molecule expression on 

or inside each cell or particle.  

The data from the light scatter and color detectors is plotted on graphs by the 

computer. The histograms are graphs with the cell counts on the y-axis and a measure 

parameter in the x-axis. Two histograms can be combined into a dot plot where every dot 

represents one cell and the location of the dot depends on the properties of that cell or how 

much fluorescence it emits. 

Cytometric Bead Array (CBA)  

The Cytometric Bead Array (CBA) array simultaneously detects multiple soluble 

analytes by employing a series of particles with discrete fluorescent intensities. CBA can be 

used to quantitatively measure several cytokines in a single sample, by capturing cytokines 

with beads of different sizes and using fluorescence to detect the amount of cytokines with 

flow cytometry. CBA follows the same principle of antibody binding as the ELISA (section 

2.4.1), and therefore has the same specificity as an ELISA. The advantage of CBA is that it 

can detect multiple cytokines simultaneously, in a small volume of sample. This is convenient 

when using small wells with little volume of sample. When a regular ELISA needs 100µL to 

detect the release of one cytokine, the CBA requires only 20µL (used in our studies, as 

previous studies showed it was OK to decrease all volumes) to detect the release of 6 

cytokines. 

Using the CBA Human Inflammatory Cytokines Kit (BD Biosciences, New Jersey, USA), 

samples from monocyte derived macrophages were analysed for a panel of cytokines; IL8, 

IL1β, IL6, IL10, TNFα and IL-12p70. The procedure for culture supernatants provided by the 

supplier (BD Biosciences, New Jersey, USA) was followed, with minor changes in order to 

use less volume (20 vs 50µL). The standards and samples were each added to a suspended 

mixture of 6 bead populations. Each bead was conjugated with a specific antibody for a 

specific cytokine, allowing for the detection of 6 different cytokines in each sample (Figure 

8). Detection reagent, a mixture of phycoerythrin (PE)-conjugated antibodies, was added with 

the beads and cytokines, creating a sandwich complex. To allow time for the sandwich 
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complexes to form, samples were incubated on a rocker for 3h in the dark. The samples were 

then centrifuged at 1 200rpm (200g) for 5min and washed once to remove any unbound 

reagents. Samples were kept on ice until they were analyzed. 

Analysis of cytokine secretion by flow cytometry 

Once the sample preparation was finished, the analysis occurred within 5h using a 

flow cytometer (Accuri C6, BD Biosciences, New Jersey, USA) and FCAP Array software. 

Data were acquired based on the online BD Accuri software templates 

(http://www.bdbiosciences.com/cbasetup) and 2 100 events were recorded on a medium flow 

rate. Prior to every reading, the standard/sample tubes were flicked several times to re-

suspend the beads. The cytokines were identified with fluorescence characteristics of both the 

bead and the PE-detector. Bead clustering, meaning the type of cytokines (which is 

determined by the bead coating), was detected with the FL4 detector, using the 675/25 filter 

and the intensity of the PE-reporter molecule, meaning the concentration of the specific 

cytokines, was detected with FL2 and filtered at 585/40. The intensity of the PE fluorescent 

signal was proportional to the amount of bound cytokines, revealing the concentration of that 

cytokine for each sandwich complex. The standards were analyzed to generate standard 

curves and to determine the concentration of unknown cytokine samples. 

The sensitivity of the BD CBA Human inflammatory Cytokines kit for each protein 

was determined from the median fluorescence of 20 zero replicates plus two standard 

deviations. These measurements and calculations were performed by the supplier (BD 

Biosciences, New Jersey, USA). The theoretical limits of detection of cytokine measurements 

for monocyte-derived macrophages were as follows: TNFα, 3.7pg/mL; IL8, 3.6pg/mL; IL6, 

2.5pg/mL; IL10, 3.3pg/mL; IL1β, 7.2pg/mL and IL-12p70, 1.9pg/mL.  
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Figure 8: Simplified illustration of CBA. Beads attached specifically to certain cytokines (sample) and PE-conjugated 

antibodies (detector antibodies) analyzed in flow cytometry (Accuri) for 6 cytokines; IL-12p70, TNFα, IL10, IL6, IL1β and 

IL8 (illustration from: https://www.bdbiosciences.com/in/research/bcell/techniques/intrace_cyto.jsp) 

 

2.4.3 Immune cell functionality by phagocytosis assay and flow cytometry 

Phagocytosis assay 

The functionality of the DBP exposed whole blood cells was assessed in terms of 

phagocytic capacity using pH sensitive fluorescent particles pHrodo® Green Zymosan 

Bioparticles® Conjugate (Thermo Fisher Scientific, Waltham, MA, USA)  and flow 

cytometry (FACSCanto II, BD Biosciences, New Jersey, USA). Zymosan is a known Toll 

like receptor 2 ligand from the cell wall of yeast (Saccharomyces cerevisiae). On average, 

Zymosan particles are 3µM in size and they are often used to induce inflammation or to 

investigate phagocytic properties of cells. Zymosan is usually conjugated with a fluorescent 

probe, for quantitative measurements of phagocytosis by flow cytometry.  

The Zymosan particles used in this study were conjugated with the fluorochrome 

pHrodo green (exitation/emission 509/533) and may be detected in the FITC channel in the 

flow cytometry. pHrodo is a pH sensitive dye which is nonfluorescent at neutral pH and 

increasingly green fluorescent when exposed to more acidic environments. Conjugation of 

Zymosan with pHrodo allows for detection of endocytic or phagocytic engulfment of the 

yeast particles into acidic vesicles of the cells (Figure 9). Particles that have been taken up 

into the phagosomes can therefore be distinguished from particles that are on the outside of 

the cells. When using other dyes that are continuously fluorescent, quenching with for 

instance ethidium bromide or trypan blue is necessary to stop the fluorescent signal from non-

internalized particles.  

https://www.bdbiosciences.com/in/research/bcell/techniques/intrace_cyto.jsp
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Phagocytosis was only examined for the WBA.  The Zymosan particles with a density 

of 2 x 10
7
 Zymosan particles per mg solid (Molecular Probes) were dispersed in 0.5 mg/mL 

sterile PBS, resulting in approximately 1 x 10
7
 Zymosan particles per mL. For the 

phagocytosis assay, the procedure described by the manufacture was modified and used for 

non-adherent cells (Molecular Probes).  After 24h incubation of whole blood with DBP, 

400µL (~0.2-0.6 x 10
6
 leukocytes/mL) was transferred to Eppendorf tubes and 100µL of the 

pHrodo suspension (~1 x10
6
 Zymosan particles) was added. This resulted in a particle to cell 

ratio of between 1:1 and 5:1.The samples were vortexed to disperse the blood and the 

Zymosan particles and incubated for 1h at 37°C to allow for phagocytosis and acidification to 

reach its maximum. FACS lysis buffer (BD Biosciences, New Jersey, USA) was added (1mL 

per tube) to lyse the red blood cells and fix the white blood cells. Samples were kept on a 

rocker for 20min with the lysing buffer and centrifuged for 3min at 3000rpm. Supernatants 

were discarded and 300µL PBS was added. The cells were analyzed by flow cytometry within 

3h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Simplified illustration of flow cytometry during phagocytosis assay. Top: Phagocytosed Zymosan is green 

fluorescent due to acidic environment in phagosomes of immune cells (from: http://www.essenbioscience.com/essen-

products/reagents-and-consumables/incucyte-phrodo-green-e-coli-bioparticles-phagocytosis-cat-no-4616/). Bottom: Flow 

cytometry of Zymosan phagocytosis, illustration by Steensen, TB) 
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Analysis of phagocytosis by flow cytometry  

Flow cytometry was performed using FACS Canto II (BD Biosciences, New Jersey, 

USA) with 3 lasers and 6 colour configuration (section 2.4.2). Zymosan was analyzed using 

the blue laser (488nm) and the FL-1 filter (530/30nm) to excite the fluorescent pHrodo green 

(excitation 509nm, emission 533nm) in the cells (Figure 9). First, single cells were gated and 

then a minimum of 5.000 cells were acquired and analyzed using the BD FACSDiva software 

for quantification of cell populations and the FlowJo computer software for further gating of 

the data. To determine the appropriate gates, three control samples were used; (i) a negative 

control with only cells (C1) exposed to DMSO, (ii) negative control with Zymosan only (Z1) 

and (iii) positive control with Zymosan and phagocytic immune cells.  

Due to an overlap in size between Zymosan particles and the cells after the 24h 

incubation it was not possible to gate the populations using forward scatter (FCS, for 

information about cell size) and side scatter (SSC, for information about granularity). The 

gating of the cell populations was therefore done in the FCS and pHrodo green (FITC) 

dotplot. Three separate populations were gated based on the controls; (1) cells that had 

phagocytosed Zymosan (positive cells), (2) cells that had not phagocytosed Zymosan 

(negative cells) and (3) Zymosan that had not been taken up by cells and therefore had lower 

fluorescence (negative Zymosan) (Appendix 5). The percentage of phagocytic cells was 

determined as the number of positive cells divided by the total number of cells, and multiplied 

by 100 (displayed in the results).  

2.4.4 Metabolic activity by Alamar blue  

Cell viability of different cell types, such as mammalian, bacterial, plant and fish cells 

may be indicated by Alamar blue (Thermo Fisher Scientific, Waltham, MA, USA). Resazurin, 

the active ingredient of Alamar blue, is a nontoxic, cell permeable compound that is virtually 

nonfluorescent and colored blue. When entering living cells, resazurin is continuously 

reduced to the brightly red fluorescent molecule resorufin in the cytosol. The conversion into 

resorufin increases the overall fluorescence and color of the media surrounding the cells. The 

amount of fluorescence produced is proportional to the number of living cells, and reflects the 

metabolic activity (ability to reduce resazurin) of these cells. The fluorescent signal allows for 

quantitative analysis of cell viability. As damaged and non-viable cells have lower or no 

ability to reduce resazurin, the signal they generate is lower than for viable cells. However, 

cells that are stressed may sometimes have an increased ability to reduce resazurin. 
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Prior to the Alamar blue testing, the human primary cells were treated with DBP and 

stimuli (section 2.3.2). As media was collected for cytokine measurements, it was replaced 

with fresh pre-warmed Complete medium I or II (90% of the sample volume) and Alamar 

Blue cell viability reagent (10% of the sample volume), 10x diluted in pre-heated cell culture 

medium. Complete medium and Alamar blue was added directly to cells, for volumes, see 

Table 3.  

 

Table 3: Added volumes of medium and Alamar blue during Alamar blue assay for three model systems. Based on the 

previous volume of fluid in the wells/Eppendorf tubes of each of the three model systems, 90% medium and 10% Alamar 

blue was added.  

 Previous volume in 

wells 

Medium (µL) Alamar blue 

reagent (µL) 

Whole blood 
1mL (~700µL fluid, 

300µL cells) 

630µL Complete 

medium I 
70µL 

Sputum 250µL 
225µL Complete 

medium II 
25µL 

Monocyte-

derived 

macrophages 

100µL 
90µL Complete 

medium I 
10µL 

 

The contents were mixed either by pipetting up and down a few times for whole blood 

or by gently shaking the plates with sputum and monocyte-derived macrophages. Incubation 

occurred at 37°C for 1h in the dark, to allow cells to convert resazurin into resorufin. Then, 

blood samples were centrifuged at 3000rpm for 10min and 100µL was transferred to 96 well 

plates in duplicates in the dark, while sputum and monocyte-derived macrophages were left as 

they were in the wells. For analyses of fluorescence, all samples were wrapped in aluminum 

foil and transported to the plate reader (CLARIOstar, BMG Labtech, Ortenberg, Germany) in 

the dark. Fluorescence of resorufin was recorded from the bottom up, with excitation at 530-

560nm and emission at 590nm. To determine the background fluorescence caused by the 

Alamar blue reagent in the complete medium, blank “no cell” controls were included as 

separate wells, consisting of only medium and Alamar blue (using the same volume of 

Alamar blue and medium as described in Table 3) and incubated in parallel with the samples. 

This background was subtracted from all Alamar blue data. For further data analysis, the data 

were plotted relative to their respective DMSO controls.  

Different incubation times were tested for Alamar blue for sputum (30 - 120min; 

Appendix Figure A6 - 1) and monocyte-derived macrophages (60 – 120min; data not shown). 
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Based on these results, 60min was chosen for further analyses on sputum and monocyte-

derived macrophages.  

2.5 Data processing and statistical analyses 

2.5.1 Normalization 

Generally, the response levels between the different individuals varied more than the 

effect of the DBP. To remove some of the variation and obtain values within the same range 

we normalized the data using a 2-step normalization method. The normalized data represented 

the percentage of increase/decrease after DBP exposure relative to unexposed controls. In the 

main results the graphs show mean values of normalized data with standard error of mean 

(SEM). In addition, both raw and normalized data are plotted as single experiment values in 

Appendix 7.  

For the 2-step normalization we first calculated the mean of all data in each 

experiment and divided the values from that experiment by this mean. The second step was to 

calculate the mean value of the unexposed controls from all the experiments and divide all 

values from step 1 with this “overall control mean” and multiply with 100. This approach was 

repeated for every response and each stimulus in all three model system (whole blood, 

sputum, monocyte-derived macrophages). If a 1-step method had been used, all controls 

would have been 100 and it would not be possible to use ANOVAs for statistical analysis. 

2.5.2 Statistical analyses (ANOVA) 

All statistical analyses were performed using GraphPad Prism version 5.0 (GraphPad 

Software, Inc., San Diego, CA, USA). For datasets with a single variable (e.g. different DBP 

concentrations), one-way ANOVAs were performed with Dunnett’s multiple comparison 

post-hoc test. For datasets with two variables (e.g. different DBP concentrations and 

cytokines), two-way ANOVAs were performed with Bonferroni’s multiple comparison post-

hoc test. These applied multiple comparison tests were recommended by GraphPad when 

comparison with a control treatment was required (rather than comparison between all groups).  

P-values < 0.05 was considered to reflect a statistically significant difference between 

exposed and control samples, which was indicated with asterisks (*) in figures. The number of 
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replicate experiments is provided in each figure legend and was generally between 3 and 6. 

For the monocyte-derived macrophages the monocytes originated from a single donor. 

However, since different batches of cells where thawed for each experiment, these were 

treated as independent experiments in the statistical analyses.  
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3 Results 

3.1 Whole blood assay (WBA) 

Two different experimental approaches for DBP exposure were used.  In the  

“combined exposure regime” human whole blood (Figure 10) was exposed to DBP (0.01, 0.1, 

1, 10, 100µM) either for 24h in combination with various inflammatory stimuli, including the 

mixture of PMA (25ng/mL) and ionomycin (1µg/mL; P/I), LPS (100ng/mL) or R848 (1µM). 

Alternatively the cells were challenged with the inflammatory stimuli during the last 4h of 

DBP exposure only, here named the “pre-exposure regime” (section 2.3.3). The cells were 

exposed to DBP to examine if it had an effect on the cytokine release of the inflammatory 

cytokines TNFα, IL10, IL5, IFNγ and IFNα, measured by sandwich ELISA. These cytokines 

reflect activation of both the innate and adaptive immune cells in the blood and they all have 

different roles during inflammation. The effect of DBP on the phagocytic capacity of the 

leukocytes was also assessed. 

 

 

Figure 10: Light microscopy image of whole blood cells in the well. Typical appearance of whole blood incubated for 24h, 

in this case with DBP and P/I. Red blood cells are more common in whole blood than white blood cells, therefore these are 

the only cells visible in this picture. 

3.1.1 Effects of DBP on cytokine release during combined exposure 

Generally, there was little effect of DBP on whole blood exposed to DBP and 

inflammatory stimuli simultaneously (Figure 11a-c). For some of the stimuli/cytokines, there 

was great variation between the individuals (Appendix 7, Figure A7 - 1, data displayed as 

single experiments). Consequently, the data were normalized in a two-step manner to remove 
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some of the variation between individuals and achieve values within the same range (section 

2.5.1). The normalization emphasizes the percent change between DBP exposed and 

unexposed cells. In the single data there were no apparent trends after two-step normalization 

(Figure A7 - 2), consistent with the lack of trends observed for the mean values in Figure 11a-

c.  For all the remaining data, from every model system, the same normalization was 

performed, but raw and normalized single data are presented in Appendix 7. 

The IFNγ release was significantly reduced during combined exposure to P/I and 

0.1µM DBP (Figure 11a), but increased during R848 exposure (Figure 11c). There were no 

significant effects of DBP for whole blood exposed to LPS (Figure 11b). Release of IL5 was 

not examined for LPS and R848 stimulated cells since these stimuli are toll-like receptor 

agonists that are not expected to trigger the release of IL5. Similarly, IFNα release was not 

examined for P/I stimulated cells because IFNα is involved in innate immunity and viral 

responses and P/I is known to be a  T-cell response activator. The IFNα release induced by 

LPS was below the limit of detection (LOD) and was therefore not included in the figure or 

analysis. 
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Figure 11: Normalized cytokine release in WBA after combined exposure to DBP and inflammatory stimuli. Release 

of TNFα, IL10, IL5, IFNγ and IFNα, in the combined exposure regime, from 4x diluted human whole blood exposed to DBP 

(0.01-100µM) and a) PMA and ionomycin (25ng/mL and 1μg/mL, respectively), b) LPS (100ng/mL) or c) R848 (1µM) 

simultaneously for 24h. Supernatants were collected and analyzed by sandwich ELISA for the release of cytokines. All data 

were normalized in a 2-step manner for each stimuli and each cytokine, as described in section 2.5.1. Raw data are presented 

in Appendix Figure A7 - 1. Data presented as mean ± SEM, (n = 6).*indicates significant differences compared to DMSO 

control (two-way ANOVA with Bonferroni post-test performed on the 2-step normalized data, p <0.05). NA = Not available 

(cytokines were not measured). ND = Not detected (>50% of the data below limit of detection (LOD)).  

 

The data resulting from the two-step normalization do not reflect the measured 

cytokine levels in pg/mL. Therefore, the mean cytokine levels in DMSO controls are 

presented in Table 4 for the combined exposure regime, reflecting the cytokine release 

profiles that the various inflammatory stimuli induced.  

P/I caused the greatest release of IFNγ and TNFα compared to the other stimuli. With 

a mean release of  ~23 000pg/mL, the IFNγ release was 200-500x greater for P/I-stimulated 

cells than for LPS- and R848-stimulated cells. The P/I-induced TNFα release was 2-5x greater 

than the LPS- and R848-induced release of TNFα, whereas the release of IL10 and IL5 was 

induced at moderate levels by P/I (~250 and ~150pg/mL respectively). Stimulation of whole 

blood with LPS or R848 induced relatively high levels of TNFα (~1 400 and ~600 pg/mL, 
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respectively) and IL10 (~900pg/mL and ~500pg/mL, respectively), while the release of IFNγ 

was fairly low (~100 and ~40pg/mL, respectively). LPS is a Toll like receptor 4 agonist that 

mimics bacterial exposure and triggers the innate responses, while R848 is an agonist of a 

Toll like receptor 7 and 8 and triggers viral response pathways. Generally, the cytokine 

release profiles induced by LPS and R848 were very similar, but the cytokine release was 

usually higher when cells were exposed to LPS compared to R848. The only exception being 

the release of IFNα, known to be involved in viral responses, which was greatest when 

induced by R848 (~150pg/mL), although the levels of R848-induced IFNα were generally 

low. The whole blood that was not exposed to any inflammatory stimuli did not release 

TNFα, IL5, IFNγ or IFNα above the limits of detection, while the release of IL10 was very 

low with a mean value of 5pg/mL. Due to this low response in cytokine levels the results of 

“No stimuli” are not shown in Figure 11, however, the IL10 data are shown in Appendix 7, 

Figure A7 - 3.  

 

Table 4: Cytokine release profiles in WBA after 24h exposure to inflammatory stimuli. The table shows the mean 

cytokine release from DMSO controls in pg/mL in the combined exposure regime, i.e. mean values of the raw data 

corresponding to the normalized data presented in Figure 11. For experimental details see figure legend of Figure 11. Values 

between 10 and 100 rounded to the nearest 10, values between 100 and 1000 are rounded to the nearest 50, values between 

1000 and 10 000 are rounded to the nearest 100, while values above 10 000 are rounded to the nearest 1000. - reflects values 

that were not available. Values in italics implies >50% of the data were below the limit of detection (LOD) and hence not 

included in Figure 11. 

  Cytokines (pg/mL) 

Stimuli TNFα IL10 IL5 IFNγ IFNα 

P/I 3000 250 150 23000 - 

LPS 1400 900 - 100 10 

R848 600 500 - 40 150 

No stimuli 4 5 2 3 10 

 

3.1.2 Effects of DBP on cytokine release during pre-exposure 

The pre-exposure regime largely resulted in stronger effects of DBP on cytokine 

release (Figure 12a-c) compared to the effects observed in combined exposure (Figure 11a-c).  

For P/I and LPS, the cytokine release generally decreased for increasing DBP 

concentrations, but tended to increase for the highest concentration, suggesting a U-shaped 

response curve (Figure 12a and b). The release of P/I-induced TNFα, IL5 and IFNγ was 

generally significantly decreased between 0.01 and 10µM DBP with a maximal reduction of 

30-45% (Figure 12a), while IL10 release was not affected by DBP. After LPS challenge, IL10 
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release was significantly decreased with approximately 20% at 1-10µM DBP (Figure 12b). 

Effects of DBP were not observed for LPS-induced TNFα or IFNα release. There were no U-

shaped cytokine response curves after R848 exposure (Figure 12c). Release of R848-induced 

TNFα decreased more than 40% and IFNα release decreased approximately 20% at 100µM 

DBP. Release of IFNα was not examined for P/I stimulated cells. LPS and R848-induced 

releases of IL5 and IFNγ were below the limit of detection (LOD) and were therefore not 

included in the figure or analysis. 
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Figure 12: Normalized cytokine release in WBA after pre-exposure to DBP and inflammatory stimuli challenge. 

Release of TNFα, IL10, IL5, IFNγ and IFNα, in the pre-exposure regime, from 4x diluted human whole blood exposed to 

DBP (0.01-100µM) for 24h and a) PMA and ionomycin (25ng/mL and 1μg/mL, respectively), b) LPS (100ng/mL) or c) 

R848 (1µM) the last 4h of DBP exposure. Supernatants were collected and analyzed by sandwich ELISA for the release of 

cytokines. All data were normalized in a 2-step manner for each stimuli and each cytokine, as described in section 2.5.1. Raw 

data are presented in Appendix Figure A7 - 4. Data presented as mean ± SEM, (n = 4). *indicates significant differences 

compared to DMSO control (two-way ANOVA with Bonferroni post-test performed on the 2-step normalized data, p <0.05). 

NA = Not available (cytokines were not measured). ND = Not detected (>50% of the data below limit of detection ( LOD)).  

 

The cytokine release profiles in the pre-exposure regime were for the most part similar 

to that observed using the combined exposure regime. After DBP pre-exposure, the  cytokine 

release following 4h inflammatory challenge was usually lower (3-10x; Table 5) when 

compared to the cytokine release after 24h combined exposure (Table 4). This was probably 
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due to the much shorter exposure time. As also seen in the first experimental setup, P/I 

induced the greatest release of TNFα and IFNγ, LPS of IL10 and R848 of IFNα, when 

compared to the other stimuli. 

The pre-exposure regime, however, did not result in decreased TNFα release 

compared to the release observed during combined exposure. Release of R848-induced TNFα 

was approximately 4x higher in the pre-exposure regime than in the combined exposure. 

Whereas, the TNFα releases induced by P/I and LPS were at equal levels after pre-exposure 

(~3200 and ~1600pg/mL respectively) and combined exposure (~3000 and ~1400pg/mL 

respectively). In addition, LPS-induced IFNα release, which was below the limit of detection 

during the combined exposure regime, was increased to a small degree during pre-exposure 

(~20pg/mL). 

 

Table 5: Cytokine release profiles in WBA after 4h exposure to inflammatory stimuli. The table shows the mean 

cytokine release from DMSO controls in pg/mL in the pre-exposed regime, i.e. mean values of the raw data corresponding to 

normalized data presented in Figure 12. For experimental details see figure legend of Figure 12. Values between 10 and 100 

are rounded to the nearest 10, values between 100 and 1000 are rounded to the nearest 50, values between 1000 and 10 000 

are rounded to the nearest 100, while values above 10 000 are rounded to the nearest 1000. Minus (-) reflects values that were 

not available. Values in italics implies >50% of the data were below the limit of detection (LOD) and hence not included in 

Figure 12. 

  Cytokines (pg/mL) 

Stimuli TNFα IL10 IL5 IFNγ IFNα 

P/I 3200 80 20 5700 - 

LPS 1600 180 2 6 20 

R848 2400 50 2 6 40 

 

3.1.3 Effects of DBP on phagocytosis 

Fluorescent Zymosan was used to investigate the effects of DBP on phagocytosis, and 

the percentage of phagocytic cells was determined by flow cytometry. In Figure 13a, a typical 

sample with Zymosan and cells is displayed with the gates used for (i) cells that had 

phagocytosed Zymosan (positive Zymosan), (ii) cells that had not phagocytosed Zymosan 

(negative cells) and (iii) Zymosan that had not been phagocytosed by cells (negative 

Zymosan). The percentage of phagocytic cells varied between 15 and 45% in the (Appendix 7) 

confirming that the white blood cells did display a phagocytic capacity. However, the DBP had 

no significant effects on the phagocytic capacity of the immune cells when assessed in 

absence of inflammatory stimuli (Figure 13b).  
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Figure 13: Gating strategy and effect of DBP on Zymosan phagocytosis in WBA. 4x diluted human whole blood 

exposed to DBP (0.01-100uM) for 24h. Uptake of Zymosan was analyzed by flow cytometry, using the a) gating strategy 

of three populations; (1) cells with Zymosan, “Positive Zymosan”, (2) cells without Zymosan, “Negative cells” and (3) 

Zymosan not taken up by cells, “Negative Zymosan”. b) The effects of DBP on Zymosan phagocytosis were recorded with 

FACSdiva and FlowJo computer software. All data were normalized in a 2-step manner, as described in section 2.5.1. Raw 

data are presented in Appendix Figure A7 - 6. Data presented as mean ± SEM, (n = 4). *indicates significant differences 

compared to DMSO control (one-way ANOVA with Dunnett’s post-test performed on the 2-step normalized data, p 

<0.05).  

BLA 
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3.2 Sputum macrophages 

Sputum macrophages (Figure 14) were pre-exposed with DBP (0.01, 0.1, 1, 10, 

100µM) for 20h and challenged with the inflammatory stimuli LPS (100ng/mL) for the 

remaining 4h of DBP exposure (section 2.3.3). The cells were exposed to DBP to examine if 

it had an effect on the cytokine release of the inflammatory cytokines TNFα, IL1β, IL8 and 

IL6, measured by sandwich ELISA. These cytokines reflect activation of macrophages during 

inflammation.  

 

3.2.1 Effects of DBP on cytokine release during pre-exposure 

In total, 10 participants were sampled for sputum, but only 4 participants were labelled 

as “sputum producers” and the rest of the subjects were excluded (Appendix 1). In the 

following, the sputum results will refer only to the responses of cells of the producers. All the 

4 sputum producers were included in the TNFα analysis, but for analyses of IL1β, IL8 and 

IL6 only 3 of the 4 producers had enough sample to analyze for release of these cytokines.  

The effects of DBP on pre-exposed sputum (Figure 15) were generally not as strong as 

the DBP-effects previously observed on pre-exposed whole blood (Figure 12).  

For LPS-stimulated sputum macrophages, the TNFα-release was reduced 25-45% at 

0.1-10µM DBP, followed by an increase at 100µM DBP (Figure 15a), suggesting a similar U-

Figure 14: Light microscopy images of sputum cells in wells (40x magnified). Typical appearance of sputum incubated 

for 24h, in this case without DBP and inflammatory stimuli. Left: sputum before wash; many squamous epithelial cells 

and a few macrophages. Right: sputum after wash; many macrophages with high complexity and few squamous epithelial 

cells. M = macrophages, S = squamous epithelial cells. 
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shaped response curve as previously observed in pre-exposed whole blood (Figure 12a). LPS-

induced IL6-release decreased almost 30% for 0.1µM DBP compared to control, but the U-

shaped response curve was not apparent in this case. The release of LPS-stimulated IL1β and 

IL8 was not significantly affected by DBP exposure. For sputum exposed to DBP alone, no 

significant effects were observed for any of the cytokine releases (Figure 15b).  
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Figure 15: Normalized cytokine release in sputum macrophages after pre-exposure to DBP and LPS challenge. 

Release of TNFα, IL1β, IL8 and IL6, in the pre-exposure regime, from human sputum macrophages exposed to DBP (0.01-

100µM) for 24h and LPS (0 or 100 ng/mL) the last 4h of DBP exposure. Supernatants were collected and analyzed by 

sandwich ELISA for the release of cytokines. All data were normalized in a 2-step manner for each stimulation and each 

cytokine, as described in section 2.5.1. Raw data are presented in Appendix Figure A7 - 7. Data presented as mean ± SEM, (n 

= 3-4). *indicates significant differences compared to DMSO control (two-way ANOVA with Bonferroni post-test performed 

on the 2-step normalized data, p <0.05).  

 

The measured cytokine release profiles in sputum DMSO controls (in pg/mL) were 

very similar whether they were exposed to the inflammatory stimuli or not (Table 6), with the 

exception of TNFα release which was 40% higher for LPS stimulated cells (~6 100pg/mL) 

compared to the non-stimulated release (~3 600pg/mL). The release of IL6 was also slightly 

higher (13%) in LPS-stimulated cells (~66 000pg/mL) than in non-stimulated cells 

(~58 000pg/mL). IL8 was the cytokine released at the highest levels in both cases (~250 000 

and ~246 000pg/mL in LPS and non-stimulated cells respectively), whereas the LPS and non-

stimulated IL1β releases were equally low (~650pg/mL, in both cases), when compared to the 

other cytokine releases. None of the cytokine releases, regardless of the inflammatory stimuli 

treatment, were below the LOD or at very low levels, as previously observed for some of the 

cytokines in whole blood (Table 4 and Table 5). 
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Interestingly, the release of cytokines was generally much higher for non-stimulated 

sputum than it was for non-stimulated pre-exposed whole blood (Table 6 and Table 5, 

respectively). 

 

Table 6: Cytokine release profiles in sputum macrophages after 4h exposure to LPS. The table shows the mean cytokine 

release from DMSO controls in pg/mL in the pre-exposed regime, i.e. mean values of the raw data corresponding to 

normalized data presented in Figure 15. For experimental details see figure legend of Figure 15. Values between 10 and 100 

are rounded to the nearest 10, values between 100 and 1000 are rounded to the nearest 50, values between 1000 and 10 000 

are rounded to the nearest 100, while values above 10 000 are rounded to the nearest 1000. 

 

 Cytokines (pg/mL) 

Stimuli  TNFα   IL8  IL6  IL1β  

LPS 6 100 250 000 66 000 650 

No stimuli 3 600 246 000 58 000 650 

 

3.2.2 Effects of DBP on metabolic activity during pre-exposure 

The metabolic activity and cell viability of sputum was indicated by the Alamar Blue 

assay, measuring the fluorescence from living cells. The Alamar blue fluorescence of the 

sputum cells was decreased approximately 25% when exposed to 0.1-10µM DBP and 

100ng/mL LPS (Figure 16). The cells that were not stimulated with LPS were not 

significantly affected by DBP, but DBP between 0.1-10µM may appear to cause a non-

significant decrease in Alamar blue fluorescence. 
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Figure 16: Normalized Alamar blue fluorescence in sputum macrophages after pre-exposure to DBP and LPS 

challenge. Viability of pre-exposed human sputum macrophages was assessed by Alamar blue assay. Sputum exposed to 

DBP (0.01-100 µM) for 24h and LPS (0 or 100 ng/mL) the last 4h of DBP exposure. Plates were incubated at 37°C for 60min 

with Alamar blue and fluorescence was recorded on a CLARIOstar plate reader (ex 530-560nm, em 590nm). All data were 

normalized in a 2-step manner for each stimulation as described in section 2.5.1. Raw data are presented in Appendix Figure 

A7 - 8. Data presented as mean ± SEM, (n=3). *indicates significant differences compared to DMSO control (one-way 

ANOVA with Dunnett’s post-test performed on the 2-step normalized data, p <0.05).  
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3.3 Blood Monocyte-derived macrophages 

Monocyte-derived macrophages (Figure 17) were pre-exposed with DBP (0.01, 0.1, 1, 

10, 100µM) for 20h and in addition, challenged with the inflammatory stimuli LPS 

(10ng/mL) for the remaining 4h of DBP exposure (section 2.3.3). The cells were exposed to 

DBP to examine if it had an effect on the cytokine release of the inflammatory cytokines 

TNFα, IL8, IL6, IL10, IL1β and IL-12p70, measured by CBA and flow cytometry. These 

cytokines reflect activation of macrophages during inflammation.  

 

3.3.1 Effects of DBP on cytokine release during pre-exposure 

The blood originated from one subject, but different batches were thawed for every 

experiment, and were therefore treated as three experiments.  

DBP caused no significant changes to the release of TNFα, IL8 or IL6 from the pre-

exposed monocyte derived macrophages, either with or without LPS stimulation (Figure 18). 

However, there seems to be a general trend of decreased IL8-release after exposure to 0.01-

10µM DBP alone (Figure 18b). The release of IL10, IL1β and IL12 was below LOD for all 

samples (data not shown). 

 

Figure 17: Light microscopy images of monocyte-derived macrophages in wells (40x magnified). Typical appearance 

of monocyte-derived macrophages incubated for 24h, in this case without DBP and inflammatory stimuli. Left:  illustrates 

cells with the most common morphology, (1) round and simple appearance and (2) “egg-like” shape. Right: illustrates cells 

with less common morphology, (3) elongated “banana-like” shape. 
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Figure 18: Normalized cytokine release in monocyte-derived macrophages after pre-exposure to DBP and LPS 

challenge. Release of TNFα, IL10, IL8 and IL6, in the pre-exposure regime, from human monocyte-derived macrophages 

exposed to DBP (0.01-100µM) for 24h and LPS (0 or 10 ng/mL) the last 4h of DBP exposure. Supernatants were collected 

and analyzed by CBA and flow cytometry for the release of cytokines. All data were normalized in a 2-step manner for each 

stimulation and each cytokine, as described in section 2.5.1. Raw data are presented in Appendix Figure A7 - 9. Data 

presented as mean ± SEM, (n = 3). *indicates significant differences compared to DMSO control (two-way ANOVA with 

Bonferroni post-test performed on the 2-step normalized data, p <0.05). ND = Not detected (>50% of the data below limit of 

detection (LOD)). 

 

The measured cytokine release profiles in DMSO controls (in pg/mL) generally show 

that LPS stimulation induced greater release of cytokines from monocyte-derived 

macrophages compared to non-stimulation (Table 7). LPS stimulation caused the greatest 

release of TNFα, IL8 and IL6 compared to no stimulation. IL8 was the only cytokine to be 

released at levels above LOD for non-stimulated cells, with a mean release ~450pg/mL, and 

the LPS-induced release was 3.5x higher (~1 600pg/mL). Non-stimulated TNFα and IL6 

release was below LOD, while LPS-stimulated release was greatly increased to ~800 and 

~200pg/mL, respectively. Directly comparing these cytokine releases to the two other model 

systems (whole blood and sputum) is not possible since they are measured using different 

methods. While whole blood and sputum cytokines were measured using ELISA, the 

monocyte-derived macrophage cytokines were measured using flow cytometry. These two 

methods will probably not result in comparable cytokine levels. 
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Table 7: Cytokine release profiles in monocyte-derived macrophages after 4h exposure to LPS. The table shows the 

mean cytokine release from DMSO controls in pg/mL in the pre-exposed regime, i.e. mean values of the raw data 

corresponding to normalized data presented in Figure 18. For experimental details see figure legend of Figure 18. Values 

between 10 and 100 are rounded to the nearest 10, values between 100 and 1000 are rounded to the nearest 50, values 

between 1000 and 10 000 are rounded to the nearest 100, while values above 10 000 are rounded to the nearest 1000. Values 

in italics implies >50% of the data were below the limit of detection (LOD) and hence not included in Figure 18. 

  Cytokines (pg/mL)  

Stimuli TNFα IL8 IL6 IL10 IL1β IL-12p70 

LPS 800 1600 200 2 0 1 

No stimuli 0 450 1 2 0 1 

 

3.3.2 Effects of DBP on metabolic activity during pre-exposure 

The metabolic activity and cell viability of the monocyte-derived macrophages was 

indicated by the Alamar Blue assay, measuring the fluorescence from living cells. The 

metabolic activity of the LPS-stimulated cells was not significantly altered by DBP, but the 

cells that received no stimulation had ~30% increase in metabolic activity at 0.01 and 10µM 

DBP (Figure 19). Alamar blue was only based on two experiments.  

 

Alamar blue LPS normalized

F
lu

o
re

s
c
e
n
c
e
 (

%
 o

f 
c
o
n
tr

o
l)

LPS 10ng/mL
0

50

100

150

Alamar Blue no stimuli normalized

F
lu

o
re

s
c
e
n
c
e
 (

%
 o

f 
c
o
n
tr

o
l)

No stimuli
0

50

100

150

DMSO 0.01M DBP 0.1M DBP 1M DBP 10M DBP 100M DBP

* *

 

Figure 19: Normalized Alamar blue fluorescence in monocyte-derived macrophages after pre-exposure to DBP and 

LPS challenge. Viability of pre-exposed human monocyte-derived macrophages assessed by Alamar blue assay. Monocyte-

derived macrophages exposed to DBP (0.01-100µM) for 24h and LPS (0 or 10 ng/mL) the last 4h of DBP exposure. Plates 

were incubated at 37°C for 60min with Alamar blue and fluorescence was recorded on a CLARIOstar plate reader (ex 530-

560nm, em 590nm). All data were normalized in a 2-step manner for each stimulation as described in section 2.5.1. Raw data 

are presented in Appendix Figure A7 - 10. Data presented as mean ± SEM, (n=2). *indicates significant differences 

compared to DMSO control (one-way ANOVA with Dunnett’s post-test performed on the 2-step normalized data, p <0.05). 
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4 Discussion 

The general public is continuously exposed to phthalates through multiple exposure 

routes. In this study we investigate how phthalates affect primary human immune cells from 

different tissues/compartments (lung and blood) with respect to cytokine release in response 

to different inflammatory stimuli.  

Whole blood is the most complex model system used in this study, consisting mostly 

of red blood cells, platelets and a small portion of white blood cells. Of the white blood cells, 

neutrophils are the most abundant, followed by lymphocytes, monocytes and eosinophils, 

while dendritic cells and basophils are quite rare (data not shown). Sputum and monocyte-

derived macrophages are more homogeneous model systems, consisting only of macrophages 

from the lungs (bronchi) or from in vitro GM-CSF differentiation of monocytes, respectively. 

Whole blood and sputum immune cells were the most sensitive models to effects of DBP. 

However, DBP only reduced the release of some cytokines induced by P/I and LPS in whole 

blood and sputum macrophages, respectively. The effects of DBP were greatest in the pre-

exposure regime, compared to the combined exposure regime, suggesting a reduced acute 

immune response.   

4.1 Whole blood 

4.1.1 Exposure to DBP alone 

Effects of DBP on the release of various cytokines in WBA were investigated, 

however, only IL10 had levels above LOD. Therefore the model system was not optimal to 

investigate effects of DBP alone. For the release of IL10 there were no significant effects of 

DBP. In order to improve the model, high-sensitivity ELISA kits may be used to detect the 

low levels of cytokine release. To our knowledge, no other studies have investigated effects of 

DBP alone on whole blood previously, but MnBP exposure has been shown to increase 

release of IL4 from peripheral blood mononuclear cells (PBMC), while the release of IL5 and 

IFNγ was not affected (Glue et al., 2002). Moreover, increased cytokine release have been 

observed for DBP-exposed human epithelial and macrophage cell lines (Kuo et al., 2011, 

Olderbø, 2015), and for primary murine macrophages after DEHP exposure (Yamashita et al., 

2002). 
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4.1.2 LPS cell stimulation  

In the present WBA, LPS stimulated the release of TNFα, IL10, IFNγ and to a small 

extent IFNα, while it did not stimulate release of IL5. This is in line with the LPS-induced 

cytokine release previously reported in WBA (Lappalainen et al., 2009), as well as in other 

cell models, including PBMC, neutrophils and alveolar macrophages (Yoshimura et al., 1997, 

Sabroe et al., 2003, Chanteux et al., 2007). LPS targets TLR4, which is found mainly on 

innate immune cells, such as neutrophils, monocytes, macrophages, myeloide dendritic cells, 

mast cells, eosinophils and NK cells (Muzio et al., 2000, Varma et al., 2002, Parham, 2015), 

but also expressed in low levels in lymphocytes from the adaptive immune system (Muzio et 

al., 2000, Koch et al., 2007). The expression of TLR4 is approximately 100x lower in B cells 

compared to neutrophils and monocytes and even lower for T cells (Muzio et al., 2000, 

Zarember and Godowski, 2002). Thus, it is likely that LPS stimulates mostly innate immune 

cells, but also some adaptive immune cells in the WBA model system. 

With respect to effects of DBP on LPS-induced cytokine release, there were no effects 

of DBP in the combined exposure regime. However, pre-exposure to DBP decreased the 

release of LPS-induced anti-inflammatory IL10 with approximately 20%. The levels of DBP 

causing this decrease are within the concentrations found in human serum from normal 

individuals (not occupationally exposed) (Guo et al., 2010). In contrast to our results, LPS-

induced IL10 release was increased after stimulation of human PBMC with LPS and 100µM 

DBP (Hansen et al., 2015), while DBP did not affect the LPS-induced release of IL10 from 

murine peritoneal macrophages (Li et al., 2013). In addition, DBP-exposure between 1 and 

10µM decreased the release of IL1β, IL6 and TNFα (Li et al., 2013). The release that Li et al. 

(2013) observed was generally more similar to the effects of DBP on P/I induced cytokine 

release in this thesis. Since IL10 was decreased after pre-exposure to DBP followed by an 

LPS challenge but not after exposure to DBP alone, our data suggest that LPS-induced 

cytokine release is more sensitive DBP-induced effects.  

DBP between 0.1 and 10µM also caused a non-significant trend for decreased release 

of the pro-inflammatory cytokine TNFα in the pre-exposure regime. In support of this 

observation, similar concentrations of DBP and BBP exposure decreased TNFα-release from 

murine and human macrophages (Hong et al., 2004, Li et al., 2013, Olderbø, 2015). Thus, as 

our data were based on blood from just 4 donors, there is a possibility that the observed trend 

of decreased TNFα could have been significant if more donors had been included. This 

suggestion should be followed up by further experiments. 
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4.1.3 R848 cell stimulation  

In the present study, stimulation of whole blood with R848 caused release of TNFα, 

IL10, IFNα and to a small extent IFNγ, while no IL5 release was released. This is in 

accordance with previous studies on cells from murine serum and spleen, as well as for 

human PBMC (Wagner et al., 1999, Akira and Hemmi, 2003, Lombardi et al., 2009). R848 

binds to TLR7/8 and activates many of the same cell-types as TLR4, from both the innate 

immune system, such as neutrophils, dendritic cells, eosinophils, monocytes, NK cells, 

macrophages (Hayashi et al., 2003, Gorden et al., 2005, Hart et al., 2005), but also activates 

lymphocytes from the adaptive immune system (Zarember and Godowski, 2002, Caron et al., 

2005). TLR8 is mostly expressed on innate immune cells (monocytes/neutrophils), while 

TLR7 is also expressed on adaptive immune cells (B cells) (Zarember and Godowski, 2002). 

Hence, R848 will mainly stimulate the innate immune system, but will also likely stimulate B 

cells from the adaptive system. Thus, although R848 stimulation seems similar to LPS, it has 

greater abilities to activate the adaptive immune cells compared to LPS. The molecular 

pathways of TLR7/8 are similar to TLR4, therefore R848 induces release of similar cytokines 

as LPS, including TNFα, IFNα and IFNγ (Gorden et al., 2005). However, R848 also trigger 

the release of IFNα release through IRF5 and IRF7, while LPS induces IFNα release via IRF3 

(Akira and Hemmi, 2003, Yamamoto et al., 2003). This may explain why R848 often induce 

more production of this cytokine compared to LPS and is in line with the differences between 

the cytokine release profiles, with a higher release of IFNα for R848 compared to LPS.  

Exposure to DBP and R848 resulted in few significant effects in both exposure 

regimes. During combined exposure, IFNγ release was increased only at 0.1µM DBP. The 

effect of DBP on IFNγ was unfortunately not possible to investigate further during the pre-

exposure regime as 4h incubation was not sufficient to induce release of this cytokine above 

LOD. However, the release of TNFα and IFNα was significantly decreased after pre-exposure 

to 100µM DBP, a relatively high concentration compared to the levels reported in human 

serum (Högberg et al., 2008, Guo et al., 2010, Genuis et al., 2012). To the best of our 

knowledge there are no other studies addressing effects of phthalates on R848-stimulated 

cells. On the other hand, nonylphenol (a weak endocrine disruptor) had no impact on cytokine 

release from R848 stimulated dendritic mice cells.  
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4.1.4 P/I cell stimulation 

The combination of PMA and ionomycin (P/I) induced release of TNFα, IL10, IL5 

and IFNγ in the WBA. This is in accordance with the literature, where  P/I induced release of 

TNFα, IL10, IL5and IFNγ in WBA (Lappalainen et al., 2009). On the other hand, P/I induced 

the release of IFNγ and TNFα from human T cells and PBMC, although IL10 release was not 

induced (Baran et al., 2001, Olsen and Sollid, 2013). These differences in the IL10 response 

may be linked to the complexities of the model systems. While WBA is a very complex 

system with many interacting cells, the T-cell cultures and the PBMC only contain one or a 

few cell types. P/I induced more than 200x higher release of IFNγ compared to LPS and R84 

and approximately 2x higher TNFα release. Also, P/I was the only stimuli to induce release of 

IL5, both in the combined and pre-exposure regimes. Thus, P/I was very different from R848 

and LPS with regard to cytokine release profiles.  

PMA triggers PKC, while ionomycin raises intracellular Ca
2+ 

levels (Downey et al., 

1990, Liu and Heckman, 1998), and the combination of these two stimuli is known to 

stimulate T-cell activation (Chatila et al., 1989). P/I may also stimulate cytokine release from 

other cells, such as monocytes (Smyth et al., 1991), but is mainly regarded as a T-cell stimuli. 

Therefore, the cytokine releases from P/I-stimulated WBA is most likely from the adaptive 

immune system, although some of the release may result from the innate cells as well. 

The only effect of combined exposure to DBP and P/I was reduced release of IFNγ at 

0.1µM DBP. Pre-exposure of DBP on the other hand, decreased the levels of TNFα, IL5 and 

IFNγ significantly, even for low levels of DBP. Generally, DBP concentrations between 0.01 

and 10µM induced significant effects, which covered the range of DBP levels measured in 

human serum; 0.001 – 1µM (Högberg et al., 2008, Guo et al., 2010, Genuis et al., 2012). The 

cytokines affected by DBP represent both the innate and adaptive responses; the pro-

inflammatory cytokine (TNFα) and cytokines characteristic for both Th1 (IFNγ) and Th2 

(IL5) cell activation. This suggests that several branches of the immune response were 

inhibited by DBP exposure, of which a possible consequence could be an attenuated immune 

response.  

Exposure to 100µM DBP and the T-cell stimuli PHA-P (similar to P/I used in this 

study) decreased the release of TNFα and IFNγ from human PBMC (Hansen et al., 2015). 

However, there were no effects of 0.1µM DBP on the cytokine release. In addition, no effect 

was observed on IL10 release after exposure to either concentration of DBP (Hansen et al., 

2015).On the other hand, 10-100µM DEHP increased the release of cytokines such as IFNγ 
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and the Th2-activating cytokine IL4 from murine spleen lymphocytes alone or in combination 

with T-cell stimuli, such as P/I or ConA (Yamashita et al., 2002, Pei et al., 2014).  

The broad effects of DBP on the P/I-induced cytokines could imply that the reduced 

cytokine release was due to cytotoxicity. On the other hand, the cytokine levels generally 

increased at 100 compared to 10µM DBP and the release of IL10 was not affected by DBP, 

pointing towards involvement of a different mechanism than cytotoxicity.   

When investigating cytotoxic effects, the original samples were not available. 

Cytotoxic analyses were performed for different participants and for different volumes of 

blood from what was used for cytokine release. Viability of DBP-exposed whole blood was 

investigated with the Alamar blue assay, which measures the metabolic ability of living cells 

to reduce resazurin into the fluorescent molecule resorufin. For whole blood exposed to DBP 

and P/I, the same U-shaped curve as the cytokine release was observed for Alamar blue 

fluorescence, with a significant 20% reduction at 0.1µM DBP (Appendix 4, Figure A4 - 6). 

Whole blood consists of many different types of cells, and white blood cells only constitute a 

small fraction of the total cell number. Since there are so many different cell populations in 

whole blood and they all convert resazurin, it may be difficult to detect toxicity in a single 

cell-group using this method.  

To further explore the role of cytotoxicity in the reduced cytokine release, the samples 

were analyzed for lactate dehydrogenase (LDH) release (data not shown). The LDH assay 

measures the release of the LDH enzyme from damaged or dying cells. LDH is found in the 

cytosol of most living cells, including in red and white blood cells and is released through 

damaged plasma membranes, and is therefore a good marker for cytotoxicity (Decker and 

Lohmann-Matthes, 1988). For all concentrations of DBP in the WBA (0.01-100µM), LDH 

was increased compared to control. However, maximum controls (where all cells were lysed) 

were not included in the analysis, and it is therefore not possible to determine the absolute 

level of toxicity, only the increase relative to control.  

A reduction in the Alamar Blue implies the metabolic activity is reduced, but it does 

not necessarily mean that cytotoxicity is increased. Also, there may have been small 

aggregates of red blood cells in the samples tested for Alamar blue and LDH (Appendix 4) 

which could have contributed to the declined fluorescence and increased levels of LDH. If 

that was the case, the LDH response could be due to red blood cell death rather than effects of 

DBP on the leukocytes. To gain more information regarding the cytotoxicity and 
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inflammatory effects in the WBA, analysis of various leukocytes may be performed using 

flow cytometric based methods. 

In the literature, high concentrations of DBP (50-100µM) have been found to cause 

cytotoxicity in murine peritoneal macrophages, after 24h DBP exposure, while lower levels 

(1-10µM) did not cause cytotoxicity (Li et al., 2013). However, Li and co-authors did not 

stimulate the cells with inflammatory stimuli, such as P/I or LPS when investigating the 

viability of the macrophages. Similarly, 24h exposure to low concentrations of DBP alone 

(0.001-20µM) was not cytotoxic to THP-1 derived macrophages (Couleau et al., 2015, 

Olderbø, 2015). Not surprisingly, at very high concentrations, 100 and 1000µM DBP caused 

decreased viability of RAW 264.7 macrophages after 60min exposure, while much lower 

concentrations (1nM-10µM) did not affect viability significantly (Naarala and Korpi, 2009). 

In THP-1 derived macrophages , exposure to 80µM DBP for 24h followed by 3h LPS 

stimulation caused low cytotoxicity (approximately 5%), while 20 and 40µM DBP was not 

cytotoxic (Olderbø, 2015). P/I has been shown to induce cytotoxicity in T cells (Olsen and 

Sollid, 2013). Thus, the combination of exposure to P/I and DBP could lead to cytotoxicity, 

even at concentrations where DBP alone does not induce cytotoxicity. 

The results from Alamar Blue and LDH suggest that the reduced cytokine release from 

whole blood could be involved in cytotoxic responses in due to DBP and P/I exposure. On the 

other hand, as it is not common for low and moderate concentrations of DBP to cause 

cytotoxicity in the literature and as both the Alamar blue and LDH results had limitations, it is 

not possible to conclude with respect to the role of any possible cytotoxic effects of DBP in 

the P/I stimulated cytokine release in the WBA.  

4.1.5 Interpretation 

Pre-exposed P/I-stimulated whole blood had decreased release of cytokines after 

exposure to DBP between 0.1 and 10µM, but no effect on the release of IL10. P/I stimulation 

triggers PKC and opens Ca
2+

 channels, which mainly activates T cells from the adaptive 

immune system (Downey et al., 1990, Liu and Heckman, 1998). LPS-stimulated whole blood 

however, had decreased cytokine release after pre-exposure to 1-10µM DBP. LPS represents 

a model of bacterial infection and by binding to TLR4 it activates mainly innate immune 

cells, such as monocytes and neutrophils (Zarember and Godowski, 2002). R848-induced 

cytokine release was only decreased after pre-exposure to the highest concentration of DBP; 

100µM. R848 represents a viral infection and binds to TLR7/8 to activate mainly innate 
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immune cells like monocytes and neutrophils (Applequist et al., 2002, Akira and Hemmi, 

2003), exerting responses closely resembling LPS-induced responses.  

Our findings indicate that pre-exposure to DBP may result in a weakened/attenuated 

immune function during acute inflammation in terms of reduced cytokine release, both from 

the adaptive and innate immune system of whole blood. Also, effects were observed in a 

range of concentrations (0.1-10µM) relevant for human exposure in daily life (0.001-1µM 

DBP reported in serum (Högberg et al., 2008, Guo et al., 2010, Genuis et al., 2012)). This 

may imply that relevant concentrations of DBP could lead to an impaired immune response. 

The reduced release of Th1, Th2 and pro-inflammatory cytokines suggest that DBP had a 

negative effect on a range of immune cells. Thus, it is difficult to interpret how this could 

affect asthma and allergy development, known to be related to Th2 skewing of the immune 

response (Afshar et al., 2008). In vivo studies are necessary to address possible consequences 

of the DBP-induced impaired immune response in asthma and allergy development. 

4.1.6 Exposure regimes 

The combined exposure regime represents DBP exposure in parallel with an 

inflammatory response, for instance due to exposure to bacteria or virus, while the pre-

exposure regime may reflect an acute immune response after DBP exposure. In the current 

study, the effects of DBP on cytokine release were generally greater during the pre-exposure 

regime compared to the combined exposure regime.  

Similar exposure regimes have been used to expose different cells to phthalates in 

other studies. Pre-exposure of DEHP with inflammatory stimuli gave stronger effects on 

several endpoints for T cells from thymocytes and spleen cells, compared to the combined 

exposure (Yamashita et al., 2002, Yamashita et al., 2003). Murine macrophages pre-exposed 

to 1-10µM DBP for followed by LPS challenge had decreased release of IL1β, IL6 and 

TNFα, however there was no effect of DBP on the release of IL10 (Li et al., 2013). Similarly, 

THP-1-derived macrophages decreased the release of TNFα when they were exposed to DBP 

for 24h before a challenge with LPS the last 3h (Olderbø, 2015). On the other hand, DBP did 

not interfere with the LPS-induced IL1β release in the same study.  
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4.1.7 Effects of DBP on phagocytosis 

An important feature of the immune system is the ability to take up foreign 

compounds through phagocytosis, both in order to remove the substances and to initiate the 

correct immune response. Phthalates have previously been shown to influence the phagocytic 

capacity of immune cells, an endpoint linked to the necessary clearance of an infection in a 

normal immune response (Couleau et al., 2015). In our model, 24h exposure of whole blood 

to 0.01-100µM DBP had no effect on phagocytosis of Zymosan. In line with our findings, 

exposure to DBP between 0.001 and 1µM had no effect on the phagocytic capacity of 

macrophages and neutrophils from carp fish (Watanuki et al., 2003). Moreover, DEHP had no 

effect on the phagocytic capacity of murine macrophages (Yamashita et al., 2005). However, 

DBP and other phthalates have been reported to decrease the phagocytic capacity of 

macrophages at concentrations relevant for human exposure (Bennasroune et al., 2012, Li et 

al., 2013, Couleau et al., 2015, Xu et al., 2015) and DEHP exposure decreased phagocytosis 

in rabbit alveolar macrophages (Shertzer et al., 1985). In contrast, DEHP-exposure enhanced 

the phagocytic capacity of alveolar macrophages from rabbit in a dose-dependent manner 

Bally et al. (1980). Thus, existing literature suggest that exposure to phthalates may have 

varying effects on phagocytic capacities depending on the experimental model used. 

4.2 Macrophage models 

Human sputum contains cells obtained from the bronchial surfaces of the central 

airways (Alexis et al., 2001). This is an area constantly exposed to airborne pollutants, and 

therefore the sputum cells are likely to be in a more active state than the blood cells (Alexis et 

al., 2000). Lung macrophages obtained from sputum are tissue-specific. Tissue-specific 

macrophages differ from macrophages originating from circulating monocytes during 

inflammation.  The tissue-specific macrophages originate from embryonic progenitor cells, 

but it is unclear whether they have different functions in the lung (Epelman et al., 2014). 

sputum macrophages were used as a model to investigate how the tissue-specific innate 

immune cells of the lungs responded to inflammation after DBP exposure, since inhalation is 

a major exposure route for DBP. The sputum macrophages are not commonly used for in vitro 

experiments, but rather during medical diagnostics, such as determining cases of asthma. As 

far as we can see, only two studies report in vitro culturing of sputum (Sikkeland et al., 2007, 

Baines et al., 2009).  
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Monocyte-derived macrophages represent monocytes that migrate from the blood 

circulation to an inflamed area and differentiate into macrophages after stimulation by various 

chemokines and cytokines. These macrophages may have different qualities compared to the 

tissue-specific sputum macrophages and may be less active since they are not continuously 

exposed to pathogens. The monocyte-derived macrophages were used as a model to 

investigate if the recruited macrophages react differently to inflammation after DBP exposure, 

compared to the tissue-specific macrophages. Monocyte-derived macrophages are more 

commonly used during in vitro experiments than sputum macrophages, although only one 

study that we know of reports effects of phthalates in monocyte-derived macrophages 

(Teixeira et al., 2015).  

There were some differences regarding the cellular morphology of the two 

macrophage models. The sputum macrophages were often bigger, more granular and seemed 

more mature compared to the monocyte-derived macrophages, which were slightly smaller 

and less complex. In both cell cultures round and “egg-shaped” cells were dominating, while 

“banana-shaped” cells were less common (sputum) or rare (monocyte-derived macrophages). 

However, for some individuals the sputum macrophage samples had a higher proportion of 

cells with “banana-shape”, up to 10% based on a visual inspection (data not shown). Although 

the morphology is not sufficient to determine the type of macrophage, “the egg-shape” is 

usually characteristic of  type 1 macrophages (M1, pro-inflammatory), while the “banana-

shape” is linked to type 2 macrophages (M2, anti-inflammatory) (van der Plas et al., 2009). 

Monocytes that are differentiated into macrophages in the presence of GM-CSF, as in the 

current study, usually results in type 1 macrophages with round morphology, in accordance 

with the current observations. 

4.2.1 Sputum macrophages 

Sputum macrophages had a basal high release of TNFα, IL8, IL6 and IL1β. The 

addition of LPS caused an increased release of TNFα only seen at 100ng/mL (Appendix 3, 

Figure A3 - 3). Similarly, sputum neutrophils have been shown to spontaneously produce 

high levels of cytokines such as IL8, IL1β, and TNFα and LPS-stimulation did not alter the 

production of cytokines compared to unstimulated neutrophils (Baines et al., 2009). A 

possible explanation for the low responsivity for LPS could be that the sputum cells are 
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already in an activated state due to a natural exposure to microbiota, which could make it 

difficult for LPS to further activate the macrophages or neutrophils.   

Exposure to DBP alone did not interfere with the cytokine release from sputum. On 

the other hand, the LPS-stimulated TNFα release was decreased after DBP exposure (0.01-

10µM) in a U-shaped manner, while the IL6 release was only decreased for one low 

concentration of DBP (0.1µM). Thus, DBP affected sputum macrophages of concentrations 

relevant for human inhalation exposure (0.01-10µM, (Bølling et al., 2013)). In the LPS-

stimulated WBA, there was a tendency of decreased release of TNFα and a significant 

decrease in the IL10 release. It would have been interesting to investigate the effects of DBP 

on the IL10 release for sputum macrophages as well. 

To the best of our knowledge, the effects of phthalates on sputum cells have not been 

investigated previously. However, effects of phthalates on murine tissue-specific 

macrophages have been reported. Low doses of DBP (1-10µM) decreased LPS-induced 

secretion of IL6 and TNFα from mouse peritoneal macrophages (Li et al., 2013), but also 

IL1β in contrast to our data from sputum macrophages. On the other hand, both DEHP and 

MEHP exposure alone has increased the release of TNFα in primary tissue macrophages 

(Yamashita et al., 2005, Rakkestad et al., 2010), but LPS stimulation was not included and 

hence these model systems are different from our sputum model and interpretation of the 

models may differ.  

TNFα is an early pro-inflammatory cytokine released from both innate and adaptive 

immune cells, such as macrophages, neutrophils and Th1 cells. It is an important cytokine in 

the primary defense against pathogens. A possible consequence of reduced LPS-induced 

TNFα release due to DBP exposure could be an impaired immune response in terms of 

inability to activate and recruit other inflammatory cells to fight an infection.  

Severe childhood respiratory infections, in combination with atopic sensitization  is an 

important risk-factor for asthma development (Holt and Sly, 2011). Impaired immune 

responses may increase the risk of severe infections. Thus, increased risk of asthma 

development could be an indirect consequence of an impaired immune response due to DBP 

exposure in the childhood. 

In terms of viability, exposure to DBP and LPS decreased the Alamar blue 

fluorescence in a similar U-shaped pattern as the cytokine release, while there was a similar 

non-significant trend for exposure to DBP alone. Exposure to increasing concentrations of 

LPS alone did not affect the Alamar blue fluorescence (Appendix 3, Figure A3 - 7). The LDH 



64 

 

release however, was not significantly affected by either DBP or LPS (data not shown), 

suggesting that the decreased Alamar blue fluorescence was not due to cytotoxicity, but rather 

reduced metabolic activity. As for WBA, maximum controls for LDH were not included in 

the analysis, therefore the absolute level of toxicity is not possible to determine, only the 

increase relative to control. Also discussed for WBA, phthalates are usually not found to be 

cytotoxic at low concentrations in the literature. Generally, exposure concentrations of 

phthalates less than 50µM, with or without inflammatory stimuli, have not been found to 

cause cytotoxicity in murine and human macrophage cell models (Rakkestad et al., 2010, Li 

et al., 2013, Couleau et al., 2015, Olderbø, 2015). 

4.2.2 Monocyte-derived macrophages 

For monocyte-derived macrophages, LPS-stimulation induced a concentration-

dependent increase in the release of TNFα, IL8 and IL6, but not IL1β, IL-12p70 and IL10. 

Previously, LPS has been found to increase the release of both TNFα and IL1β from 

monocyte-derived macrophages (Vestad, 2012). However, Vestad (2012) used a macrophage 

colony-stimulating factor (M-CSF) to differentiate the cells into macrophages, compared to 

GM-CSF used in our study. LPS responses more similar to our study have been observed for 

monocytes-derived macrophages differentiated with granulocyte-colony stimulating factor 

(G-CSF) or with 10% human plasma (Netea et al., 2009). Thus, the applied macrophage 

differentiation procedure may affect the cytokine response to LPS stimulation.  

DBP did not affect the cytokine release from the monocyte-derived macrophages, 

either with or without LPS stimuli. In contrast to our findings, 1µM DBP increased the IL10 

release and decreased the IL6 release from type 1 monocyte-derived macrophages in absence 

of inflammatory stimuli (Teixeira et al., 2015). In their study however, monocytes were 

spontaneously differentiated into macrophages by adhesion to plastic cell culture wells for 7 

days (Teixeira et al., 2015), which may be a reason for the differences in DBP effects 

observed.  

Exposure to DBP alone affected the metabolic activity of monocyte-derived 

macrophages in the absence of LPS, where a 30% increase in Alamar blue fluorescence was 

observed. Similarly, exposure to LPS alone caused a concentration dependent increase in the 

fluorescence, up to around 40%. This implies that both DBP and LPS may have the ability to 

increase metabolic activity in the monocyte-derived macrophages. Interestingly, sputum and 

monocyte-derived macrophages show opposite patterns for both DBP and LPS in terms of 
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effects on metabolic activity. This may be linked to the differences in differentiation and 

maturation status of the two cell models.  

4.3 Comparison of the three model systems 

The effects of DBP on cytokine release differed in the three model systems. The 

strongest effects were observed for WBA and sputum macrophages after pre-exposure to 

DBP, which both resulted in U-shaped decreases in the cytokine release induced by 

inflammatory stimuli. The U-shaped cytokine response curves observed are commonly 

referred to as non-monotonic dose responses. This means that the response may be described 

by a non-linear curve, that changes sign within the range of doses examined (Vandenberg et 

al., 2012). Such curves are not uncommon for effects induced by endocrine disruptors, and 

could be explained by a receptor mediated low-dose effect and that the receptor is overloaded 

at high doses (Vandenberg et al., 2012). Non-monotonic dose responses have been observed 

for phthalates with regard to different endpoints, both in cell culture, animal studies and 

epidemiology studies (Vandenberg et al., 2012). Another possible reason for the U-shaped 

response curves observed currently could be that less DBP was available in the highest 

concentration since this was in fact above the aqueous solubility level. In support of this, 

aggregates of DBP were observed in the microscope at the 100µM DBP concentration in the 

macrophage model system (data not shown) 

The WBA was used to study effects on both innate and the adaptive immune 

responses by means of the three included stimuli (P/I, LPS and R848). In contrast, for the 

macrophage models, the measured cytokine release could only originate from innate immune 

cells and it was not possible to investigate effects on adaptive immune responses. In the 

WBA, effects were observed only for some of the stimuli, therefore it is an advantage to 

investigate several stimuli/endpoints. The data from the macrophage models could have been 

strengthened by induction of other inflammatory stimuli to activate the macrophages. 

Studying effects of DBP on LPS-stimulated cells is only relevant for bacterial infections. 

However, in the in vivo setting, we are continuously exposed to many other pathogens, such 

as virus and fungi.  

In the macrophage models the cytokine release only results from a single cell type, 

making it easier to interpret the results. However, this is also a shortcoming, since an 

important part of the immune response is cellular communication and activation. The WBA, 
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on the other hand, allows for communication between the different white blood cells in a 

similar way as in the in vivo situation. However, the achieved data are more complicated to 

interpret since the cytokines released may originate from a range of different cell types in the 

blood. Moreover, the cytokine release may be induced not only by direct stimulation from the 

inflammatory stimuli, but also by secondary stimulation in terms of “secondary cytokines” 

released as a response to the “primary cytokines”. In the pre-exposure regime, the cells were 

only exposed to inflammatory stimuli for 4h, and the resulting cytokine release is probably 

“primary”. Interestingly, the levels of TNFα, an early pro-inflammatory cytokine, are much 

higher relative to the other cytokines after 4h compared to 24h inflammatory stimuli 

exposure, where “secondary cytokines” are likely to contribute (Table 1 and 2). 

The macrophage models allow for investigation of cells relevant for the lungs and 

inhalation exposure, while WBA is relevant for whole body exposure. The relevant 

concentrations of DBP are in approximately the same range for lung and systemic exposure, 

but for systemic exposure the concentrations are slightly lower (0.001-1µM) compared to 

inhalation exposure (0.1-10µM) (Högberg et al., 2008, Guo et al., 2010, Genuis et al., 2012, 

Bølling et al., 2013). However, there are some uncertainties regarding these values. The 

serum concentrations of DBP are based on only three studies and the phthalate exposure is 

shown to vary considerably between different populations, as reflected in high variation in 

urinary DBP concentrations (Clark et al., 2011). Also, the concentrations of DBP in lungs are 

only based on rough estimates.  

In the current study, the cytokine-release from whole blood and sputum macrophages 

was decreased due to DBP exposure for some stimuli and cytokines, while monocyte-derived 

macrophages were not sensitive to DBP. Thus, the cell models varied in their sensitivity to 

DBP. The significant effects were observed at in a range of DBP concentrations relevant for 

both inhalation and systemic exposure (0.01-10µM). Hence, the sensitivity was within the 

same range for the models or endpoints that were sensitive to DBP-induced effects. The 

magnitude of the responses to DBP exposure was also rather similar between whole blood and 

sputum macrophages. For both models, cytokine release was decreased approximately 25-

45% after DBP exposure between 0.01 and 10µM. Thus, the sensitivity of the systems is in 

the same range for both model systems, however not for all the endpoints since only some 

stimuli and cytokines were sensitive to the effects of DBP within the model systems. 
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4.4 Future research 

Since DBP exposure was indicated to cause cytotoxicity in DBP and P/I-stimulated 

whole blood, it would be interesting to obtain more cytotoxicity data for the whole blood 

stimulated with DBP and P/I, but also the LPS and R848-stimulated cells for potential 

cytotoxic effects of DBP. Flow-based measurements could be used to further investigate the 

possible cytotoxic effects of DBP. It would also be interesting to determine the origin of the 

cytokine releases of the whole blood with flow cytometry analyses using antibodies for 

surface markers and cytokines, such as previously done for peritoneal macrophages  (Li et al., 

2013). 

Phagocytosis in whole blood was not affected by DBP-exposure, but it would be of 

interest to investigate whether DBP would affect the phagocytic abilities of the macrophage 

models. Interestingly, DBP has previously been reported to affect the phagocytic capacity of 

mature murine macrophages (Li et al., 2013). A possible implication of impaired 

phagocytosis in the airway macrophages would be a reduced ability to clear away dead cells 

or triggering the defense systems against pathogens, which is crucial for the lung immune 

function.  

In addition, the molecular mechanisms accounting for the effects of DBP should be 

further investigated. It has been suggested that activation of the peroxisome proliferator-

activated receptor (PPAR) may be involved in the inhibitory effects of DBP (Li et al., 2013). 

Unfortunately, as there were many problems with the WBA during the current study, it was 

not possible to study the involvement of PPAR. Nonetheless, an agonist of PPARγ was 

investigated for its effect on sputum, but it did not have an effect on the cytokine release (data 

not shown). 

The applied exposure-time was relatively short (24h with DBP), compared to the 

likely in vivo situations where exposure to phthalates is known to be a chronic condition. 

Thus, longer exposure times could have been more realistic, but the applied models would 

probably not be suited for long-time exposure as the primary cells are only viable outside the 

body for a limited time. However, for the monocyte-derived macrophages, it would have been 

interesting to expose the cells during the 7 days of differentiation into macrophages, as this is 

a more likely scenario for chronic exposure in the body. Exposure to DEHP during 

differentiation has been studied for mouse PBMC-derived dendritic cells and it was found that 

through surface markers that DEHP inhibited differentiation into dendritic cells, while its 
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metabolite MEHP did not affect the differentiation (Ito et al., 2012). Also, DBP accelerated 

the PMA-induced differentiation of THP-1-derived macrophages (Olderbø, 2015). 
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5 Conclusion 

In line with our hypothesis, the different cell models were found to vary in their 

sensitivity to DBP. However, for the endpoints affected by DBP, the responses were seen in 

the same concentration range. For WBA, exposure to DBP reduced the release of cytokines 

linked to both Th1, Th2 and pro-inflammatory responses, pointing towards negative effects of 

DBP on a range of immune cells. In sputum macrophages, the TNFα release was decreased 

after DBP exposure, which may imply impaired macrophage functionality.  

These data demonstrate that DBP may impair the immune response of blood immune 

cells and airway macrophages at concentrations relevant for human exposure in daily life. 

However, it is difficult to interpret the results in relation to asthma and allergy-related effects 

reported in epidemiological studies. Thus, further research is necessary to clarify these 

aspects.  
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Appendix 1: Excluded sputum subjects 

In total 6 participants were excluded from the sputum analyses based on 3 criteria: 

a) Participants had cold symptoms during or immediately after sample collection.  

b) Their sputum TCC was less than 1million or the viability was less than 50% 

c) There was an abnormal distribution of cell populations (e.g. high neutrophil numbers) 

 

The characteristics of the excluded subjects in category b) and c) are shown in Table 

A1 - 1. The difference in TNFα release between the producers and the excluded subjects is 

shown in Figure A1 - 1. The release of TNFα from the producers shows a clear trend, while 

the excluded subjects produced less TNFα and the cells did not respond consistently to LPS or 

DBP exposure. This is in support of the exclusion criteria. The subjects excluded according to 

category a) also showed inconsistent responses to LPS and DBP (data not shown). 

 

Table A1 - 1: Details of excluded sputum subjects. Characteristics of participants labelled as sputum non-producers and 

participants with abnormal samples. The TNFα results based on the individuals from this table can be observed in Figure A1 

- 1 b and d. Details of the subjects who had cold symptoms during or immediately after sputum sampling is not shown and 

not included in the appendix figure. F = female, M = Male. Yr = years of age 

Characteristics of the excluded individuals 

Number 4 

Sex (F/M) 2/2 

Age (Yr) mean 22.75 

Age (Yr) (lowest/highest) 21/25 

Current smokers 0 

Chronic disease 0 

Current medicinal users 0 

Airway disease, asthma, allergies 1* 

Recent cold 2’ 

Pregnancy 0 
* skinrash reacting to certain chemicals 

‘ mild colds within the past 4 weeks 
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Figure A1 - 1: Raw and normalized data of TNFα release comparing sputum producers vs non-producers and 

abnormal samples. Release of TNFα, in the pre-exposure regime, from human sputum macrophages exposed to DBP (0.01-

100µM) for 24h and LPS (0 or 100ng/mL) the last 4h of DBP exposure. Comparison of TNFα release from; a and c) sputum 

producers (n = 4) and b and d) non-producers and abnormal sample (one non-producer sample did not contain any immune 

cells, therefore n = 3, instead of 4 as in Table A1 - 1). Supernatants were collected and analyzed by sandwich ELISA for the 

release of TNFα. All data were normalized in a 2-step manner for each stimulation (with or without LPS), as described in 

section 2.5.1. Data of the TNFα release for producers is also shown in Figure 12. Data presented as single experiments. 

*indicates significant differences compared to DMSO control (two-way ANOVA with Bonferroni post-test performed on the 

2-step normalized data, p <0.05).  
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Appendix 2: Dilutions and concentrations 

In this appendix the calculations for concentrations and dilutions of DBP is first 

explained, followed by the calculations regarding the three stimuli used for WBA, and then 

the LPS used in the sputum and monocyte-derived macrophage studies. 

The “main stock” refers to the frozen stock for storage of stimuli that was further 

diluted for cellular exposure if necessary. After the main stock concentration, the dilutions for 

cell culture exposures are explained, followed by the volume added to each cell culture well 

and the resulting concentration of the stimuli in the well.  

 

A - DBP stock concentration used for all three model systems 

50 000µM DBP: 

6.62µL from DBP vial + 500µL DMSO 

5 000, 500, 50, 5µM from 10-fold dilutions in DMSO (225µL DMSO + 25µL of previous 

DBP stock) 

 

B - Stock concentrations for WBA (1000µL per well) 

In all WBA experiments 1000µL diluted blood was used in each well 

 

B.1 – PMA and ionomycin 

PMA stock concentration 

Concentration of main stock (in DMSO): 0.5µg/µL = 500µg/mL 

Stock 1- 10x dilution of main stock (2µL main stock + 18µL Complete medium I)50µg/mL 

Stock 2 - 2x dilution of stock 1 (10µL Stock 1 + 10µL Complete medium I)  25µg/mL 

Add 1µL Stock 2 to well  25ng/mL 

 

Ionomycin stock concentration  

Concentration of main stock (1mg from Ionomycin vial + 1mL DMSO)  1mg/mL = 1µg/µL 

Add 1µL main stock to well 1µg/mL 
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PMA stock 1 and ionomycin main stock were mixed 50/50 and 2µL were added into 

wells with 1mL 

 

B.2 - R848 stock concentration  

Concentration of main stock (5mg from R848 vial + 1.6mL DMSO)  3140µg/mL  

Stock 1 – 10x dilution main stock (1µL main stock + 9µL DMSO)  314µg/mL 

Add 1µL stock 1 to well 0.314µg/mL = 1µM (R848 molar mass = 314g/mol) 

 

B.3 - LPS stock concentration 

Concentration of main stock (10mg from LPS vial + 12.5mL RPMI) 0.8mg/mL 

Stock 1 – 8x dilution main stock (4µL main stock + 32µL RPMI)  0.1mg/mL 

Add 1uL of stock 1 to well  0.1µg/mL 

 

C – Stock concentrations for sputum (250µL per well) 

LPS stock concentration 

Concentration of main stock: 1mg/mL 

 

Alternative A (dilutions used for LPS concentration effects): 

Stock 1 - undiluted main stock 1mg/mL  

Add 2.5µL main stock to well   10µg/mL in well 

Stock 2 - 10x dilution of main stock  (3µL stock 1 + 27µL Complete medium II)  0.1mg/mL 

Add 2.5µL Stock 2 to well   1µg/mL in well 

Stock 3 - 10x dilution of stock 2 (3µL stock 2 + 27µL Complete medium II)  0.011mg/mL 

Add 2.5µL Stock 3 to well    0.1µg/mL in well 

 

Alternative B (dilutions used for DBP effects): 

Stock 3 - 100x diluted main stock      (1µL main stock + 99µL Complete medium II)  10µg/mL 
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Add 2.5µL Stock 3 to well   0.1µg/mL in well 

 

D - Stock concentrations for monocyte-derived macrophages (100µL per well) 

LPS stock concentration 

Concentration of main stock: 1mg/mL 

Stock 1 - 1000x diluted main stock    (1µL main stock + 1000µL Complete medium I)  1µg/mL 

Stock 2 - 5x diluted stock 1               (100µL Stock2 + 400µL Complete medium I)  0.2µg/mL 

 

Add 1µL Stock 2 to well  2ng/mL 

Add 5µL Stock 2 to well  10ng/mL 

Add 10µL Stock 2 to well  20ng/mL 
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Appendix 3: Concentration effects of 

inflammatory stimuli in the three models 

Following are two sections about the concentration dependent effects of the inflammatory 

stimuli in the three model systems. Section A shows the cytokine release for different stimuli 

concentrations in all three model systems, while section B shows the viability as tested with 

the Alamar blue assay for sputum and monocyte-derived macrophages only. 

A) Cytokine release 
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Figure A3 - 1: Normalized cytokine release in WBA for different concentrations of LPS. Release of TNFα, IL10 and 

IFNγ from human whole blood exposed to DMSO for 24h and LPS (0, 10, 100 or 800 ng/mL) the last 4h of exposure. 

Supernatants were collected and analyzed by sandwich ELISA for the release of cytokines. All data were normalized in a 2-

step manner for each cytokine, as described in section 2.5.1. Raw data are presented in Appendix Figure A3 - 2. Data 

presented as mean ± SEM, (n = 3). *indicates significant differences compared to control without LPS exposure (two-way 

ANOVA with Bonferroni post-test performed on the 2-step normalized data, p <0.05).  
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Figure A3 - 2: Raw and normalized data of cytokine release in WBA for different concentrations of LPS. This graph 

shows raw and normalized data as single experiments. Please refer to figure legend of Figure A3 - 1 for experimental details. 
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Figure A3 - 3: Normalized cytokine release in sputum macrophages for different concentrations of LPS.  Release of 

TNFα, IL1β, IL8 and IL6 from human sputum macrophages exposed to DMSO for 24h and LPS (0, 0.1, 1 or 10µg/mL) the 

last 4h of exposure. Supernatants were collected and analyzed by sandwich ELISA for the release of cytokines. All data were 

normalized in a 2-step manner for each cytokine, as described in section 2.5.1. Raw data are presented in Figure A3 - 4. Data 

presented as mean ± SEM, (n=4). *indicates significant differences compared to control without LPS exposure (two-way 

ANOVA with Bonferroni post-test performed on the 2-step normalized data, p <0.05).  
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Figure A3 - 4: Raw and normalized data of cytokine release in sputum for different concentrations of LPS. This graph 

shows raw and normalized data as single experiments. Please refer to figure legend of Figure A3 - 5 for experimental details. 
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Figure A3 - 5: Normalized cytokine release in monocyte-derived macrophages for different concentrations of LPS. 

Release of TNFα, IL8 and IL6 from human monocyte-derived macrophages, exposed to DMSO for 24h and LPS (0, 2, 10 or 

20ng/mL) the last 4h of exposure. Supernatants were collected and analyzed by CBA and flow cytometry for the release of 

cytokines. All data were normalized in a 2-step manner for each cytokine, as described in section 2.5.1, but controls below 

LOD (for TNFα and IL6) were set to their respective LOD-values before normalization. Raw data are presented in Appendix 

Figure A3 - 6. Data presented as mean ± SEM, (n = 3) (two-way ANOVA with Bonferroni post-test performed on the 2-step 

normalized data, p <0.05).  
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Figure A3 - 6: Raw and normalized data of cytokine release in monocyte-derived macrophages for different 

concentrations of LPS. This graph shows raw and normalized data as single experiments. Please refer to figure legend of 

Appendix Figure A3 - 5 for experimental details. 
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B) Alamar Blue 
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Alamar blue viability assay was not performed on this model system 
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Figure A3 - 7: Raw and normalized data of Alamar Blue fluorescence in sputum macrophages for different 

concentrations of LPS. Viability of human sputum macrophages was assessed by Alamar blue assay. Sputum exposed to 

DBP (0.01-100µM) for 24h and LPS (0, 0.1, 1 or 10µg/mL) the last 4h of DBP-exposure. Plates were incubated at 37°C for 

60min with Alamar blue and fluorescence was recorded on a CLARIOstar plate reader (ex 530-560nm, em 590nm). The data 

were normalized in a 2-step manner as described in section 2.5.1. From the left: normalized data presented as mean ± SEM, 

raw data and normalized data presented as single experiments (n=3) (one-way ANOVA with Dunnett’s post-test performed 

on the 2-step normalized data, p <0.05).  
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Monocyte-derived macrophages 
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Figure A3 - 8: Raw and normalized data of Alamar Blue fluorescence in monocyte-derived macrophages for different 

concentrations of LPS. Viability of human monocyte-derived macrophages was assessed by Alamar blue assay. Monocyte-

derived macrophages exposed to DBP (0.01-100µM) for 24h and LPS (0, 0.1, 1 or 10µg/mL) the last 4h of DBP-exposure. 

Plates were incubated at 37°C for 60min with Alamar blue and fluorescence was recorded on a CLARIOstar plate reader (ex 

530-560nm, em 590nm). The data were normalized in a 2-step manner as described in section 2.5.1. From the left: 

normalized data presented as mean ± SEM, raw data and normalized data presented as single experiments (n=2) (one-way 

ANOVA with Dunnett’s post-test performed on the 2-step normalized data, p <0.05).  
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Appendix 4: Problems with WBA 

A) What was the problem with WBA and how did we try to solve it? 

a) Black and white «lumps» in the wells exposed to P/I were observed in the WBA 

experiments performed in Norway only (Figure A4 - 1), while no «lumps» were 

observed during similar experiments in Canada. No «lumps» were seen in control 

wells. On closer inspection using light microscopy, the «lumps» were found to be 

aggregates of dead red blood cells (Figure A4 - 2). 

 Aggregates did not appear for all individuals/experiments.  

 

b) High TNFα levels in un-stimulated controls 

 Did not appear for all individuals/experiments.  

 

Figure A4 - 1: Image of black and white «lumps» in P/I wells of WBA. In the picture, «lumps» are viewed from 

underneath the cell culture plates. The amount of «lumps» varied between different wells and also between different 

experiments. Here more severe «lumps» are visible in the top right corner, while wells on the left-hand side seem unaffected 

(all wells were exposed to P/I).  

 

 

 

 

 

 

 

Figure A4 - 2: Light microscopy image of black/white lumps in P/I wells of WBA. Left: Aggregates of dead red 

blood cells in WBA wells after 24h pre-exposure to DBP and 4h P/I challenge (20x magnified). Right: normal 

appearance of blood cells 
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What was done to solve the problem: 

1. Tested and compared different Biological Safety Cabinets, laboratories and incubators 

2. Washed and repaired Biological Safety Cabinets 

3. Sterile filtered all reagents 

4. Purchased and applied new reagents:  

– New RPMI  

– New ionomycin dissolved in ethanol and in DMSO 

– New FCS 

i. Thawed new FSC 3x 

ii. FCS from Oslo University Hospital 

iii. Bought heat-inactivated FCS from ThermoFisher (as previously 

used in Canada). TNFα levels in controls went down to «normal» 

range (< 5pg/mL). 

5. ± Gentamicin 

6. Tested for bacterial growth and mycoplasma 

7. «Imported» vacutainers originally used in Canada which had slightly more heparin, in 

case a small decrease in coagulation could be the cause of formation of the «lumps» 

(Canadian vacutainers: BD, New Jersey, USA. Norwegian vacutainers: BD Plymouth, UK) 

8. Volume in wells: 

o Test 1: 750µL was OK – no black or white «lumps» 

o Test 2: 1mL and 900µL was OK, 600-800µL had small white 

aggregates (= very small «lumps») (see Figure A4 - 3 and Figure A4 - 5 

for ELISA and Alamar blue results below) 

9. Different blood dilutions 

10. Other types of cell culture plates 

 

Conclusions:   

 The high TNFα levels were caused by the FCS from NIPH 

 We could not find a consistent solution for the «lump-problem». Nothing can be 

performed under the exact same conditions in two different locations, because it is 

inevitable that small factors will differ from lab to lab, and country to country. A 

possible explanation for the «lump» formation could be that some factors are just a 

little bit different in the experiments in Norway compared to Canada (e.g. air 

humidity, reagents, incubator, etc.), causing the Norwegian experiments to differ 

slightly and with the blood reacting to some factor that was not present in Canada  
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B) Does the blood volume in the well affect the problem? 

Following are the subject characteristics and analyses performed for WBA in Norway. 

The overall results are summarized above. In addition, results are included below for the 

release of TNFα for different volumes of blood (600-900µL) and viability as determined by 

an Alamar blue assay. To summarize, the effects of DBP varied with the volume in the cell 

culture wells. For the highest volumes of blood, the response in TNFα release was similar to 

the responses observed in the experiments in the main results for 1000µL, Figure 12. 

 

Study population 

Blood was collected in total from 7 volunteers in Norway, but 4 participants were not 

included in any figures due to the previously mentioned issues with establishing the assay in 

Norway. Thus, only data from 3 subjects sampled in Norway are displayed in the following 

figures of this appendix, while the subject characteristics are shown in Table A1 - 1. The 

subjects were healthy people between 25 and 50 years old. All the participants filled in a 

questionnaire with their current medicinal use, if they were smokers or had a cold the last 4 

weeks or if they suffered from asthma or other medical conditions. 

 

 

* childhood asthma 

Table A4 - 1: Details of subjects from pre-exposed WBA in Norway. The results based on the individuals from 

this table can be observed in all the figures in appendix 4 (n = 3), Abbreviations: F= female, M = Male. Yr = years 

of age 

Characteristics of the WBA participants  

 Pre-exposure Norway 

Number 3 

Sex (F/M) 1/2 

Age (Yr) mean 30.67 

Age (Yr) (lowest/highest) 25/40 

Current smokers 0 

Any chronic diseases 0  

Current medicinal users 0 

Asthma 1* 

Recent cold 0 

Pregnancy 0 
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Figure A4 - 3: Normalized TNFα release in WBA after pre-exposure to DBP and P/I challenge for different volumes 

of blood. Release of TNFα in the pre-exposure regime, from 4x diluted human whole blood (600-900µL) exposed to DBP 

(0.01-100µM) for 24h and PMA and ionomycin (25ng/mL and 1µg/mL, respectively) for the last 4h of DBP exposure. 

Supernatants were collected and analyzed by ELISA for the release of cytokines. All data were normalized in a 2-step 

manner for each volume of blood, as described in section 2.5.1. Raw data are presented in Appendix Figure A4 - 4. Data 

presented as mean ± SEM, (n=3). * indicates significant compared to respective control (2-way ANOVA). If only the data for 

900µL were analyzed with a one-way ANOVA, the TNFα release was significantly decreased for all the DBP concentrations. 
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Figure A4 - 4: Raw and normalized data of TNFα release in WBA after pre-exposure to DBP and P/I challenge for 

different blood volumes. This graph shows raw and normalized data as single experiments. Please refer to figure legends of 

Figure A4 - 3 for experimental details.  
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Alamar blue normalized data

Volume (l)

F
lu

o
re

s
c
e
n
c
e
 (

%
 o

f 
c
o
n
tr

o
l)

600 700 800 900
0

50

100

150

**

DMSO

0.01M DBP

0.1M DBP

1M DBP

10M DBP

100M DBP

 

Figure A4 - 5: Normalized data of Alamar blue fluorescence for WBA after pre-exposure to DBP and P/I challenge 

for different blood volumes.  Viability of human whole blood (600-900µL) was assessed by Alamar blue assay. Whole 

blood exposed to DBP (0.01-100µM) for 24h and LPS (0, 0.1, 1 or 10µg/mL) the last 4h of DBP-exposure. Plates were 

incubated at 37°C for 60min with Alamar blue and fluorescence was recorded on a CLARIOstar plate reader (ex 530-560nm, 

em 590nm). The data were normalized in a 2-step manner as described in section 2.5.1. Data presented as mean ± SEM, 

(n=3) *indicates significant differences compared to DMSO control (two-way ANOVA with Bonferroni’s post-test 

performed on the 2-step normalized data, p <0.05).  
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Figure A4 - 6: Raw and normalized data of Alamar blue fluorescence in WBA after pre-exposure to DBP and P/I 

challenge for different blood volumes. This graph shows raw and normalized data as single experiments. Please refer to 

figure legend of Figure A4 - 5for experimental details. 
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Appendix 5: Phagocytosis assay gating 

strategies 

 

The gating of the cell and Zymosan populations was performed in the FCS and 

pHrodo green (FITC) dotplot. Three separate gates were used to identify; positive cells that 

had phagocytosed Zymosan, negative cells that had not phagocytosed Zymosan and negative 

Zymosan that had not been taken up by cells and therefore displayed low fluorescence. These 

gates were determined based on the three control samples (i) a negative control with only 

cells (C1), (ii) negative control with only Zymosan (Z1) and (iii) positive control with 

Zymosan and phagocytic immune cells (1). The gating was adjusted for each individual to 

obtain a minimal overlap between the three different cell / Zymosan populations, and is 

illustrated in Figure A5 – 1.  

 

Figure A5 - 1: Gating strategies in phagocytosis assay. Gating into positive cells (positive Zymosan), negative cells and 

negative Zymosan for the three control samples; a negative control with only cells (Subject 7_C1; left), negative control 

with only Zymosan (Subject 7_Z1, middle) and positive control with Zymosan and phagocytic immune cells (Subject 

7_1; right). The gating was adjusted for each subject to obtain a minimal overlap between the three different cell / 

Zymosan populations. 
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Appendix 6: Incubation time for Alamar Blue 

To determine the optimal incubation time for the Alamar Blue assay, the fluoresence was 

determined at several time points in initial experiments for the sputum and monocyte-derived 

macrophages. The data are plotted in two ways to illustrate the change in fluorescence with 

increasing incubation time (Figure A6 - 1, left) or how the effect of the different treatments 

differed for the different incubation times (Figure A6 - 1, right).  

For sputum, the change in fluorescence was greatest between 30 and 60min, but from 60 to 

120min the increase in fluorescence seemed to decline and flatten out. Thus, there was still 

sufficient substrate available at 60min. The difference between the treatments seemed to 

decrease for increasing incubation time. Therefore, 60min incubation time was chosen. The 

same trends were observed for monocyte-derived macrophages, but not as clear (data not 

shown). Nevertheless, 60min was chosen.   
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Figure A6 - 1:  Alamar blue fluorescence in sputum macrophages relative to incubation time.  Lung immune cells from 

sputum were exposed to DBP (0-100µM) and 100ng/mL LPS in the pre-exposure regime (n=1). The Alamar Blue 

Fluorescence was determined after incubation times between 30 and 120min. The data were normalized by 1-step normalized 

(% of control) in two different ways, either relative to the 30min control well (left) or to the control well at the respective 

time (right). 
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Appendix 7: Raw and normalized single data 

in the three model systems 
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Figure A7 - 1: Raw data of cytokine release in WBA after combined exposure to DBP and inflammatory stimuli. This 

graph shows raw data as single experiments. Please refer to figure legend of Figure 11 for experimental details. 
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Figure A7 - 2: Normalized data of cytokine release in WBA after combined exposure to DBP and inflammatory 

stimuli. This graph shows normalized data as single experiments. Please refer to figure legend of Figure 11 for experimental 

details. 
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Figure A7 - 3: Raw and normalized data of cytokine release in WBA after exposure to DBP alone for 24h. This graph 

shows raw and normalized data as single experiments for whole blood exposed to no inflammatory stimuli. Please refer to 

figure legend of Figure 11 for experimental details.  
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Figure A7 - 4: Raw data of cytokine release in WBA after pre-exposure to DBP and inflammatory stimuli challenge. 

This graph shows raw data as single experiments. Please refer to figure legend of Figure 12 for experimental details. 
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Figure A7 - 5: Normalized data of cytokine release in WBA after pre-exposure to DBP and inflammatory stimuli 

challenge. This graph shows normalized data as single experiments. Please refer to figure legend of Figure 12 for 

experimental details. 
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Figure A7 - 6: Raw and normalized data of effect of DBP on Zymosan phagocytosis in WBA. This graph shows raw and 

normalized data as single experiments. Please refer to figure legend of Figure 13 for experimental details. 
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Figure A7 - 7: Raw and normalized data of cytokine release in sputum after pre-exposure to DBP and LPS challenge. 
This graph shows raw and normalized data as single experiments. Please refer to figure legend of Figure 15 for experimental 

details. 
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Figure A7 - 8: Raw and normalized data of Alamar blue fluorescence in sputum after pre-exposure to DBP and LPS 

challenge. This graph shows raw and normalized data as single experiments. Please refer to figure legend Figure 16 for 

experimental details. 
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Figure A7 - 9: Raw and normalized data of cytokine release in monocyte-derived macrophages after pre-exposure to 

DBP and LPS challenge. This graph shows raw and normalized data as single experiments. Please refer to figure legend of 

Figure 18 for experimental details. 
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Figure A7 - 10: Raw and normalized data of Alamar blue fluorescence in monocyte-derived macrophages after pre-

exposure to DBP and LPS challenge. This graph shows raw and normalized data as single experiments. Please refer to 

figure legend of Figure 19 for experimental details. 

 

 

 


