
 

 

 

 

 

 

 

 

Humpback whale cell lines as an in vitro tool for 
toxicity assessment 

 

 

Michael Burkard 

BSc, Environmental Sciences  

MSc, Ecotoxicology 

 

 

Environmental Futures Research Institute 

 School of Environment 

Griffith University 

 

Submitted in fulfilment of the requirements of the degree of 

Doctor of Philosophy 

September 2016 

  



2 
 

 

Migrating humpback whales (sampling campaign 2014) 
 
  



3 
 

Abstract 
Persistent Organic Pollutants (POPs) are predominantly anthropogenically-derived 

chemicals, characterized by their persistence, toxicity, capacity for bioaccumulation 

and tendency for long-range environmental transport. They have been observed at 

elevated concentrations in polar environments and biota, including Antarctic foraging 

humpback whales (Megaptera novaeangliae). Southern hemisphere humpback 

whales are highly dependent on lipid reserves accumulated during summer feeding 

to sustain their seasonal migration and associated period of voluntary fasting, the 

longest known in any mammal. This extreme life-history behaviour has been 

observed to result in a dramatic increase in blubber POP concentrations and 

presumed circulating lipophilic POP burdens during times of negative energy 

balance. Toxicological investigations of the effect of circulating POP burdens are, 

however, constrained by logistical challenges associated with large cetacean 

research, and the limitations of existing non-lethal research approaches. This thesis 

research was designed to develop a humpback whale derived fibroblast cell culture 

for species-specific assessment of the toxicological impact of priority POPs and other 

potential stressors. 

Skin biopsies of free-swimming humpback whales were used to isolate primary 

fibroblasts. From these fibroblasts, two cell lines stemming from individual whales, 

designated as HuWa1 and HuWa2, were successfully established. The cells exhibit 

stable chromosome numbers and are maintained using standard mammalian cell 

culture procedures. Exposure to p,p’-DDE, one of the priority compounds found in the 

blubber of southern hemisphere humpback whales, revealed concentration-

dependent reduction in cell viability in terms of cell membrane integrity and 

distinctively different sensitivity compared to exposure of primary human dermal 

fibroblasts. 

Mammalian cells undergo a limited number of proliferation cycles before cellular 

senescence occurs. To extend the life span of HuWa 1 and 2 wild-type cells, two 

approaches were applied In particular, these were transfection with plasmids 

encoding the simian virus large T antigen (SV40T) and telomerase reverse 

transcriptase (TERT). Whereas SV40T transfection resulted in no stable expression, 

HuWaTERT actively expressed telomerase and proliferated faster than wild-type cells, 

to date, HuWaTERT  have been propagated 35 passages.  
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HuWaTERT were further examined for the potential expression of immune relevant 

markers. Treatment with different immune stimuli, such as the medium of immune 

activated macrophages, revealed that HuWaTERT are immune competent and up-

regulate expression of selected immune markers.  

Multiplexed cytokine microarray analysis exhibited a broad detection of over 200 

targets in protein extracts of HuWa cell lines and humpback whale skin. Using gene 

ontology to screen for functional annotations and over-represented processes, 

specific stimuli-dependent immune profiles were detected. The profile of HuWawild-type 

treated with lipopolysaccharide directly correlated with the expected biological 

processes, which are targeted upon immune stimulation. Analysis of one humpback 

whale skin biopsy, which was known to have elevated POP levels compared to 

average POP concentrations measured in southern hemisphere humpback whales, 

over-expressed functional annotations associated with chemical exposure.  

Amongst POPs, hexachlorobenzene (HCB) dominates the Southern Ocean food web 

and humpback whale contaminant profiles. However, its inherent physico-chemical 

properties, including low water solubility, currently hinder application of solvent-based 

peak dosing and assessment via routine in vitro toxicological approaches. As such, a 

passive dosing system was established by loading silicone O-rings with HCB, to 

serve as a chemical reservoir and to produce stable concentrations in the cell culture 

medium. Applying this exposure approach to HuWaTERT cells revealed significant 

reduced cell attachment, which was assessed by cell metabolic activity. 

Overall, this work provides a species-specific methodological development, which 

enables evaluation of humpback whale-specific molecular characteristics and cellular 

sensitivity to environmental stressors.  
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1.1  Anthropogenic impact on large cetaceans 

Cetaceans are marine mammals, categorized in the suborders odontoceti (toothed 

whales) and mysticeti (baleen whales). Herein, baleen whales are dominated by 

large species, while odontoceti, encompass many smaller species such as dolphins 

and porpoises. During the last centuries, the majority of the baleen whale species 

were exploited by commercial whaling, which resulted in significantly reduced 

abundances of these species (Clapham et al., 1999). While many species recovered 

well, others such as the blue, fin or sei whales remain endangered (IUCN, 2012).  

Currently, there are various risks that can potentially impact these large marine 

mammals. Natural hazards, such as predation of calves or parasites are less of 

concern compared to anthropogenic impacts. Direct anthropogenic threats are ship 

collisions, entanglements during fishing or exploration of offshore fossil fuels 

(Clapham, 1996, Fleming and Jackson, 2011). Indirect hazards include climate and 

oceanographic changes, noise, garbage, marine debris (e.g. plastic), spillage and 

exposure to contaminants such as Persistent Organic Pollutants (POPs) (TSSC, 

2015, Hunt et al., 2013). 

POPs are predominantly man-made chemicals and omnipresent environmental 

contaminants. The production and use of POPs is monitored and regulated by the 

Stockholm Convention, a global treaty incorporated by the United Nations 

Environment Program since 2001 (UNEP, 2001). In order to be recognized by the 

Convention as a POP, a chemical must fulfil four defining criteria: environmental 

persistence, toxicity, tendency for bioaccumulation and capacity for Long Range 

Environmental Transport (LRET). The LRET characteristic of POPs leads to an 

extremely wide spatial distribution of these contaminants. The semi-volatile nature of 

many POPs makes the atmospheric pathway the main LRET pathway, which is 

driven by temperature dependent volatilization and deposition. Consequently, POPs 

are transported along latitudinal and altitudinal gradients through sequential cycles of 

volatilisation and deposition. These chemicals are long-term deposited and trapped 

at high latitude environments (Aguilar et al., 2002, Wania and Westgate, 2008), and 

thus, Arctic and Antarctic regions are major environmental sinks (Corsolini, 2009).  

Polar environments have a low content of organic substrates, which leads to low 

retention capacities for POPs (Wania and MacKay, 1996), and a lipid-dependent drift 
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into the marine polar ecosystem. The presence of POPs has been evidenced in 

Arctic and Antarctic environments, and appearance has been established in 

phytoplankton (Chiuchiolo et al., 2004, Bidleman et al., 1989), zooplankton (Fisk et 

al., 2001b, Bengtson Nash et al., 2008) and higher trophic level mammals, including 

seals and cetaceans (Corsolini, 2009, Bard, 1999). POPs biomagnify along the arctic 

marine food webs (Fisk et al., 2001a, Borgå, 2004). The physico-chemical property of 

high lipophilicity of POPs places long-lived cetaceans, which naturally carry large 

lipid reserves, at a high risk of accumulating toxic levels of these contaminants. 

1.2 Southern hemisphere humpback whales (Megaptera 
novaeangliae) 

Humpback whales are large baleen whales (filter-feeding), belonging to the order of 

Cetacea and family of Balaenopteridae. Despite hunting to near extinction in the 

1950’s and 60’s, humpback whales are currently widely distributed in all oceans. 

Individuals from the southern hemisphere (SH) are slightly bigger compared to 

animals living in the northern hemisphere, and also undertake longer migration 

movements (Filatova et al., 2013, Witteveen BH, 2011). 

In the SH, 7 different humpback whale stocks are recognized, which are 

characterised by the location of their feeding and breeding habitats (Acevedo et al., 

2007). The International Whaling Commission (IWC) describes two populations 

inhabiting Australian waters, population stock D, migrating along the western 

Australian coastline and population stock E1, migrating close to the eastern 

coastline.  

The Southern Ocean food web is comparatively simple in structure, and most 

predators are directly or indirectly dependent upon the keystone species, Antarctic 

krill (Euphausia superba), which is most abundant during the Australian summer. 

Based on the dependency upon the seasonal productivity of Antarctic krill, SH 

humpback whales have evolved the most extreme mammalian life history known in 

any mammal (Constantine et al., 2014). Following intensive high-latitude feeding in 

Antarctica, SH populations migrate to low-latitude breeding and calving grounds in 

warmer tropical waters (Fig. 1.1). The annual migration takes up to 9 months and 
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10.000 km, and is believed to be associated with the longest known voluntary periods 

of fasting (6-9 months) in mammals (Zerbini et al., 2006). 

Figure 1.1 Humpback whale migration 

To cover the high-energy demands needed for migration, parturition and lactation, 

SH humpback whales accumulate enormous amounts of lipid stores, mainly in the 

form of triglycerides (Kawamura, 1994, Murase et al., 2002). Synthesis of blubber is 

a physiological adaptation to regulate buoyancy, thermal insulation, and sustain 

migration (Worthy and Edwards, 1990, Koopman et al., 2002). During the long-term 

migration and fasting period, individuals deplete lipid-rich adipose-reserves and thus, 

lose up to 25% of their body mass (Witteveen BH, 2011). To fulfil energy 

requirements, humpback whales rely on efficient summer feeding and high 

abundance of Antarctic krill. However, changing environmental conditions will directly 

impact the life of SH humpback whales. 

1.3 POPs in SH humpback whales 

The high body-fat proportion of humpback whales enables the animals to manage 

low temperatures, extreme migration and long fasting periods, however, white 

adipose tissue is also a deposition site for lipophilic contaminants (Mullerova and 

Kopecky, 2007). And thus, top predators such as humpback whales accumulate the 

highest loads of lipophilic contaminants (Aguilar et al., 2002). The most common 
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POPs in SH humpback whales are hexachlorobenzene (HCB), 

dichlorodiphenyltrichloroethane (DDTs), but also notable concentrations of 

hexachlorocyclohexane (HCHs), chlordanes, toxaphenes and cyclodienes were 

detected, with levels of polychlorinated biphenyls typically much lower than levels 

observed in the northern hemisphere (Bengtson Nash et al., 2013, Waugh, 2013). 

In general, the susceptibility to POP biomagnification is considered to be lower for 

baleen whales, such as the humpback whale, which is due to their lower position in 

the marine food web (Bengtson Nash, 2011). However, the extreme migration and 

feeding traits of humpback whales may lead to an elevated POP sensitivity. Their 

annual energy-demanding migration is associated with lipid depletion and 

concomitant increase of accumulated POP loads in remaining blubber.  

Recently it was shown, that accumulated POP blubber burdens increased 

enormously between early and late migration (Bengtson Nash et al., 2013). Lipid 

fluctuations in mammals are known to re-distribute and re-mobilise organic chemicals 

into the blood stream (La Merrill et al., 2013, Chevrier et al., 2000). In addition, this 

contaminant re-distribution occurs during a vulnerable stage of their annual cycle, 

since their fasting period is characterised by limited energy resources and deficits. 

Particularly, when females are pregnant and young calves are nursing, over-

proportionate high doses are transferred by lactation, which may amplify the 

toxicological risk (Aguilar and Borrell, 1994).  

DDTs and HCB are the chemicals found at the highest concentrations in the blubber 

of SH humpback whales (Bengtson Nash et al., 2013). Mammalian exposure with 

legacy POPs has been associated with neurobehavioral impairment, reproductive 

disorders, endocrine disruption, hepatic toxicity, cardiotoxicity, kidney damage and 

immunotoxicity. Further, these chemicals are considered as carcinogen for liver, 

ovary, breast, testicular and the central nervous system (USEPA, 2000, ATSDR, 

2013, IARC, 2001, ATSDR, 2002). Prenatal exposure can lead to impaired 

development of the neurological and reproductive system and teratogenesis (Mably 

et al., 1992). 
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1.4 Toxicological risk assessment of marine mammals 

Longevity, top position in the marine food web and high body-lipid content of 

cetaceans leads to an elevated toxicological risk of these species. During the last 

years, several studies reported contamination and associated toxic effects in 

cetacean species (e.g. Fossi et al., 2003, Alonso et al., 2012, Law et al., 2010). 

Comprehensive risk assessments can be derived from the fields of in vivo, in vitro, 

and in silico effect assessments (Fig. 1.2). For this, data regarding chemical 

structure, kinetics including biotransformation and detoxification, as well as in vivo / in 

vitro toxicity data are helpful. However, in vivo research on free-swimming marine 

mammals is difficult and thus limited. In the past, a number of studies have been 

used captive animals for effect assessments (e.g. Ramprashad and Ronald, 1977, 

De Swart et al., 1996, Thomas et al., 2005). 

Such work, however, is not possible with large, free-roaming cetaceans like 

humpback whales. Lethal methods such as those employed under the JARPA 

scientific whaling programs in the Southern Ocean are ethically questionable, 

particularly when adequate data can be acquired by non-lethal methods (Waugh and 

Monamy, 2016, Hunt et al., 2013). Given these inherent research limitations of the 

field, much focus has been placed on the development of in vitro toxicity approaches 

to fill research gaps for representative toxicological risk assessments. 

Figure 1.2 Research fields facilitating risk assessment in marine mammals (ideal 
scenario) (Weijs and Zaccaroni, 2016) 

are generally also in a constant state of flux. This is also

true for the methods, approaches and techniques used in
marine mammal toxicology, despite the legal and ethical

constraints when working with these animals. New and

emerging in vivo, in vitro as well as in silico research
opportunities abound in the field of marine mammal toxi-

cology, both in exposure studies as well as in effect studies.

A comprehensive understanding of contaminant classes,
profiles and fate over space and time can have a profound

influence on the design and interpretation of marine

mammal effect studies. This paper will provide a brief
overview of past and current in vivo, in vitro and in silico

research thereby stimulating future research opportunities

in this topic (Fig. 1).

Overview of In Vivo, In Vitro and In Silico
Research Directions in Marine Mammal
Toxicology

In Vivo Research

Following the protective guidelines and legislation for

marine mammals, in vivo research is uncommon in marine

mammals these days and is restricted mainly to collecting
samples in a minimally invasive to non-invasive way. In

the past, experiments using animals held in captivity were

performed in a limited number of occasions (Tillander
et al. 1972; Ramprashad and Ronald 1977; Van de Ven

et al. 1979; Reijnders 1986; Ross et al. 1996a, b; De Swart

et al. 1996; Thomas et al. 2005). These studies differ in a
number of ways such as the administration type (e.g. fish

from contaminated regions, spiked oils/fish), administered

dose which was more realistic in the more recent studies
(e.g. Reijnders 1986; Ross et al. 1996a, b) compared to the

older ones (e.g. Tillander et al. 1972; Ramprashad and

Ronald 1977) and general outcomes [fatalities were
recorded in Ramprashad and Ronald (1977)]. Nevertheless,

effects on the immune (Ross et al. 1996a, b; De Swart et al.
1996), sensory (Ramprashad and Ronald 1977) and

reproductive systems (Reijnders 1986) were found thereby

providing evidence that pollutants could be associated with
adverse effects. To our knowledge, similar experiments

were never performed using marine mammal species other

than pinnipeds and were not performed for any marine
mammal species in the last decade.

These days, in vivo research in marine mammals refers

mainly to sampling techniques rather than to exposure
experiments on animals in captivity. Blood and biopsy

sampling can be done in a minimally to non-invasive

manner both in animals in captivity as well as wild ani-
mals. Because blood and biopsy samples are often very

fresh, they are ideal samples for studies involving health

effect as well as chemical analysis. However, the majority
of the biomonitoring studies, i.e. studies focussing on

chemical analysis only, are still done using tissues of ani-

mals that were found dead on the beach or in fishing nets or
that had died naturally. Those studies can investigate sev-

eral types of pollutants in a wide array of tissues, but are

sometimes also perceived as biased and untruthful with
respect to the state of the population they are drawn from.

Although dead or stranded animals are not necessarily ill,

studies using tissues from traditionally harvested marine
mammals can target specific animals regarding age class,

gender or health status. Such studies, however, are obvi-

ously not classified as minimally to non-invasive (e.g.
Tilbury et al. 2002; Brown et al. 2014).

Fig. 1 Conceptual diagram of the different types of research that are
underlying risk assessment in marine mammals. a represents the
current situation in which results of in vitro research are difficult to
implement in in silico models. b represents the ideal scenario in
which all research types complement each other thereby facilitating
(I) a thorough interpretation and understanding of current and past
risks, as well as (II) an educated prediction and identification of risks
in the future

2 Arch Environ Contam Toxicol (2016) 70:1–8

123
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1.5 Non-destructive exposure and effect assessment 

In silico approaches rely on computational toxicology to assess, analyse, visualize 

and predict the toxicity of contaminants based on in vivo and in vitro data (Raies and 

Bajic, 2016). Due to the lack of data only few in silico methods are reported for whale 

toxicology, such as models for killer or beluga whales, to predict bioaccumulation of 

organic pollutants over lifetime and influence of biology (e.g. gender, age) (Weijs et 

al., 2014). However, quality of in silico marine mammal approaches is limited, and 

more species-specific data for contaminant fluctuation levels, detoxification or 

excretion rates are required (Weijs and Zaccaroni, 2016).  

One alternative to in vivo approaches is the use of biopsied tissues from live 

stranded animals (Boon et al., 1998). However, stranding events are rare, timely 

collection is frequently not possible, and necropsies are often limited by rapid 

decomposition (Wiley and Asmutis, 1995).  

Another option is mixed approach toxicity evaluation, which has been performed with 

biopsy extracts in order to establish, non species-specific, bioassays. For example, 

Jin et al. (2013a), loaded silicone discs with the chemical mixture found in blubber of 

dugong and applied to the CAFLUX bioassay which measures an endpoint for dioxin-

like chemicals. Bioassay approaches are often used as initial screening approaches 

(Weijs and Zaccaroni, 2016). 

However, the most commonly applied method for non-destructive exposure 

assessments in free-living marine mammals is biopsying of skin, blubber, blood, 

blow, urine or faeces (Fossi et al., 2006, Hunt et al., 2013). Dermal biopsies have 

been widely applied to measure burdens of organic chemicals or metals in marine 

mammals (e.g. Bengtson Nash et al., 2013, Waugh et al., 2014, Bachman et al., 

2014, Fossi et al., 2000, Wagemann et al., 1998). Biopsied tissues have further been 

applied in effect evaluation through e.g. investigation of contaminant-associated 

biomarkers (e.g. Waugh et al., 2011, Jauniaux et al., 2011, Nash et al., 2014, Fossi 

et al., 2008, Godard et al., 2004, Godard-Codding et al., 2011).  

Further, it is possible to use biopsy slices and expose these ex vivo to contaminants, 

in order to assess molecular biomarkers (Godard et al., 2004). Overall, dermal 

biopsies are convenient to monitor POP contaminant levels, seasonal fluctuations 

and expression of biomarker responses. Nevertheless, obtaining fresh biopsies for 
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each investigation is cost intensive. In addition, biopsied tissues often differ in 

structure and composition, which results in high variability depending on species, 

gender, age, diet, season or genetic polymorphism (Hellwig 2011, Waugh et al., 

2011). These factors can further complicate data interpretation.  

Furthermore, contamination levels and metabolisation of organic contaminants differs 

between cetacean species (Fisk et al., 2001a, Goerke et al., 2004, Hoekstra et al., 

2005, McKinney et al., 2006), and also differences between populations habituating 

low or high latitude environments are assumed (Bengtson Nash et al., 2008, Kannan 

et al., 2002). This restricts study outcomes to few or only single populations/species, 

and emphasizes the importance of species-specific toxicity evaluation. Cell cultures 

are a common approach in environmental toxicology allowing species-specific 

investigations at a cellular level.  

1.6 Cell cultures as in vitro approach 

Cells are the smallest functional biological units in organisms and carry the whole 

genetic information of an individual. They react to external stressors and thus, can be 

used to study cellular toxicity, understand the molecular interaction of contaminants 

with cellular compartments and identify potential toxicity targets. Compared to 

biopsies, the experimental design with cell cultures is more flexible, test material is 

almost unlimited and obtained results are generally easier to interpret and more 

reproducible (Ekwall et al., 1990). In aquatic toxicology, cell cultures are widely 

applied to evaluate cellular responses upon exposure to contaminants and classify 

contaminants regarding their mode of action (Segner, 1998, Bols et al., 2005) (Fig. 

1.3). 
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Figure 1.3 Cell-based in vitro approach 

Recent studies showed that toxicity tests with fish cell cultures even corresponded 

well with in vivo fish acute toxicity upon exposure to organic chemicals (Tanneberger 

et al., 2012), and that impact on growth can be predicted by in vitro to in vivo 

extrapolation (Stadnicka-Michalak et al., 2014).  

Generally, there are different types of cell cultures that can be used for 

investigations. Primary cells are obtained from fresh tissue, are physiologically similar 

to the parent tissue and therefore allow physiological relevant approaches (Bols et 

al., 2005). However, primary cells survive only for a limited time, which can be 

several days or weeks (Ekwall et al., 1990). Cell lines are gained by isolating and 

successfully sub-cultivated primary cells. Genetically unmodified mammalian cell 

lines have a limited number of doublings, unless they are established from tumour 

tissue. In tumour cells, the mechanisms that regulate the cell cycle and directed cell 

death (apoptosis) are abrogated, leading to uncontrolled cell proliferation. Normal 

somatic cell growth is limited by the hayflick phenomenon, to reduce the 

accumulation of DNA damage and cellular dysfunction (Hayflick, 1965). The hayflick 

limit was found to be correlated with the length of the telomere region at the end of 

each chromosome strand, which are shortened with every cell division and finally 

lead to cellular senescence (Allsopp et al., 1995, Wright et al., 1989). Telomere 

shortening is prevented by the enzyme telomerase, which is upregulated in most 

tumour cells (Feng et al., 1995). Hence, different methods have been developed to 
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gain permanent cell lines from non-tumour cells, mainly by introduction of foreign 

DNA.  

One common method of introducing foreign DNA involves the expression of a protein 

called SV40T, which is derived from a polyomavirus and allows cell cycle control by 

inactivation of tumour suppressor genes (Bryan and Reddel, 1994). Another well-

applied method uses the induction of telomerase reverse transcriptase (TERT), a 

subunit of the telomerase, which enables telomere lengthening and thus retardation 

of senescence (Bodnar et al., 1998). With these approaches, cells can escape 

division control mechanisms and long-term maintenance is possible.  

By now, several finite and immortal marine mammal cell lines (e.g. from dolphin, sea 

lion, seal or right whale) have been established from skin (Mollenhauer et al., 2009, 

Li Chen et al., 2009, Wise et al., 2009, Fossi et al., 2008, Godard et al., 2006), blood 

(Frouin et al., 2010, Lalancette et al., 2003), lymphoid tissue (Das et al., 2008, 

Kakuschke et al., 2005, Brenez et al., 2004), kidney (Carvan et al., 1995), lung 

(Garrick et al., 2006), liver (Lu et al., 2003) or bronchial tissue (Sweat et al., 2003). 

To the best of our knowledge no humpback whale cell line has been established so 

far.  

1.7 Potential of humpback whale cell lines 

The skin of humpback whales exhibits three structural layers: the superficial 

epidermis, the dermis and subcutaneous tissue (Elfes, 2008, Spearman, 1972). The 

dermis, which is located between the epidermis and blubber, mainly consists of 

connective tissue, and operates as stabilizer and separation layer between different 

tissue types. Fibroblasts are the major cell type in the connective tissue, and are the 

first cells that grow out of dermal tissue explants when cultured under sterile 

conditions. Long-term usage of established primary cells necessitates genetic 

modification to bypass cell cycle regulation and senescence. Once a cell line is 

established it can be used for a variety of applications, with focus on the specific cell 

type. In cetacean toxicology, dermal cells, such as fibroblasts, are used as alternative 

to hepatic cell cultures (Weijs and Zaccaroni, 2016), and have been applied in 

exposure studies with organic contaminants to assess expression of CYPs (Fossi et 

al., 2008, Marsili et al., 2008), induction of micronuclei (Gauthier et al., 1999) or 

mRNA expression (Spinsanti et al., 2008). 
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Further, fibroblasts play a major role for intercellular communication by triggering 

immune and inflammatory responses, as such they produce a variety of growth 

factors, cytokines and chemokines upon immune stimulation (Sorrell and Caplan, 

2009). Hence, fibroblasts can be utilized to investigate cell-based immune responses 

upon stimulation with external stressors (Apte, 1995, Korn, 1997).  

1.8 Aims and Objectives 

Effective monitoring and species-specific toxicological assessment of large, free-

roaming cetaceans is currently limited by the inadequate power of existing non-lethal 

research approaches. Constrained by logistical challenges associated with research 

of marine mammals, the ecotoxicological status of SH humpback whale remains 

unclear. 

This thesis was therefore designed to study whale cell responsiveness towards 

environmental relevant stressors by using an in vitro approach, which was based on 

the establishment of the first humpback whale cell lines. 

Chapter 2 of this thesis describes the isolation of primary fibroblasts from the dermis 

of humpback whale skin biopsies, their establishment and characterization as 

fibroblast cell lines and their applicability for toxicological studies. Long-term usage of 

cell lines necessitates modification to bypass cell cycle regulation and senescence.  

Chapter 3 is focused on methods to extend the life span of one of the developed 

humpback whale cell lines. Fibroblasts are known to trigger immune and 

inflammatory responses, and as such produce cytokines.  

Chapters 4 and 5 expand upon methodology for immune stimulation of humpback 

whale fibroblasts and the screening of cytokine signatures.  

Chapter 6 focuses on the priority compound accumulating in the blubber of SH 

humpback whales, hexachlorobenzene, and the establishment of a suitable exposure 

system to test its toxicity utilising the humpback whale cells. 
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Taken together, the specific objectives of my thesis were: 

Objectives 

(1) Establish the first humpback whale fibroblast cell lines and apply them for

chemical risk assessment.

(2) Extend the life time and activate telomerase of humpback whale skin fibroblast

cell lines.

(3) Stimulate the immune competence of humpback whale cell lines.

(4) Introduce multiplexed cytokine analysis as an immune screening approach for

humpback whale cell lines and dermal biopsies.

(5) Develop a partition controlled passive dosing system for hexachlorobenzene

and apply it for in vitro toxicity testing using a humpback whale cell line.

Among the five main chapters of this thesis, one chapter is published (Chapter 2), 

two chapters are prepared manuscripts (Chapter 3 and 6) and two are thesis 

chapters (Chapter 4 and 5). 
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Chapter 2. Establishment of the first humpback 
whale fibroblast cell lines and their 
application in chemical risk assessment 
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Abstract 

As long lived and naturally obese mammals, cetaceans are susceptible to the 

detrimental health effects of bioaccumulative and toxic environmental contaminants. 

In order to better understand species-specific molecular characteristics and 

sensitivity to environmental stressors, new advanced methods are needed. Recently 

we developed two cell lines from primary humpback whale fibroblasts (HuWa1 and 

2). Such cell cultures a typically characterized by a finite life-span. As such, the 

present work explored possibilities to extend their life time by transfection with 

plasmids encoding the simian virus large T antigen (SV40T) or telomerase reverse 

transcriptase (TERT). SV40 transfection resulted in positive expression of SV40T in ≈ 

10 % of transfected cells; however, a stable expression was not achieved. 

Transfection with TERT activated expression of telomerase in HuWa cells 

(HuWaTERT), which was stable for at least 32 passages upon transfection. HuWaTERT 

proliferated rapidly and maintained initial cell characteristics such as morphology, 

chromosome numbers, expression of fibroblast markers and stable p53 levels. This 

work demonstrates the potential of exogenous gene transfer into humpback whale 

fibroblasts and its stable transgene expression. Stable telomerase levels should 

enable long-term preservation and therefore provide a wide potential in various 

research fields including for pluripotent stem cell research, investigations of diseases 

or toxicity studies. 

Keywords: humpback whale (Megaptera novaeangliae); cell line transfection; simian 

virus 40 large T antigen (SV40T); telomerase reverse transcriptase (TERT); relative 

telomerase activity 
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3.1 Introduction 

Long-lived cetaceans, such as humpback whales are susceptible to the harmful 

effects of bioaccumulative and toxic environmental contaminants. The migratory and 

fasting life history of this species further results in significant seasonal remobilisation 

and concentration of lipophilic contaminant burdens (Bengtson Nash et al., 2013). 

This period of heightened vulnerability coincides with early stages of pregnancy and 

nursing of new-born calves, further compounding the toxicological risk. To date, 

however, few tools exist for the quantitative evaluation of species-specific 

toxicological risks in cetaceans. In vitro approaches may provide one avenue to 

expand the variety of possible investigations. In particular, cell cultures are a 

promising alternative in order to evaluate toxicological hazards and assess molecular 

responses of pollutants.  

Recently we established two wild-type cell lines from humpback whale tissue (HuWa) 

(Burkard et al., 2015), which are designated as HuWawild-type in this study. The long-

term survival of HuWawild-type is, however, unknown. Mammalian cells are generally 

known to undergo only a limited number of proliferation cycles before cellular 

senescence occurs. The Hayflick phenomenon describes 40-60 cumulative cell 

cycles, also defined as cellular mitotic clock, before cells enter the irreversible state 

of growth arrest and senescence ensues (Hayflick, 1965, Nakagawa and Opitz, 

2007). One of the drivers of this cellular aging process is shortening of telomeres 

(Wright et al., 1989). Telomeres, located at the end of eukaryotic chromosomes, 

contain a series of nucleotide sequences. Loss of these telomeric nucleotides leads 

to inhibition of the cell cycle, activation of the tumor suppressor proteins p53 and 

p16/pRB and senescence (Vaziri and Benchimol, 1996, Di Leonardo et al., 1994, 

Sherr and DePinho, 2000). Various strategies have been developed to introduce 

foreign DNA into wild-type cells, via transfection, in order to express specific genes to 

control the cell cycle and finally overcome cellular senescence. Transfections can be 

based on viral oncogenes, such as adenoviral E1a or human papilloma virus16 E6/7 

(Freshney, 2005). The most applied transfection method for mammalian cells in this 

regard is the introduction of plasmids leading to expression of simian virus 40 large T 

antigen (SV40T) (Bryan and Reddel, 1994). SV40T inactivates tumor suppressor 

genes, such as p53 and Rb-family, and therefore enables continuous mitosis and 

long-term survival (Ali and DeCaprio, 2001, Ahuja et al., 2005, Wright and Shay, 



40 

1992). Transfection and over-expression of SV40T has been performed for a wide 

range of mammalian cell lines, including e.g. epithelial bottlenose dolphin cells (Pine 

et al., 2004, Yu et al., 2005), humpback dolphin fibroblasts (Jin et al., 2013b) and 

Yangtze finless porpoise fibroblasts ( Wang et al., 2011b). Another approach to 

overcome cellular senescence is by preventing telomere shortening. Telomeres are 

synthesised by the ribonucleoprotein telomerase, which consists of an RNA template 

and the catalytic active TElomerase Reverse Transcriptase (TERT). Mammalian 

somatic cells exhibit only baseline telomerase activity (Gomes et al., 2011). It has 

been shown for human fibroblasts, however, that, if TERT expression is activated, 

cells can be continuously maintained (Bodnar et al., 1998). No previous study reports 

TERT transfection in tissue or cells of cetaceans. Here we transfected HuWawild-type 

cells with plasmids containing SV40T or TERT with the aim to extend the life time of 

the cell line. Long-term preservation of HuWa cell lines would provide an 

unprecedented resource to extend knowledge of humpback whale specific 

characteristics, including sensitivity to chemical exposure. 
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3.2 Methods 

3.2.1 Reagents 

All chemicals were ordered from Sigma–Aldrich (Buchs, Switzerland) and all cell 

culture ware, buffers and media from Life Technologies Invitrogen (Basel, 

Switzerland), unless otherwise stated. Cell culture flasks were purchased from TPP 

(Transadingen, Switzerland) and cell culture plates from Greiner bio-one 

(Frickenhausen, Germany). Mycoplasma testing was done using the MycoAlert 

detection kit (Lonza, Visp, Switzerland) and was always found to be negative. 

3.2.2 Cell cultures 

The HuWa cell line were previously derived from dermal biopsies (Burkard et al., 

2015). Routine cell culture is performed in DMEM/F12 containing 10% Fetal Bovine 

Serum (FBS), 0.1 M non–essential amino acids, 1 M sodium pyruvate, 1% of 5.000 

U/ml penicillin–streptomycin and incubation at 37°C and 5% CO2 in the dark. The 

medium was changed three times every week. At 80-90 % confluency, cells were 

trypsinized, centrifuged (600 x g, 3 min) and passaged at a ratio of 1:3. 

3.2.3 Plasmid preparation 

Plasmids, which have shown to be suitable for mammalian cell lines, were selected 

and purchased from Addgene (Cambridge, USA) (Tab. 3.1). E.coli DH5α containing 

plasmids were streaked onto Lubria broth (Lb) agar plates containing 100 µg/mL 

Ampicillin. For isolation, a single colony was picked, inoculated in liquid Lb cultures 

containing the appropriate antibiotic and incubated for 20-24 h. Plasmid DNA was 

isolated using the Wizard SV genomic DNA purification system (Promega, 

Duebendorf, Switzerland) following manufacturer’s protocols. Final DNA was eluted 

in 200 μl nuclease free water. NanoDrop spectrophotometer (ND-1000) was used to 

measure purity (A260/280 ratio) and the DNA concentration (Tab. 3.1).   
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Table 3.1. Plasmids used in the present study 

 Entrez gene Vector 
backbone 

Antibiotic 
resistance 

Bacterial 
resistance 

Reference DNA 
ng/μl 

pCEP4-hygro-
SV40-Tg 

SV40 large T pCEP4 Hygromycin Ampicillin (Chou et al., 

2011) 

1300 

pBABE-puro-
hTERT 

TERT pBABE-puro Puromycin Ampicillin (Counter et 

al., 1998) 

1107 

pBABE-puro-
SV40 LT 

SV40gp6 pBABE-puro Puromycin Ampicillin (Zhao et al., 

2003) 

310 

 

3.2.4 Transfection 

For transfection, HuWa1 cells (Passage 8-12) were trypsinized and 2.6 x 104 

cells/cm2 were seeded into wells of 6-well cell culture dishes. Cells were plated 48 h 

prior to transfection and were about 70% confluent at this time. Two transfection 

reagents were tested; liposome-based Lipofectamine LTX (Thermo Fisher, Reinach, 

Switzerland) and non-liposomal Fugene HD (Promega, Duebendorf, Switzerland). 

Transfections were performed following manufacturer’s protocols. For both 

transfection reagents, ratios of 1.5:1, 3:1 and 6:1 (transfectant reagent to DNA ratio) 

were applied. For Fugene transfection, purified plasmid DNA (3 μg per well) was 

incubated for 15 min with the transfection reagent and a final volume of 150 μl for 

each treatment was added to 3 ml of full medium including 10% FBS. Similarly, for 

Lipofectamine 2.5 μg DNA per well were mixed with the transfection reagent for 10 

min and 250 μl were added to 3 ml complete medium per well. All dilutions were 

performed at room temperature. Subsequently, cells were incubated at 37°C for 24 h. 

In one additional set-up, cells were transfected with pBABE-puro-SV40 LT 

(Lipofectamine, 1:3), passaged twelve times and transfected again with pBABE-puro-

hTERT (Fugene, 1:3). 
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3.2.5 Selection and cloning 

Upon transfection, the medium was discarded, cells were washed once with 1x 

phosphate-buffered saline (PBS), fresh culture medium was added (3 ml) and cells 

were allowed to recover for 24 h. Then, cells were trypsinized and seeded in a 

medium containing an appropriate antibiotic resistance marker (150 μg/ml 

Hygromycin or 25 μg/ml Puromycin). Antibiotics were applied at the lowest 

concentration that killed 100% of HuWawild-type. Medium containing antibiotics was 

changed three times every week to eliminate non-transfected cells. By day seven, 

the majority of untransfected cells were eliminated. From day ten onwards, 

proliferating cell colonies (> 30 cells) appeared and were counted. Individual clones 

were isolated using 10 mm cloning cylinders (Sigma, Saint Louis, USA). For this, 

cells were washed with PBS, cylinders were placed over single colonies and with 

slight pressure the cylinder was sealed to the plate. Cells inside the cylinder were 

trypsinized, centrifuged and placed in new cell culture plates. Selective media was 

applied for another two weeks.  

3.2.6 Immunocytochemistry: SV40 T 

Immunocytochemical staining was used to verify SV40T expression. For this, SV40T 

transfected cells were seeded (1.7 x 104 cells/cm2) onto cover slips fitting into 24 well 

plates. After 48 h of growth, cells were washed with 1x PBS, fixed with 3.7% 

paraformaldehyde in PBS for 20 min, permeabilised in 0.2% Triton X-100 in PBS for 

30 min, blocked with 4% goat serum in PBS and incubated with Image-iT® FX signal 

enhancer (Molecular probes, Eugene, USA) for 20 min. Then, the primary antibody 

mouse monoclonal to SV40 T-antigen (Abcam 16879) was diluted to 5 μg/ml and 

samples were incubated overnight at 4°C in 1% goat serum and 0.05% Triton. 

Subsequently, samples were washed and incubated with secondary antibodies 

1:1000 Alexa Fluor® 546 Goat Anti-Mouse IgG (H+L). 4′,6-diamidin-2-phenylindol 

(DAPI) was used as nuclear staining and applied before mounting under coverslips 

and embedding with ProLong Antifade (Molecular Probes, Eugene, USA). In the 

same set-up, cell structure was visualized simultaneously by applying 1:500 

monoclonal rabbit Vimentin (Abcam ab92547) as primary and 1:1000 Alexa Fluor® 

488 Goat Anti-Rabbit IgG (H+L) as secondary antibody. 
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3.2.7 Telomerase activity 

Telomerase activity was assessed using Telo TAGGG Telomerase PCR ELISA 

(Roche, Mannheim, Germany) following manufacturer’s protocols. In brief, HuWa (2 x 

105 cells) were harvested, lysed and telomeric repeat amplification was performed 

with provided substrate primers (20 min elongation, 5 min inactivation and 30 x 

amplification cycles). Products were denatured and hybridised with Digoxigenin 

(DIG), followed by immobilisation with biotin and streptavidin coating. Samples were 

semi-quantitatively assessed using the internal standard and horseradish peroxidase 

(Anti-DIG-HRP), which is sensitive to Tetramethylbenzidine (TMB). The limit of 

detection (LOD) was considered as the two-fold background activity.  

3.2.8 p53 ELISA 

p53 was measured by enzyme-linked immunosorbent assay for the quantitative 

assessment of human p53 (RayBiotech, GA, USA) according to the manufacturer’s 

protocols. In brief, HuWa (1.3 x 104 cells/cm2) were seeded into each well of a 6 well 

plate and at ≈ 85% confluency, cells were harvested, washed and lysed in 300 μl 

buffer. Suspensions were incubated overnight at 4°C with immobilised human p53 

antibody, followed by biotinylated antibody and HRP / streptavidin. The absorbance 

of the complex was assessed at 450 nm using a fluorescence plate reader (Tecan, 

Infinite M200, Maennedorf, Switzerland). The limit of detection was 0.3 ng/ml and 

concentrations are based on 1000 μg/ml total protein, which was determined using 

BicinChoninic Acid (BCA) protein assay kit (Pierce, Rockford, USA). 

3.2.9 Growth curve 

Cells of HuWaTERT were washed, trypsinized and 8.5 x 103 cells/cm2 were seeded 

into wells of 12 well plates. For counting after 1, 3, 5 and 7 days, the medium was 

discarded, cells were washed with PBS, trypsinized, centrifuged and suspended in 

fresh medium. Cell counting was performed using an electronic particle counter 

(Casy TTC, Schaerfe System, Reutlingen, Germany). Population Doubling Time 

(PDT) was calculated from the log phase of the growth curve as with N1= cell number 

/ ml at day 3 and N2= cell number / ml at day 7 (1). 
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(1) PDT = log2 / (logN2 – logN1)*t 

 

3.2.10 Karyotype  

Karyotyping was performed with HuWaTERT1 (P26), HuWaTERT2 (P12). Twenty cells of 

each were used for assessment. Analysis was performed by Cell Guidance Systems 

(Cambridge, UK) using standard banding procedures. 

3.2.11 Fluorescence imaging 

Prior to staining, cells were seeded on coverslips at 1.7 x 104 cells/cm2. After 48 h of 

growth, cells were washed with PBS before staining was applied. Cells were stained 

with the lipophilic stain Nile Red (AAT Bioquast, Sunnyvale, CA, USA) at a ratio of 

1:5000 for 20 min at 37°C and stain for the endoplasmic reticulum (ER) 

(ThermoFisher, Reinach, Switzerland) at ratio of 1:2000 for 15 min at 37°C. The cell 

nucleii were stained with NucBlue (ThermoFisher, Reinach, Switzerland) for 15 min 

at 37°C. Cells were visualised immediately using scanning confocal microscopy 

(Leica, Heerbrugg, Switzerland). 

3.2.12  Scanning electron microscopy (SEM) 

For analysis, cells were seeded at 1.7 x 104 cells/cm2 and after 4 days of growth 

SEM was performed by ScopeM (ETH Zürich, Switzerland).  

3.2.13 Lipid and Fatty Acid Analysis 

Confluent cells in T75 cell culture flask (1.7 x 106 cells) were harvested, washed 3x 

with PBS and stored at -80°C. Lipid class and fatty acid analysis was performed by 

Nutrition Analytical Service (Stirling, UK). 
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3.3 Results 

3.3.1 Transfection and clone isolation 

In this study, HuWa1 cells were transfected with plasmids containing either SV40T or 

hTERT (Tab. 3.1). The reagents Fugene HD and Lipofectamine were tested for their 

ability to transfect these cells. Addition of the transfection reagent, however, can 

result in cytotoxicity. At 24 h post transfection, ≈ 30% of cell detachment was 

observed when using Lipofectamine as transfectant (Fig. 3.1A). The application of 

Fugene resulted in no visible impact (Fig. 3.1B). After transfection, antibiotic selection 

was applied; first resistant cells appeared after ≈ 7 days (Fig. 3.1C).  

Figure 3.1 Cell morphology upon transfection of HuWawild-type

HuWawild-type were transfected with Lipofectamine (A) and Fugene (B) at 1:3 DNA / 

transfectant ratio with pBABE-puro-SV40LT, and 24 h post transfection morphology was 

visualized. Post antibiotic selection first resistant cell colonies appeared after several days 

(C) (pBABE-puro-SV40LT, 1:3, Lipofectamine). Scale bar indicates 300 μm.

Resistant cell colonies were counted in order to compare the effectiveness of the 

transfection reagents. For both reagents and all three plasmids (pBABE-puro-SV40 

LT, pBABE-puro-hTERT, pCEP4-hygro-SV40-Tg) antibiotic resistant cell colonies 

occurred. Overall, in Fugene-transfected cell cultures, more resistant colonies were 

observed (33) compared to Lipofectamine (18) (Tab. 3.2). For each plasmid, 3 

cultures were picked, isolated with cloning rings and further passaged.  
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Table 3.2 Number of antibiotic resistant cell colonies  

  pCEP4-SV40-Tg pBABE-hTERT pBABE-SV40 LT  

 Ratio Fugene Lipofect. Fugene Lipofect. Fugene Lipofect. 

Colonies 

(DNA/transfectant) 

(1:1.5) 

(1:3 

(1:6) 

4 

8 

- 

2  

4 

- 

5  

7 

4 

3 

4 

1 

1 

2 

2 

1 

3 

- 

 

3.3.2 SV40T transfection 

In order to assess whether SV40 had been successfully introduced and was also 

functional, the positive expression of SV40T was tested using immunofluorescent 

staining. Nuclear expression towards anti-SV40T was assessed in cells eight 

passages post transfection. Positive reaction and therefore presence of SV40T was 

observed in only about 10% of cell nuclei (Fig. 3.2); the remaining ~ 90% of cells 

exhibited no positive expression. After picking SV40T transfected cell colonies 

(HuWaSV40T), clones divided vigorously for 4-5 days followed by gradually decreasing 

proliferation rates. Out of six clones, four stopped proliferation at passage (P) ≈ 6-9 

post transfection; two were further maintained until P 13-15 but at this stage, hardly 

any proliferation was observed. Post transfection, morphological appearance 

changed compared to prior transfection: the size of the cells increased and cells also 

appeared more polygonal.  
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Figure 3.2 Expression of SV40T as assessed by immunocytochemical staining 

HuWaSV40T were stained with anti SV40T antibody eight passages post transfection (pBABE-

puro-SV40 LT). The overlay (A) shows cell nuclei in blue (B), cytoskeleton in red (C) and 

expression of SV40T (D), which was positively expressed in one of three cell nuclei (white 

arrow). Scale bar indicates 25 μm. 

3.3.3 TERT transfection 

To test if transfection was successful, two TERT-transfected clones (HuWaTERT1 and 

HuWaTERT2) were tested for their capacity to express telomerase. For both, positive 

telomerase expression was detected (Fig. 3.3), whereby telomerase levels of 

HuWaTERT1 appeared to be stable over passages, levels of HuWaTERT2 showed 

variation over time. HuWawild-type and HuWaSV40T exhibited no detectable telomerase 

activity. However, positive telomerase expression was also detected when 

HuWaSV40T were transfected consecutively with pBABE-puro-hTERT. 
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Figure 3.3 Relative telomerase activity in differently transfected HuWa cells 

The expression of telomerase was measured in HuWawild-type, HuWaTERT1 and HuWaTERT2 

(P18 and P32), HuWaSV40T and HuWaSV40T consecutively transfected with TERT. Levels under 

the limit of detection are indicated with “n.d.”. HuWaTERT represents three technical replicates 

(error bars represent the standard deviation (SD)) and HuWaSV40T +TERT depicts a single 

measurement. 

 

3.3.4 p53 expression 

Levels of cellular p53 of HuWaSV40T (with or without consecutive TERT transfection) 

were comparable to HuWawild-type. In contrast, levels of HuWaTERT showed elevated 

levels at higher passages.  
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Figure 3.4 p53 expression in differently transfected HuWa cells. 

p53 expression was measured in HuWaTERT1 (P12 and P16) and HuWaTERT2 (P19 and P26), 

HuWaSV40T (P13), and HuWaSV40T consecutively transfected with TERT (P16). Data of 

HuWaTERT displays the mean of three technical replicates and error bars the SD, and 

HuWaSV40T shows the mean of two replicates. Values are displayed as percentage of the 

mean of HuWawild-type. 

 

3.3.5 Proliferation of HuWaTERT 

HuWaTERT1 and HuWaTERT2 indicate similar growth properties (Fig. 3.5, left); the 

population doubling time of HuWaTERT1 and HuWaTERT2 was 25 h and 30 h 

respectively. When split 1:3, HuWaTERT reached confluence within one week. By days 

5-7, TERT clones formed almost confluent cell monolayers (Fig. 3.5, right). Cells 

exhibited similar attachment efficiencies than HuWawild-type. 
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Figure 3.5 Growth of HuWaTERT in complete culture medium over time 

Left: HuWaTERT1 (P30) and HuWaTERT2 (P16) were cultivated for seven days and the cell 

number was estimated. Data represent the mean of three replicates and the error bars 

represent the SD. Right: Morphological appearance of HuWaTERT2 at different levels of 

confluency after 1 d (A), 3 d (B), 5 d (C) and 7 days (D). The scale bar indicates 300 μm. 

 

3.3.6 Karyotype of HuWaTERT 

Numerical and large structural abnormalities of HuWaTERT were assessed by G-

banding. Karyotyping of HuWaTERT1 (P12) and HuWaTERT2 (P26) indicated 21 pairs of 

autosomes and 1 pair of male sex chromosome. Both clones exhibited high content 

of tetraploid complements (Fig. 3.6). Out of 20 cells, for both HuWaTERT1 and 

HuWaTERT2, 15 cells displayed normal chromosome numbers. 
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Figure 3.6 Karyotype of TERT transfected HuWa cells 

The chromosomes of HuWaTERT1 (P12) (A) and HuWaTERT2 (P26) (B) were visualized, and 

chromosome pairs of autosomes (1-21), sex chromosomes (X,Y) and unidentified 

chromosomes of tetraploid chromosome sets are displayed.  

 

3.3.7 Sub-cellular imaging of HuWaTERT 

The endoplasmatic reticulum, which is quite distinctive in fibroblasts, and lipid were 

stained in HuWaTERT cells and visualised by confocal microscopy. Besides the 

abundant endoplasmatic reticulum mainly located around the nucleus, lipid staining 

was positive as well. Interestingly, Z-stack microscopy localised the lipid bodies in the 

outer cytoplasm (Fig. 3.7A). Applying SEM, the morphology of HuWaTERT cells was 

further explored (Fig. 3.7B). Abundant intracellular agglomerations located in the 

cytoplasm were found. More detailed investigations showed consistent structure and 

diameters between 0.5 and 1 μm (Fig. 3.7B inset). Lipid profiles of HuWaTERT and 

HuWawild-type indicated the presence of triacylglycerols, free fatty acids, cholesterol / 

sterols in both cell lines; neutral lipids including triacylglycerols, were slightly higher in 

HuWaTERT (Tab. 3.3).  
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Figure 3.7 Sub-cellular structure of HuWaTERT1 

The endoplasmatic reticulum (magenta), lipid (green) and cell nucleus (blue) of HuWaTERT 

were visualized by confocal microscopy (A). Arrows indicate lipid-positive staining. Scanning 

electron microscopy visualised the confluent cell layer (B) and cross section indicates 

remarkable intracellular bodies (B inlet).   

 

Table 3.3 Lipid class analysis of HuWaTERT1 (P27) and HuWawild-type (P27).  

Lipid class 

 (% of total) 

HuWaTERT HuWawild-type 

Triacylglycerols 9.9 3.4 

Free fatty acids 2.5 5.5 

Cholesterol/sterols 24.0 21.3 

Total neutral lipids 36.4 30.2 
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3.4 Discussion 

The aim of this study was to assess the possibility of gene transfer into HuWawild-type 

cells to extend their life span. This required first optimization of various parameters 

such as selection of transfection reagents and DNA / transfectant ratio. 

We found the two tested reagents, Fugene and Lipofectamine, suitable in principle to 

transfect HuWawild-type; however, transfection with non-liposomal Fugene resulted in 

more antibiotic-resistant cell colonies compared to Lipofectamine. It has been 

reported that the use of the cationic lipid transfer utilizing Lipofectamine for 

transfection is associated with reduced yield in fibroblasts (Watanabe et al., 1997, 

Zauner et al., 1999).  

The SV40T plasmids (pCEP4-hygro-SV40-Tg, pBABE-puro-SV40) and the TERT 

plasmid (pBABE-puro-hTERT) were inserted into HuWawild-type, albeit with low 

efficiency, for all plasmids antibiotic-resistant cells were obtained. Colonies of 

HuWaTERT and HuWaSV40T were isolated and further passaged. Successful SV40 

transformation is associated with over-expression of SV40T; however, in our study 

only few cells showed nuclear expression of SV40T. No consistent expression was 

achieved and the maximum life span was 15 passages, with most clones ceasing to 

proliferate earlier. As well, SV40T over-expression is expected to lead to p53 and Rb 

suppression (Ali and DeCaprio, 2001); however, we found no detectable impact on 

p53 levels in HuWaSV40T, further suggesting insufficient transfection. HuWaTERT were 

tested for their potential to express telomerase, and both tested clones, HuWaTERT1 

and HuWaTERT2, positively expressed telomerase at different passages, while in 

HuWawild-type, no telomerase activity was found. In some cases also SV40 transfection 

can lead to telomerase activation (Foddis et al., 2002, Li et al., 2008); however, no 

telomerase activity was measured in HuWaSV40T.  

HuWaTERT cells were further characterised with respect to phenotypical, 

chromosomal and physiological features. According to population doubling times of 

HuWaTERT1 (15h) and HuWaTERT2 (30h), TERT transfected cells proliferated more 

rapidly compared to the population doubling time reported for HuWawild-type (41h) 

(Burkard et al., 2015).The higher doubling rates of HuWaTERT facilitate easy culture to 

obtain sufficient material for extensive molecular analysis.  
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Cells display typical elongated, bipolar and spindle-shaped morphology, which is 

comparable to HuWawild-type. Further, karyotyping revealed that 75% of HuWaTERT 

exhibit normal chromosome numbers and structures, although high tetraploidy was 

observed which is not uncommon for transfected cell lines. Finally, p53 is essential 

for the cell cycle regulation and most cancerous cell developments are connected 

with its mutation (Hollstein et al., 1994). We found p53 levels in HuWaTERT to be 

comparable or slightly higher than of HuWawild-type. Intact p53 pathway may lead to 

higher resistance to DNA damage and prevent malignant development. Indeed, non-

malignant phenotypes and physiological stability are the major advantages of TERT 

transfection (Jiang et al., 1999, Morales et al., 1999).  

An interesting finding was droplet-like structures in the outer cell cytosol of HuWaTERT 

cells. Positive lipid staining and SEM visualisation suggests that these droplet 

structures represent accumulation of lipid bodies. The size of inclusions varied 

between 0.5 and 1μm, which would correspond with accumulated lipid droplets 

observed in adipocyte-differentiated fibroblasts (Rizzatti et al., 2013). Analysis of lipid 

classification suggests slightly higher content of triacylglycerol in HuWaTERT 

compared to HuWawild-type. Higher cell turn-over in HuWaTERT may lead to higher 

triacylglycerol levels. In general, cells store lipid in form of neutral lipids such as 

triacylglycerol (Thiam et al., 2013), and lipid accumulation is thought to be possible 

when cells are cultured in serum-containing media (Rosenthal, 1981). In tissue and 

cell cultures of cetacean species, lipid accumulation is frequently observed (Pfeiffer 

and Jones, 1993, Reeb et al., 2007, Menon et al., 1986, Wang et al., 2011b) and is 

discussed as adaptations to their marine environment and unique lifestyle.   

Overall, cell transfection seems to be highly species- and tissue- specific and each 

cell culture appears to require specific protocols. SV40T was not successful in 

extending the lifetime of HuWawild-type cells. Indeed, the transformation it elicits is 

often associated with non-consistent transfection, genomic variability and changed 

morphology (Ouellette et al., 2000). TERT transfection resulted in clones that divided 

vigorously, and revealed no distinctive morphological changes or signs of 

senescence. It is known that hTERT transfection maintains initial cell characteristics, 

including phenotype and genetic stability, and may even generate higher resistance 

towards DNA damage (Sherr and DePinho, 2000). In our studies, HuWaTERT was 
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passaged 40 times and HuWawild-type 44 times thus far. Therefore, further studies are 

required to obtain the maximum life spans of these cell lines.  

3.5 Outlook 

We demonstrated the exogenous gene transfer into humpback whale fibroblasts. The 

expression of genes of interests and resulting suppression or over-expression of 

associated proteins can be used to study humpback-specific pathways related to 

contaminant exposure, disease pathways or physiological adaptations, such as to pH 

and temperature. A recent study on the bowhead whale genome revealed adaptation 

of cancer- and aging-related genes (Keane et al., 2015). Along similar lines, 

investigations with HuWa cell lines can be advanced to study humpback whale-

specific adaptations, such as the unique fasting and lipid metabolism of this species. 

Positive telomerase expression suggests that this cell lines can be maintained long-

term, which would allow extensive assessments with regard to normal physiology, 

adaptions or toxicology. On-going research includes chemical toxicity assessment 

studies and differentiation of HuWa into adipocyte-like phenotypes. 
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Abstract 

The life of southern hemisphere humpback whales is characterized by extreme 

migrations and associated fasting periods leading to whole-of-body lipid depletion 

and negative energy budget. To bridge knowledge gaps regarding the immune health 

of the whales in response to extended periods of food restriction, in combination with 

e.g. chemical or pathogen exposure, suitable approaches are required. This study

investigates the immune potential of humpback whale fibroblasts as a pre-requisite

for investigations on cell responses under immune challenge. Thus, fibroblast cells

were treated with different immune stimuli including LPS, IL1ß and conditioned

macrophage medium (RAW-CM). In response to stimulation, metabolic activity was

assessed by the fluorescent indicator dye alamarBlue, and cellular expression of

three selected cytokines, IL-6, TNFa and I-TAC, was measured by using enzyme-

linked immunosorbent assays. Whilst LPS treatment resulted in no distinctive

cytokine regulation, RAW-CM treatment up-regulated both cellular metabolic activity

and the expression of IL-6, TNFa and I-TAC. The highest up-regulation was

observed for IL-6 and a 2-fold concentration increase of IL-6 was observed. These

results show that humpback whale fibroblasts are immune-competent, and by

mediating cytokine responses, they demonstrate their possible involvement in cellular

immune and inflammatory processes. Therefore, humpback whale cell lines carry the

potential to improve our knowledge of cell-based immune responses of this species.

Keywords: humpback whale (Megaptera novaeangliae); immune stimulation; 

cytokines; ELISA 
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4.1 Introduction 

The migratory life-history of southern hemisphere (SH) humpback whales 

(Megaptera novaeangliae) entails complex physiological adaptations. Driven by the 

seasonal productivity of their primary food source, Antarctic krill (Euphausia 

superba), animals feed during the summer, which is followed by the longest migration 

(≤10.000 km) and associated periods of voluntary fasting (6-9 months) known in any 

mammal (Zerbini et al., 2006). A recent episodic increase was reported in the 

number of stranded humpback whales observed in SH breeding stocks (Fulgencio de 

Moura et al., 2010, Groom and Coughran, 2012). Stranding events increased 

markedly from 2007 to 2009, from an average of 3-5 individuals per year in the 

Western Australia, migrating breeding stock to >45 individuals (Holyoake, 2012). 

Stranding events in Australia involved a high proportion of calves and juveniles with 

evidence of nutritional deficiency (Holyoake, 2012, Groom and Coughran, 2012). 

Plausible explanations for the increase are still being investigated, with reduced 

immune-competence being one of the causes proposed. The influence of nutritional 

condition on immune health is well investigated in other mammalian species 

(Chandra, 1997, Kubena and McMurray, 1996, Calder and Kew, 2002). The immune 

health of SH humpback whales has to date, however, been limited to post-mortem 

examination (Apprill et al., 2014, Holyoake, 2012), which excludes controlled 

experimentation or observations.  

This study aims to investigate the immune capability of a newly developed cell line 

from humpback whale fibroblasts, HuWaTERT, by assessing the regulation of selected 

biomarkers upon immune stimulation.  

Generally, the mammalian immune system is distributed throughout the body and 

immune-active cells are present in most tissues including the skin (Uchi et al., 2000). 

Dermal fibroblasts are immune-active cells and are both targeted by, and actively 

react to immune stimulation (Apte, 1995, Korn, 1997). As response to stimulation, 

fibroblasts express and excrete a wide range of different cytokines, dependent upon 

the type and duration of the stimuli (Van Linthout et al., 2014, Buckley et al., 2001). 

Cytokines are relatively small proteins (< 20 kDa), primarily involved in cell-cell 

communication and the regulation of cellular immune responses. Main groups of 

cytokines include interleukins (IL), interferons (IF), tumor necrosis factor family 

(TNF), colony stimulating factors (CSF) and chemokines. Mammalian fibroblasts are 
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capable of expressing various groups of cytokines, which can act both in a pro- (e.g. 

IL-1, IL-8, TNFa) or anti-inflammatory (e.g. IL-4, IL-6) manner. They accomplish 

various functions, such as acute phase response (e.g. IL-1a, IL-6, IL-8), chronic 

inflammation (e.g. MCP-1, VCAM-1, MIG), antibody production (e.g., IL-10, IL-13), 

pathogen response (IFN-a, IFN-γ, IFNB-b) or chemoattraction (e.g. IL-16) (Van 

Linthout et al., 2014, Dieriks et al., 2011, Apte, 1995, Terunuma et al., 2001). For the 

present study on HuWa cells, three cytokine markers were selected.  

Firstly, Interleukin 6 (IL-6), an acute and early response cytokine; as such it can 

mediate inflammation, trigger induction of specific interferons (e.g. IFNß), stimulate 

lymphocytes (e.g. T or B cells) or initiate secondary immune responses (e.g. antibody 

specific response) (Barton, 1997, Opal and DePalo, 2000). Secondly, Tumor 

necrosis factor α (TNFa), a pro-inflammatory cytokine, mainly secreted during acute 

immune response and inflammation. Its expression can control cell proliferation, 

differentiation or induce apoptosis (Locksley et al., 2001, Wajant et al., 2003). Finally, 

the CXC motif chemokine 11 (I-TAC), a chemoattractant cytokine (Cole et al., 1998): 

it triggers movement of immune-competent cells, such as attraction of granulocytes 

or lymphocytes (Proost et al., 2004, Graves and Jiang, 1995). Upon stimulation with 

lipopolysaccharide (LPS), single cytokines (TNFa and Il1ß) or conditioned medium of 

macrophages, the regulation of IL-6, TNFa and I-TAC was quantitatively assessed by 

Enzyme-Linked Immunosorbent Assay (ELISA).  

Assessment of the immune potential of humpback whale fibroblasts forms a pre-

requisite for further immune challenge investigations. These will serve to advance 

current understanding of the cell-based immune responses of humpback whales. 
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4.2 Methods 

4.2.1 Reagents 

All cell culture ware, buffers and media were ordered from Invitrogen (Basel, 

Switzerland). Cell culture flasks were purchased from TPP (Transadingen, 

Switzerland) and cell culture plates from Greiner bio-one (Frickenhausen, Germany). 

LPS P. gingivalis was purchased from LabForceAG (Basel, Switzerland), LPS E.coli 

(0111:B4 and 055:B5) and all other chemicals were ordered from Sigma–Aldrich 

(Buchs, Switzerland).  

4.2.2 Cell cultures 

Experiments were performed with HuWaTERT (Passage 15–26). These cells were 

derived from HuWawild-type (Burkard et al., 2015) after transfection with telomerase 

reverse transcriptase (TERT) as detailed in chapter three. To compare immune 

stimulation capability of HuWaTERT and HuWawild-type, one experiment was performed 

with HuWawild-type (Passage 16). All cells were cultured in DMEM/F12 medium 

containing 10% Fetal Bovine Serum (FBS), 0.1 M non–essential amino acids, 1 M 

sodium pyruvate and 1% Penicillin-Streptomycin (P/S) (5.000 U/ml). Cultures were 

maintained in 75 cm2 cell culture flasks at 37°C and 5% CO2. The medium was 

changed three times a week and at 80-90 % confluency, cells were trypsinized, 

centrifuged (600 x g, 3 min) and passaged at a ratio of 1:3.  

The mouse macrophage cell line RAW264.7 (Raschke et al., 1978) (P 3-8), which 

was used to obtain conditioned medium for immune challenge (see below) was 

cultured in DMEM containing 10% FBS and 1% P/S. At 70-80 % confluency cells 

were washed with 1x phosphate-buffered saline (PBS), trypsinized (5 min, 37°C), 

and still attached cells were detached using a scraper blade. Then, cells were 

collected (600 x g, 5 min) and passaged at a ratio of 1:5. The medium was replaced 

every 2 days. 

4.2.3 Experimental set-up for immune stimulation 

Serum supplements, such as FBS, naturally contain hormones and growth factors. 

To reduce the influence by these undefined factors, immune stimulation was 

performed with reduced serum concentrations. Lower FBS concentration in the 
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medium resulted, however, in reduced metabolic activity (Fig. 4.1). All immune 

stimulation experiments were performed in DMEM/F12 containing 1% FBS (exposure 

medium), which revealed metabolic activity ≈ 75% compared to full medium (10% 

FBS).  

 

 

Figure 4.1 Exposure medium for immune stimulation 

Cells were incubated in DMEM/F12 containing different percentages of FBS for 24 hours 

after which metabolic activity (alamarBlue fluorescence) was assessed as a measure of 

cellular activity. Data represents the mean of three replicates, which is one experiment 

performed with three technical replicates in parallel, and error bars represent the standard 

deviation (SD). 

 

Prior to immune stimulation, cells were trypsinized, centrifuged (600 x g, 3 min) and 

seeded into the wells of culture plates. For assessment of the metabolic activity, cells 

were seeded into wells of 24 well plates (1.7 x 104 cells/cm2), for cell counting into 

wells of 12 well plates (1.7 x 104 cells/cm2) and for cytokine quantification into wells of 

6 well plates (1.3 x 104 cells/cm2). Cells were left to attach and after one day, the 

culture medium was drawn off, cells were washed with 1x PBS and the medium 

containing immune stimulation was added. Immune stimulation with treatments was 

conducted at 37°C and designated time points. The wells of 24 well plates contained 

1 ml stimulation medium, 12 well plates 2 ml and 6 well plates 3 ml stimulation 

medium.  

HuWaTERT were treated with three different types of immune stimuli. The first was 

LPS and final concentrations of 0.1, 1 and 10 μg/ml were applied. LPS is present in 
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all gram negative bacteria and leads to strong immune and physiological reactions 

(Alexander and Rietschel, 2001). Immune reactions, such as expression of specific 

cytokines, are triggered by the toll like receptor 4 (TLR4) (Wang et al., 2011a, He et 

al., 2009). In this study, all stimulation experiments were carried out with LPS from 

E.coli. 055:B5. However, to compare the influence of LPS from different species or 

batches, one experiment for each stimuli was performed with LPS from P. 

aeruginosa and/or E.coli 0111:B4. 

The second applied stimuli were the single cytokines, TNFa (2 ng/ml) and IL1ß (5 

ng/ml). Here, TNFa was additionally given to 10 μg/ml LPS, and IL1ß was applied 

with or without 10 μg/ml LPS. Fibroblasts can be stimulated with specific cytokines 

such as IL1ß (Kent et al., 1998), which is an important precursor for immune and 

inflammation processes and leads to activated expression of other cytokines (Kent et 

al., 1998, Debets et al., 1996, Agarwal et al., 1995).  

The third stimuli was conditioned medium of macrophage cells (RAW264.7), which 

are important immune cells known to release various cytokines upon stimulation 

(Medzhitov and Janeway Jr, 2000, West et al., 1997). In this study, the conditioned 

macrophage medium was obtained as follows: the macrophages were cultivated and 

at ≈ 75% confluency, stimulated with 1 μg/ml LPS in serum-free DMEM. At 

designated times, the medium was collected and centrifuged (1000 x g, 4°C). For 

immune stimulation, HuWaTERT were treated with 20, 40 and 60 % of RAW-CM.  

4.2.4 Metabolic activity and cell number 

Metabolic activity was assessed by the fluorescent indicator dye alamarBlue (AB) as 

described in Schirmer et al. (1997). The principle of AB is the non-fluorescent 

resazurin, which is converted by viable cells to highly fluorescent resorufin by 

oxydoreductases (O'Brien et al., 2000). Briefly, upon immune stimulation, the 

medium was discarded, cells were washed once with 1x PBS and incubated for 25 

min with 5% (v/v) AB in 1x PBS at 37°C. Fluorescence was measured at 

excitation/emission wavelengths 530/595 nm (Tecan, Infinite M200, Maennedorf, 

Switzerland). The results were expressed as percentage of the control, which was 

set to 100%.  

To directly assess the cell number, HuWaTERT were treated in 12 well plates. Upon 

stimulation, the medium was discarded, cells were washed with 1x PBS, trypsinized, 
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centrifuged (600 x g, 3 min) and suspended in fresh medium. Cell counting was 

performed using an electronic particle counter (Casy TTC, Schaerfe System, 

Reutlingen, Germany) and cells diluted in isotone (1:1000).  

4.2.5 Cytokine quantification  

The levels of IL-6, TNFa and I-TAC were assessed using single ELISA kits from 

RayBiotech (Norcross, GA, USA). For analysis, cells were washed twice with 1x PBS 

(4°C) and lysed in 300 μl 1x Cell Lysis Buffer containing 1x protease inhibitor 

concentrate. Cells were re-suspended by pipetting on ice, incubation for 30 min at 

4°C, followed by centrifugation (14,000 x g, 10 min, 4°C).  

In one experiment the exposure medium of untreated HuWaTERT was assessed for 

potential cytokine release into the medium. For this, 4 ml of exposure medium were 

taken and centrifuged (3000 x g, 20 min, 4°C) with Amicon Ultra (3 kDa) (Merck, Zug, 

Switzerland), which resulted in an 8-fold purification.  

Cytokines of both cell and medium extracts were quantified following manufacturer’s 

instructions. In brief, the protein extracts were incubated with immobilised antibodies 

overnight at 4°C and under constant shaking. Afterwards the solution was discarded 

and each well was washed three times with 300 μl washing buffer. This step was 

followed by treatment of each well with 100 μl 1x biotinylated antibody solution for 1 

hour under constant shaking. The solution was discarded; the wells were washed 

again and 100 μl of 1x horseradish peroxidase/streptavidin solution was added to 

each well and incubated for 45 minutes under constant shaking. Followed by another 

washing step wells were incubated for 30 minutes in the dark with constant shaking 

with 100 μl of tetramethylbenzidin, which is a substrate for horseradish peroxidase. 

After adding 50 μl of stop solution buffer to each well, the absorbance wavelength of 

tetramethylbenzidin was measured at 450 nm immediately. The limits of detection 

were 3 pg/ml (IL-6), 30 pg/ml (TNFa) and 2 pg/ml (I-TAC). All concentrations are 

shown based on 1000 μg/ml total protein, which was determined using BicinChoninic 

Acid (BCA) protein assay kit (Pierce, Rockford, USA).   
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4.3 Results and discussion 

4.3.1 Immune stimulation with LPS 

LPS triggers immune stimulation at various concentrations; however, high 

concentrations may result in cellular cytotoxicity. Therefore, the influence of LPS on 

metabolic activity of HuWaTERT was investigated. LPS treatment of 100 and 50 μg/ml 

clearly reduced metabolic activity of HuWaTERT whereby concentrations < 10 μg/ml 

yield metabolic activity values comparable to the LPS-free control (Fig. 4.2). 

Therefore, only concentrations < 10 μg/ml were used for immune stimulation.  

 

Figure 4.2 Influence of LPS treatment on metabolic activity 

HuWaTERT cells were treated with different LPS concentrations and metabolic activity was 

measured after 24 hours of LPS exposure. Data is shown as percentage of full medium (10% 

FBS), and indicates the mean of three technical replicates and error bars represent SD. 

 

All three marker proteins were detected in the cell extracts of HuWaTERT without any 

immune stimulation: IL-6 (≈ 160 pg/ml), TNFa (≈ 6.5 mg/ml) and I-TAC (≈ 480 pg/ml) 

(Table 4.1). Whereas, IL-6 and TNFa were not present in the exposure medium, I-

TAC was detected at ≈ 60 pg/ml in unstimulated medium. In all further experiments 

only cellular levels of IL-6, TNFa and I-TAC were measured.  
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Table 4.1 Concentrations of IL-6, TNFa and I-TAC in unstimulated HuWaTERT cell 
extracts and release into the exposure medium 

 Cells Release into medium 

IL-6 160 pg/ml - 

TNFa 6.5 mg/ml - 

I-TAC 480 pg/ml 60 pg/ml 

 

Treatment with different concentrations of LPS (0.1, 1, 10 μg/ml) did not result in a 

distinctive regulation of IL-6, TNFa and I-TAC upon 24 or 48 hours of treatment (Fig. 

4.3 A and B). To test if stimulation with LPS from a different species (P. aeruginosa) 

or LPS from a different E.coli batch (E.coli 0111:B4) has an influence, the expression 

of IL-6 was measured (Fig. 4.3 C). No clear regulation of IL-6, TNFa and I-TAC levels 

were found. Various studies report IL-6 upregulation upon LPS stimulation in human 

fibroblasts (e.g. Coil et al., 2004, Perfetto et al., 2003, Zhang et al., 2011, Kent et al., 

1998, Debets et al., 1996). TNFa up-regulation upon LPS stimulation is only 

described for human wound fibroblasts (Fahey et al., 1995) and no prior information 

exists with regard to I-TAC expression on LPS stimulation. Overall, in human 

fibroblasts, the ability to up-regulate cytokines upon LPS treatment appears to be 

dependent upon the fibroblast type (e.g. wound vs. normal tissue) or differentiation 

state of fibroblasts (Fibbe et al., 1988, Seelentag et al., 1989, Damme et al., 1989). 
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Figure 4.3 Influence of LPS treatment on expression of IL-6, TNFa and I-TAC 

A HuWaTERT were treated with different LPS concentrations for 24 hours, and cellular 

expression of IL-6, TNFa and I-TAC, shown as percentage of control. Bars indicate the mean 

and circles represent the replicates.  

B HuWaTERT were treated with different LPS concentrations for 48 hours and cellular 

expression of IL-6, TNFa and I-TAC, shown as percentage of control. Bars and circles 

represent a single measurement.   

C HuWaTERT were treated with LPS from different species or strains (P.aerug; E.coli.0111:B4 

and E.coli. 055:B5) for 24 hours and cellular expression of IL-6, shown as percentage of 

control. Bars indicate the mean and circles represent the replicates.  

 

4.3.2 Influence of TNFa and IL1ß on cytokine expression 

Previously, TNFa stimulation, associated with increased IL-6 levels, were reported for 

human lung and gingival fibroblasts (Zhang et al., 2011, Kent et al., 1998). Thus, in 

this set-up HuWaTERT was treated with TNFa in addition to LPS. However, measured 

IL-6 levels were comparable to IL-6 in control cells (Fig. 4.4 A).  

Besides TNFa, also IL1ß has shown to initiate stimulation and expression of various 

cytokines, including IL-6 in gingival and psoriatic fibroblasts (Kent et al., 1998, 

Debets et al., 1996, Agarwal et al., 1995). To test this, HuWaTERT were treated with 

either IL1ß, LPS or both, and cellular expression of IL-6, TNFa and I-TAC were 

measured (Fig. 4.4 B). Cytokine levels of LPS treated cells were comparable to 

control cells (without any stimulation), treatment with IL1ß and IL1ß+LPS were 

comparable and resulted in higher levels for IL-6, TNFa and I-TAC (Fig. 4.4B). This 

suggests positive immune stimulation upon IL1ß treatment. IL1ß is a well-known pro-

inflammatory cytokine, and as such it is also secreted by immune activated 
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macrophages (Xie et al., 2014). Thus, in the next step we used the medium of 

immune activated RAW264.7 (RAW-CM) to treat HuWaTERT. 

 

 
Figure 4.4 Influence of TNFa and IL1ß treatment on cytokine expression 

A HuWaTERT cells were treated without (black bars) and with (white bars) TNFa in the 

presence of LPS from P. aeruginosa or E.coli 055:B5 for 24 hours, and IL-6 expression was 

measured as dependent variable, shown as percentage of control. Bars and circles represent 

a single measurement. 

B HuWaTERT were treated either with LPS, IL1ß or LPS+IL1ß for 24 h, and expression of IL-6, 

TNFa and I-TAC was assessed, shown as percentage of respective control (dotted vertical 

line). Bars indicate the mean and circles represent replicates.   

 

4.3.3 Immune stimulation with RAW-CM treatment 

Addition of 20, 40 and 60% of RAW-CM to HuWaTERT cells resulted in concentration-

dependent increase of metabolic activity by approximately 20, 39, and 53%, 

respectively (Fig. 4.5). As the cell number did not increase simultaneously, higher 

metabolic rates per cell can be assumed.  
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Figure 4.5 Influence of RAW-CM treatment on metabolic activity and cell number 

HuWaTERT cells were treated for 24 hours with different percentages of RAW-CM, which was 

collected from RAW264.7 activated with 1 μg/ml LPS for 24 hours. Left y-axis represents 

metabolic activity as percentage of control (white bars), and right y-axis shows cell number 

per ml (black bars). Data represents the mean of three replicates, which is one experiment 

performed with three technical replicates in parallel, and error bars represent the SD.  

 

Various factors can influence immune stimulation potential of RAW-CM, thus the 

influence of the following parameters, and metabolic activity in HuWaTERT as 

dependent variable were measured. The first tested parameter was LPS from 

different species, therefore RAW264.7 were stimulated with LPS from P. aeruginosa 

or E.coli and the medium was collected after 4, 24 or 48 hours. Increased metabolic 

activity of HuWaTERT was measured when cells were treated with RAW-CM collected 

from P. aeruginosa or E.coli and all time points. After 24 and 48 hours metabolic 

activity was higher than after 4h (Fig. 4.6A) for both RAW-CM sources.  

Serum supplement is known to influence the cellular immune response. As such, 

HuWaTERT were stimulated with medium, which was collected either from serum-free 

medium or medium with 5% FBS (Fig. 4.6B). Presence of serum in RAW-CM 

seemed to slightly increase the metabolic activity measured in HuWaTERT. 
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Figure 4.6 Influence of RAW-CM collected from RAW264.7 stimulated with LPS from 
different bacterial species, time points and FBS concentrations 

A HuWaTERT cells were treated for 8 hours with RAW-CM (40%) from LPS P. aeruginosa and 

LPS E.coli, which was collected after 4, 24 or 48 hours, and metabolic activity was assessed 

as percentage of control. Data represents the mean of three replicates, which is one 

experiment performed with three technical replicates in parallel, and error bars represent SD. 

B HuWaTERT cells were stimulated for 8 hours with RAW-CM (40%) collected from RAW264.7 

activated either in serum-free or serum-containing medium (5% FBS), and metabolic activity 

was assessed as percentage of control. Data represents the mean of three replicates, which 

is one experiment performed with three technical replicates in parallel, and error bars 

represent SD. 

 

Kanzaki et al. (2003) reports higher immune stimulation capability, as measured by 

upregulation of cytokine levels (e.g. IL-6), as result of TERT transfection in human 

fibroblasts. Comparing HuWawild-type and HuWaTERT, HuWaTERT revealed a slightly 

higher metabolic activity at 40% and 60% of RAW-CM stimulation (Fig. 4.7).  

C 4 24 48
50

100

150

200

RAW-CM stimulation (h)

%
 o

f c
on

tr
ol

 (A
B

 F
L)

P. aeruginosa E.coli

C RAW-CM
0% FBS

RAW-CM 
5% FBS

50

100

150

200

%
 o

f c
on

tr
ol

 (A
B

 F
L)

A B



72 
 

Figure 4.7 Influence of RAW-CM on HuWawild-type and HuWaTERT 

HuWawild-type and HuWaTERT were treated with different percentages of RAW-CM for 24 hours. 

Metabolic activity was measured as the dependent variable, shown as percentage of control. 

Data represents the mean of three replicates, which is one experiment, performed with three 

technical replicates in parallel, and error bars represent SD. 

 

After trying different factors influencing immune stimulation with RAW-CM, the 

expression of IL-6, TNFa and I-TAC was measured in HuWaTERT upon treatment with 

different concentrations of RAW-CM (Fig. 4.8). Whilst there was no clear effect with 

the addition of 1% RAW-CM, 5% and 40% of RAW-CM clearly increased levels of all 

cytokine targets. The highest levels were observed for IL-6, resulting in up-regulation 

by 66% and 102% for 5% and 40% of RAW-CM, respectively.  

 

 

Figure 4.8 Influence of RAW-CM on expression of IL-6, TNFa and I-TAC 

HuWaTERT were treated with different percentages of RAW-CM (E.coli; 24 hours, serum-free 

medium) for 24 hours, and expression of TNFa, I-TAC and IL-6 was measured, shown as 

percentage of control. Bars indicate the mean and circles represent the replicates.  
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4.4 Summary and next steps 

For this work IL-6, TNFa and I-TAC were selected as immune markers to measure 

cytokine expression. All three cytokines were detected in HuWaTERT, which confirms 

the viable application of human antibodies for the evaluation of protein expression in 

humpback whales. Generally, immune responses, including cytokines and 

chemokines, are relatively well conserved throughout evolution (Kimbrell and Beutler, 

2001, Secombes et al., 2016, Zou et al., 2016, Zlotnik et al., 2006). Nucleic acid 

sequences have shown to be highly similar between different mammalian species 

(Beineke et al., 2004). Human antibodies (e.g. IL-6 and TNFa) showed cross-

reactivity with different cetacean species (e.g. fin whales) (Jaber et al., 2010), and 

were successfully applied with cetacean tissue (Jaber et al., 2010) and cell cultures 

(Cirocco, 2001). The successful detection of cytokines via antibody binding indicates 

the potential of the approach for further screening for immune markers to advance 

understanding of immune responses in humpback whales.  

In general, cellular immune responses are complex, and differ between different 

stimuli and stimulation conditions. Herein, we investigated the immune potential of 

HuWaTERT upon different immune challenges, and metabolic activity or expression of 

IL-6, TNFa and I-TAC as dependent variables. The presented data represents 

preliminary assessments and replication is needed to provide statistically meaningful 

evaluations. Nevertheless, we draw following conclusions based on these results.   

Firstly, the positive expression of selected biomarkers shows that HuWaTERT are 

immune competent cells, which emphasizes their potential for further application in 

immune studies and suggests extended cytokine based immune screening in HuWa 

cell lines. Of the three selected markers, only I-TAC was measured in the exposure 

medium. To assess if HuWaTERT indeed secretes cytokines into the medium, the 

quantification method needs to be further adapted and the exposure medium needs 

to be more concentrated to detect potential cytokines. Immune associated excretion 

of cytokines into exposure medium is reported for different fibroblasts (e.g. Zhang et 

al., 2011, Kent et al., 1998, Perfetto et al., 2003). 

Secondly, HuWaTERT, which were treated with different immune stimuli, resulted in 

varying responses dependent on stimuli. Whereas upon LPS treatment no clear 

effect on metabolic activity or cytokine expression was detected, addition of IL1ß 
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increased cellular expression of TNFa and IL-6. The influence of IL1ß on metabolic 

activity was not tested. This result suggests that HuWaTERT shows stronger immune 

reactions upon treatment with specific cytokines such as IL1ß compared to LPS. IL1ß 

acts mainly in a pro-inflammatory manner, thus, responses to specific cytokines 

allows to study particular types of immune responses. Based on these results, 

RAW264.7 were cultured and immune activated, and RAW-CM containing all 

secreted cytokines was used for stimulation of HuWaTERT. Then, various parameters 

were adapted to find an optimised RAW-CM set-up for immune stimulation of 

HuWaTERT. Applying RAW-CM resulted in increases in both, metabolic activity and 

cellular levels of IL-6, TNFa and I-TAC in HuWaTERT with concentrations up to 2-fold 

higher than in unstimulated cells. Thus, based on tested endpoints, we conclude that 

HuWaTERT respond more strongly to RAW-CM treatment compared to LPS or IL1ß. In 

vivo fibroblasts interact with macrophages, and cytokines are important for the 

transfer of specific signals and initiation of immune responses. Establishing 

HuWaTERT cells, as active players of the immune system forms a pre-requisite for 

further investigations of specific, environmentally relevant immune scenarios such as 

infection with specific bacteria or viruses. 

Finally, the highest regulation upon RAW-CM treatment was found for IL-6. As an 

important mediator of cellular immune responses, IL-6 was assessed in different 

cetacean species and was also found in tissue or serum samples of seals (King et 

al., 1996, King et al., 1993), dolphins (Cirocco, 2001), orcas (Funke et al., 2003) and 

fin whales (Jaber et al., 2010). IL-6 triggers pro-inflammatory and acute immune 

responses; as such it is a possible endpoint to assess impact of pathogens. 

Generally, it mediates responses upon pathogen infections (Kishimoto, 1989), and 

elevated IL-6 levels have shown to correlate with bacterial and viral infections (Van 

Snick, 1990). Thus, we suggest IL-6 as one possible marker for further investigations 

regarding the role of potential immune stressors in HuWaTERT. 

Overall, this study demonstrates the potential to apply HuWaTERT cells in in vitro 

immune studies, which can be further utilized to investigate the role of relevant 

stressors, assess local inflammation or healing processes.   
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Chapter 5. Multiplexed cytokine analysis as an 
immune screening approach for humpback 

whale cell lines and dermal biopsies 
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Abstract  

The documented and hypothesized vulnerability of the Antarctic sea-ice ecosystem 

have led to suggestions that southern hemisphere humpback whales stand to 

experience habitat degradation with potential associated nutritional stress. Effective, 

non-lethal research methods are necessary for on-going monitoring of the health 

implications of such change in the species. In this thesis chapter, a commercially 

available human protein microarray was applied to test if this kind of array could be 

used to screen the expression of protein biomarker associated with immune functions 

in whale. This approach was triggered by the successful application of single 

cytokine ELISAs in the previous chapter. Analysis of humpback whale protein 

extracts from humpback whale cell lines and a skin biopsy revealed broad detection 

for over 200 cytokines. Different modes of immune stimulation of humpback whale 

cell lines likewise revealed a broad immune-related response. LPS treatment 

resulted in enrichment of functional annotations directly associated with bacterial 

infections, which indicates that the detected immune response corresponded with the 

manner of stimulation. Microarray analysis of a skin biopsy, which was known to 

have elevated contaminant levels, over-expressed functional annotations associated 

with contaminant exposure. These results suggest that immune related cytokines are 

detectable via human microarrays in humpback whale cell lines and biopsies, and 

further, that analysis of protein profiles may be able to differentiate between different 

immune challenges. This work carries significant potential for rapid advancement of 

the current understanding of immune responses in humpback whales.  

 

Keywords: humpback whale (Megaptera novaeangliae); multiplexed protein assay; 

cytokine; immune profile; gene ontology  
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5.1 Introduction  

The unique life of SH humpback whales is characterised by long-term migration and 

fasting leading to a hypothesized vulnerability to environmental change (Eisenmann 

et al., 2016). Monitoring of the immune status and health implications of such change 

are needed to evaluate this species vulnerability. 

HuWaTERT has been shown to be immune competent and positively over-express 

selected immune markers upon stimulation, as detailed in chapter four. Regulation of 

the cytokines IL-6, TNFa and I-TAC was quantitatively assessed by Enzyme-Linked 

Immunosorbent Assay (ELISA), which was performed with human antibodies. 

Successful binding of human antibodies suggests high conformity between the two 

species for these targets and prompted the application of commercial multiplexed 

ELISA assays as novel approach to screen for immune profiles in humpback whale 

protein extracts.  

High-throughput protein microarrays have been shown to provide quantitative data by 

rapid, precise, and cost-effective measurements (Kingsmore, 2006). As such, they 

are widely applied in disease diagnosis, cancer research or drug discovery to identify 

biomarkers, understand protein interaction or signalling pathways (Shao et al., 2003, 

Schweitzer et al., 2002, Kingsmore, 2006, MacBeath, 2002, Haab, 2003). Several 

gene-expression based microarrays have been applied on tissue of marine mammals 

including different species of seals (e.g. Mos et al., 2007, Tabuchi et al., 2006, Sakai 

et al., 2006, Hirakawa et al., 2007), bottlenose dolphin (e.g. Mancia et al., 2015, 

Mancia et al., 2007, Ellis et al., 2009) and minke whale (Niimi et al., 2007, Niimi et al., 

2005). However, gene-based microarrays measure only indirect functional responses 

in cells, they are restricted to genetic alterations and post-transcriptional regulation 

remains undetected (Kodadek, 2001). Only few studies used protein microarrays for 

protein detection in marine mammals. Cole et al. (2009) describes a proteomic 

profiling approach with tissue of bottlenose dolphins to investigate impact of 

benzo[a]pyrene. Levin et al. (2014) found cross-reaction between proteins in canine 

and pinniped species, and utilised a canine microarray to detect pro- and anti-

inflammatory cytokines in pinnipeds.  
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Here, a human multiplexed protein array was applied to screen for expressed protein 

products in humpback whale cell lines and dermal tissue, and further evaluate the 

corresponding response.  
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5.2 Methods 

5.2.1 Reagents 

All chemicals were ordered from Sigma–Aldrich (Buchs, Switzerland) and all cell 

culture ware, buffers and media from Invitrogen (Basel, Switzerland). Cell culture 

flasks were purchased from TPP (Transadingen, Switzerland). 

5.2.2 Cell cultures 

Immune stimulation was performed with HuWawild-type (Passage 16 and 20) and 

HuWaTERT (Passage 26). All cell cultures were maintained in DMEM/F12 medium 

containing 10% Fetal Bovine Serum (FBS), 0.1 M non–essential amino acids, 1 M 

sodium pyruvate and 1% Penicillin-Streptomycin (5.000 U/ml). Cultures were 

incubated at 37°C and 5% CO2. 

5.2.3 Immune stimulation and sample preparation 

For stimulation, HuWa at 80% confluency were trypsinized and centrifuged (600 x g, 

3 min). HuWawild-type and HuWaTERT were subcultured 1:2 and 1:3, respectively, using 

75 cm2 cell culture flasks. At 70-80% confluency, cells were stimulated in DMEM/F12 

containing 1% FBS as follows: For the first protein array analysis, HuWawild-type were 

LPS-stimulated (E.coli 055:B5, 10 μg/ml); untreated cells served as control. The 

second protein array analysis was performed with HuWawild-type and HuWaTERT, both 

stimulated with RAW-CM (40%, 1 μg/ml LPS as detailed in chapter four). Again, 

untreated cells served as control. Cells with or without stimuli were incubated for 24 h 

at 37°C. Then, the supernatant of the cells was removed and cells were washed 

twice with 1x phosphate-buffered saline (PBS) (4°C), lysed for 30 min at 4°C using 1 

ml 1x Cell Lysis Buffer (RayBiotech, Norcross, GA, USA) containing 1x protease 

inhibitor concentrate.  

The first protein array analysis was performed additionally with a skin biopsy of a 

male adult stranded on the Gold Coast (Queensland; Australia) in 2007. A mass of 3 

g of epidermal skin was defrosted and homogenized using a mortar and pestle, 

which was cooled with liquid nitrogen. The skin was transferred to 4 ml of 1x cell lysis 

buffer (RayBiotech, Norcross, GA, USA) and incubated for 30 min at 4°C; 

simultaneously a tissue homogenizer was applied in 10 second intervals. All extracts 
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were centrifuged (14,000 x g, 10 min, 4°C), the supernatant was transferred and 

immediately stored at -80°C. Total protein concentrations were determined using 

BicinChoninic Acid (BCA) protein assay kit (Pierce, Rockford, USA).  

5.2.4 Multiplex ELISA 

Multiplexed protein analysis was performed using the testing and scanning service of 

RayBiotech (Norcross, GA, USA), applying the human cytokine array Q440. This 

array detects 440 different cytokines simultaneously, including various inflammatory 

factors, growth factors, chemokines and receptors. In short, cytokine specific 

antibodies are bound to the array device and upon sample incubation, target proteins 

are immobilized to the glass slide. Then, biotin-labelled secondary antibodies are 

added, and the cytokine-antibody-biotin complex is visualized by streptavidin-labelled 

Cy3 dye using a laser scanner. Each antibody and positive control was assessed in 

quadruplicates. Proteins were quantified by internal standard concentrations, which 

were integrated in the array and measured simultaneously. Data was extracted and 

normalised using Quantibody Q-Analyser. 

5.2.5 Data analysis 

Gene Ontology (GO) analysis was used to classify detected proteins. GO analysis 

enables classification of functional groups, corresponding to annotations, and thus 

helps to understand the relationship of these functional groups in the overall 

biological response. Multiplexed protein data was categorized according to protein 

classes, biological processes and molecular functions applying Protein ANalysis 

THrough Evolutionary Relationships (Panther) as detailed in Thomas et al. (2003),  

and Mi et al. (2005). Statistical over-representation analysis and Bonferroni 

correction was performed with Panther 11.0 released 2016-07-15. Gene Ontology 

enRIchment anaLysis and visualization (Gorilla) was used to identify and visualize 

enriched GO terms (Eden et al., 2009, Eden et al., 2007). For this, the fold-change 

between stimulated and non-stimulated HuWa cells was calculated, and proteins 

were categorized in up-regulated (ratio > 1.15), down-regulated (< 0.85) or not 

regulated (0.85 – 1.15).   
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5.3 Results and discussion 

5.3.1 Overview of detection 

Application of the multiplexed cytokine assay revealed a total detection of 203 

different cytokines (Supplementary table 1 and 2). For this, two microarrays were 

applied and cytokines were assessed in immune stimulated (LPS / RAW-CM), 

untreated HuWawild-type and HuWaTERT, and dermal tissue of a humpback whale (Tab. 

5.1). 

 

Table 5.1 Number of detected proteins in array 1 and 2 

Array 1 HuWa
wild-type 

Biopsy  Array 2 HuWa
wild-type 

HuWa 
TERT 

Untreated  89 125  Untreated  42 65 

LPS  74 -  RAW-CM  53 41 

 

Summarising the data from array 1 and 2, there is a big overlap between the cell 

lines and the skin biopsy (Fig. 5.1A). 87 cytokines were expressed in both HuWawild-

type and the skin biopsy extract. In total 145 cytokines were detected in HuWawild-type, 

whereby only 67 were expressed in HuWaTERT. However, HuWawild-type was assessed 

in both microarrays whereby HuWaTERT was measured only in one array (Tab. 5.1).  

Gene Ontology was applied to reveal associated functional annotations. Cytokines in 

non-stimulated HuWawild-type (HuWaTERT) were related to 270 (176) different biological 

processes, 132 (82) protein classes and 112 (81) molecular functions. For both, 

HuWawild-type and HuWaTERT the majority of cytokines were involved in cellular 

processes, response to stimulus, developmental processes, biological regulation and 

immune system processes (Fig. 5.1B). Overall, detected cytokines in HuWawild-type 

and HuWaTERT revealed similar major functional annotations such as high 

involvement in immune and inflammation related processes.  
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Figure 5.1 Number of detected cytokines and associated biological functions 

A HuWawild-type, HuWaTERT (stimulated and untreated) and an extract of humpback whale skin 

were analysed by multiplexed protein arrays and the number of proteins and percentage of 

total is illustrated. 

B Untreated HuWawild-type and HuWaTERT were analysed for their major functional annotations 

(GO terms) associated with biological functions. 

 

5.3.2 Immune stimulation of humpback whale cell lines 

Two arrays were performed with HuWa cell lines. In the first array, HuWawild-type were 

LPS-stimulated and detected cytokines were compared to untreated cells. The 

second array included both HuWawild-type and HuWaTERT and both cell lines were 

RAW-CM-stimulated and compared to untreated controls.  In LPS stimulated 

HuWawild-type more cytokines were detected than in RAW-CM stimulated HuWawild-type 

(Fig. 5.2A).  

The different heatmap pattern between treatments also suggests different immune 

responses between these two immune stimuli. When comparing RAW-CM treated 

HuWawild-type and HuWaTERT, it appears that more cytokines in HuWaTERT were down-

regulated than in HuWawild-type.  

To investigate if there are immune-related functional differences between LPS and 

RAW-CM treatment, the annotations associated with the GO category “response to 

stimulus” of all up-regulated cytokines in HuWawild-type were visualized (Fig. 5.2B) and 

are discussed in the following sections.  
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Figure 5.2 Regulation of cytokines upon stimulation and GO terms related to 
“response to stimulus” 

A Cells were stimulated with LPS (HuWawildt-ype) and RAW-CM (HuWawild-type and HuWaTERT) 

and the regulation of each cytokine was assessed. Each box displays the regulation of a 

single cytokine, up-regulated in white, down-regulated in black and baseline regulation in 

grey. The pattern of heatmap shows the regulation pattern upon stimulation. Labelling of 

names indicates every third cytokine of HuWawild-type (LPS), and every second of HuWaTERT 

(RAW-CM) and HuWawild-type (LPS). 

B HuWawild-type were either stimulated with LPS or RAW-CM and the functional annotations 

associated with the GO category “response to stimulus” are displayed of up-regulated 

cytokines, shown as percentage of total targets assigned with “response to stimulus”.  

 

5.3.2.1 LPS stimulation of HuWawild-type 

Stimulation of HuWawild-type with LPS resulted in up-regulation of 37 (33%), no-

regulation of 20 (18%) and down-regulation of 55 (49%) detected cytokines (Fig. 

5.2A). GO analysis of only up-regulated cytokines showed that these cytokines are 

associated with immune system processes, localization, locomotion and response to 

stimulus. Highlighting only the sub-category “response to stimulus” indicates 
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involvement on immune response, response to stress, response to biotic stimulus 

and response to external stimulus (Fig. 5.2B).  

Enrichment analysis of these cytokines revealed over-representation of several 

stress and immune related markers (Fig. 5.3). Following GO associations showed 

highest enrichment for the following processes: chemotaxis, taxis, response to 

lipopolysaccharide, bacterial origin and external biotic stimulus.  

This suggests initiation of chemotactic response and cell-cell signalling as major 

effects in HuWawild-type upon LPS stimulation. Bacterial stimulation of HuWawild-type 

may result in direct cell movements, cellular information transfer and recruitment of 

immune cells.  

 

 

Figure 5.3 Enriched GO terms of up-regulated cytokines in HuWawild-type 

HuWawild-type was stimulated with LPS and up-regulated cytokines were assessed for enriched 

GO terms. The annotations illustrate enriched GO terms whereby the colored terms indicate 

higher enrichment. Analysis was performed with Gorilla. 

 

5.3.2.2 RAW-CM stimulation of HuWawild-type and HuWaTERT 

Stimulation of HuWawild-type with RAW-CM resulted in up-regulation of 27 (46%), no-

regulation of 19 (32%) and down-regulation of 13 (22%) cytokines, whereas 
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stimulation of HuWaTERT revealed up-regulation of 13 (20%), no-regulation of 11 

(17%) and down-regulation of 40 (63%) cytokines (Fig. 5.3A).  

Similar GO terms were associated with „response to stimulus“ in HuWawild-type either 

LPS or RAW-CM stimulated (Fig. 5.2B). 

However, affiliations are illustrated in terms of percentage, absolute numbers 

indicated that 39 different cytokines were associated with „response to stimulus“ 

upon LPS treatment, whereby only 9 hits were assessed for RAW-CM. The main 

reason for this is, that in total more cytokines were detected in LPS regulated 

HuWawild-type (array 1) than in RAW-CM regulated HuWawild-type (array 2). This 

difference makes it difficult to compare the two treatments.   

Assessment of over-represented GO terms for up-regulated cytokines in RAW-CM 

treated HuWawild-type revealed positive correlation for chemotaxis (2.2 x 10-2), immune 

response (9.7 x 10-4) and response to stress (8.8 x 10-3).  

In summary, only few GO terms were over-represented upon RAW-CM compared to 

LPS, which may assume less immune involvement. However, assessing over-

representation in down-regulated cytokines, more immune-related GO terms were 

over-represented such as signalling pathway (4.2 x 10-7), response to biotic stimulus 

(5.7 x 10-3) or immune response (2.2 x 10-5). These results together with a differing 

stimulation pattern (Fig. 5.2 A) may indicate a different way of response for RAW-CM 

compared to LPS. LPS may trigger pathogen related immune functions, whereby 

RAW-CM results in more general immune activation and inflammatory responses.  

5.3.3 Skin biopsy extract 

Multiplex protein analysis was also conducted with a dermal biopsy, which was taken 

of a male adult stranded in 2007. The sample was taken of carcass floating in the 

water, and therefore substantial protein degradation may have occurred. In total, 125 

proteins were identified, whereby 90 proteins were also present in HuWawild-type 

and/or HuWaTERT (Fig. 5.1A). GO term analysis revealed associations with biological 

processes (263), molecular functions (127), protein classes (146) and localization of 

cellular component (48) (Fig. 5.4). Major groups were signalling molecules (22 %), 

receptors (16%), cell adhesion proteins (14%) and defence / immunity proteins 

(11%). Dominant biological processes were cellular processes (e.g. cell 

communication), developmental processes (system or cell development), response 
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to stimuli (e.g. immune and stress responses) and immune system processes (e.g. 

macrophage activation).  

 

Figure 5.4 Functional associations in humpback whale skin 

A skin biopsy extract of an individual humpback whale was extracted and functional GO 

annotations assigned to biological process, cellular component and molecular function were 

assessed. 

 

Over-representation analysis of the skin extract revealed several highly enriched GO 

terms including “regulation of immune response”, “response to stimulus”, “immune 

system process”, “regulation and response to stimulus” and “response to stress” (Fig. 

5.5). These results demonstrate that immune and inflammation related markers are 

expressed and can be detected in the extract of humpback whale skin. Over-

representations of particularly stress and external-stimuli related GO terms may 

indicate elevated stress and inflammation in the skin of the extracted animal.  

0 20 40 60

binding
receptor activity
catalytic activity

signal transducer activity
structural molecule activity

transporter activity
translation regulator activity

extracellular region
membrane

extracellular matrix
cell junction

cell part

cellular process
developmental process

response to stimulus
immune system process

metabolic process
biological regulation

multicellular organismal process
biological adhesion

localization
locomotion

cell killing
reproduction

cellular component organization

number of proteins

biological process
cellular component
molecular function



88 
 

Further, the analysis revealed over-representation of GO terms associated with 

contaminant exposure including “response to organic substance”, “cellular response 

to chemical stimulus” or “response to chemical” (Fig. 5.5).  

Assessment of the persistent organic pollutant (POP) profiles of the stranded animal 

and comparison to average concentration in SH humpback whales (Bengtson Nash 

et al., 2013) found that this animal carried elevated POP burdens which may have 

impacted the protein expression profile.  

 

Figure 5.5 Over-representation analysis of functional annotations in humpback whale 
skin 

A skin biopsy extract of an individual humpback whale was extracted and over-represented 

GO terms are illustrated. Lowest p-values indicate highest over-representation (top to 

bottom). 

  

10-20 10-15 10-10 10-5 100

response to stress
cellular response to chemical stimulus

response to stimulus
regulation of cytokine production

regulation of multicellular organismal process
cell communication

positive regulation of biological process
regulation of response to stimulus

biological adhesion
cell adhesion

immune system process
response to organic substance

immune response

p-value



89 

5.4 Summary and next steps 

The application of a human microarray approach revealed broad protein detection: 

almost half of the proteins present on the microarray were expressed.  

GO analysis was applied and different cytokine profiles dependent on the immune 

stimuli were assessed. As such LPS stimulation of HuWawild-type revealed an immune 

profile which was directly associated with bacterial stimulation and the assigned GO 

terms. This suggests that the profile corresponded accurately to stimuli.  

However, the presented data is preliminary, and the number and type of detected 

proteins varied between the two arrays. This may be due to assay handling and 

procedures, which was conducted by the RayBiotech testing service. This type of 

multiplex assays can also be purchased as kit, which may allow assay optimization 

such as finding the best dilution range to detect majority of cytokines.  

Further, a clearly systematic approach is needed to validate this pathway of 

investigation. One possible way could be to design a panel of markers, which are 

commonly expressed in both, HuWa cell lines and the skin extract. Afterwards this 

panel can be used to study particular environmental relevant stressors (chemicals, 

temperatures, nutrient status, pH, pathogens) in controlled immune experiments in 

HuWa cell lines. This may help to understand the data gained from biopsy samples, 

and screen for potential stressors such as pathogen infections or chemical stress. 

Thus, a validated species-specific multiplexed protein array may have the potential to 

diagnose the immune status and potential stress response in both free-swimming 

and stranded animals. It may be used to differentiate between the immune health of 

different individuals, screen for disease histories or responses to pathogens.  
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Abstract 

Persistent organic pollutants, such as hexachlorobenzene (HCB), are known to 

accumulate in the blubber of humpback whales. Annual seasonal migration of 

Southern hemisphere populations is associated with voluntary fasting and leads to an 

enormous increase in blubber persistent organic pollutants (POP) concentrations and 

potential re-mobilization from the blubber. HCB is a globally pervasive contaminant 

and dominates the Southern Ocean food web and Southern hemisphere humpback 

whale contaminant profiles. The potential toxicological effects of HCB to humpback 

whales, however, remain unknown. Species-specific toxicological investigations are 

constrained by both the logistical challenges associated with large, free-roaming 

cetaceans, as well as by the inherent physico-chemical properties of HCB, which 

include a very low water solubility combined with a considerable degree of volatility. 

The recently established HuWa fibroblast cell line offers an in vitro model for 

toxicological investigations on humpback whales. Conventional dosing of HCB in 

such in vitro systems, however, is not suitable. This is due to substantial losses of the 

chemical due to sorption and evaporation which precludes the establishment of a 

constant exposure concentration of HCB close to its water solubility limit. This study 

therefore aimed to establish a passive dosing system for HCB and apply it to 

humpback whale-specific toxicity testing. To accomplish this, silicone O-rings were 

loaded with HCB to serve as a HCB reservoir and to produce stable concentrations 

of HCB in DMEM/F12 exposure medium by equilibrium partitioning. O-ring 

partitioning characteristics were assessed and stable concentrations at the saturation 

level were consistently achieved. Exposure of HuWa cells was assessed in two set-

ups: exposure to confluent cell monolayers revealed no effect of HCB on cell viability; 

by contrast, cells seeded into HCB-equilibrated exposure medium showed significant 

reduced cell attachment, which suggests impact of HCB in the presence of additional 

stress factors such as suspension state. This work demonstrates that passive dosing 

can be applied to provide constant, predictable exposure of HCB over several days, 

and allows effect assessment of humpback whale cell lines. 
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6.1  Introduction 

Persistent Organic Pollutants (POPs) are ubiquitous contaminants of Polar 

environments resulting in continuous exposure to, and bioaccumulation within Polar 

wildlife (Kallenborn et al., 2015, Letcher et al., 2010). Hexachlorobenzene (HCB) has 

been found to dominate both abiotic and biotic chemical profiles of the Antarctic 

region (Bengtson Nash et al., 2008, Bengtson Nash et al., 2015, Chiuchiolo et al., 

2004, Kallenborn et al., 2013). HCB is a mono-aromatic chlorobenzene exhibiting 

typical legacy POP characteristics such as high stability (>6 years half-life in biota), 

hydrophobicity (log Kow = 5.7) and volatility (H = 35 Pa m3/mol) (Barber et al., 2005, 

Jantunen and Bidleman, 2006). High stability and relatively high volatility rates lead 

to global distillation and temperature dependent long-range atmospheric transport. 

Similarly, properties of persistence and lipophilicity facilitate bioaccumulation in 

organisms whilst biomagnification processes rapidly increase concentrations along 

food webs. Southern Hemisphere (SH) humpback whale (Mega.ptera novaeangliae) 

blubber concentrations were found to average ~60 ng/glipid post-summer feeding, 

representing a biomagnification factor of 13.7 from their primary prey item, Antarctic 

krill (Euphausia superba) (Bengtson Nash et al., 2013). Notably, however, fasting 

and migration associated lipid depletion results in release into the blood stream and 

in rapid concentration of blubber burdens, with average population burdens found to 

reach ~200 ng/glipid after only 3-6 months of a 6-9 month migration (Bengtson Nash 

et al., 2013). 

HCB exposure is associated with low acute toxicity. Murine in vivo studies, however, 

show that chronic exposure has been associated with immunotoxicity, reproductive 

and developmental toxicity, neurobehavioral impairment, endocrine disruption, 

hepatic toxicity, kidney damage and cardiotoxicity (USEPA, 2000, ATSDR, 2013). 

Moreover the international agency for research on cancer classified HCB as a group 

2B carcinogen interfering with the liver, ovary and the central nervous system (IARC, 

2001). Evaluating the toxicological impact of HCB to SH humpback whales is of 

particular interest given that migration associated peak exposure occurs when 

females are pregnant and nursing, thus coinciding with vulnerable developmental 

stages. Effect assessments on large, free-roaming cetaceans are neither logistically 

nor ethically practical. Recently, however, the author team developed a humpback 

whale cell line (HuWa), for the first time opening up the possibility for in vitro effect 
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assessment for this species (Burkard et al., 2015). First toxicological investigations 

using this cell line highlighted inter-species differences in sensitivity to typical POP 

compounds accumulating in the blubber of humpback whales, underscoring the need 

for species-specific risk assessment (Burkard et al., 2015). 

Although HCB is the priority contaminant for this species, the compound’s physico-

chemical properties are unsuitable for traditional static batch test systems mainly due 

to the low aqueous solubility of HCB (Shiu et al., 1997). Most effect evaluation 

studies with HCB were conducted by dissolving HCB in an organic solvent, leading to 

peak exposure of test organisms (e.g. Chalouati et al., 2015, Salmon et al., 2002, 

Canonero et al., 1997). However, organic solvent-based peak dosing and the dosing 

procedure itself are known to impact actual exposure concentrations and therefore 

interpretation of effect concentrations (Schreiber et al., 2008, Tanneberger et al., 

2010, Kramer et al., 2010). Peak dosing of HCB results in extreme losses due to 

evaporation and sorption to medium components, and stable exposure 

concentrations cannot be reached. One approach to achieve well-defined exposure 

conditions is via passive dosing. Recently, silicone-based passive dosing was shown 

to be reliable in achieving predictable and stable exposure concentrations (Smith et 

al., 2010a, Smith et al., 2010b). Silicone features high absorption capacities for 

hydrophobic chemicals, and can be loaded with hydrophobic chemicals and act as 

reservoir for passive dosing. Based on the concentration gradient between the 

reservoir and the other compartments in the system, the chemical is released into the 

exposure medium where a stable concentration at the equilibrium level is achieved. 

Thus, losses in the exposure system can be compensated. Based on silicone, both 

discs and O-rings have been used and applied to different toxicity assays and 

classes of organic chemicals including chlorobenzenes (Smith et al., 2010a, Smith et 

al., 2010b, Seiler et al., 2014, Oostingh et al., 2015, Kramer et al., 2010). The 

present study aimed to establish a passive dosing set-up for HCB using silicone O-

rings maintaining predictable, freely dissolved HCB concentrations for exposure of 

HuWa cells to study humpback whale specific cyto- and genotoxicity. 
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6.2 Methods 

6.2.1 Chemical and materials 

All chemicals were obtained from Sigma–Aldrich (Buchs, Switzerland), 

polytetrafluoroethylene (PTFE) screw and autosampler vials from BGB Analytik AG 

(Boeckten, Switzerland). Cell culture consumables were purchased from Life 

Technologies Invitrogen (Basel, Switzerland), culture flasks from TPP (Transadingen, 

Switzerland) and cell culture plates from Greiner bio-one (Frickenhausen, Germany). 
13C6-Hexachlorobenzene (Nonane, 100 μg/mL) was purchased from Cambridge 

Isotope Laboratories (Cambridge, UK). 

6.2.2 Loading of O-rings with HCB 

The O-rings were made of biologically and chemically inert silicone (Hutchinson 

Suisse, Langnau am Albis, Switzerland). O-rings had an inner and outer diameter of 

9.92 and 15.16 mm, respectively, fitting well into 24-well plates. The mass of the O-

rings was determined as 258 ±3 mg (n =75) and a volume of 0.212 mL was 

calculated. The rings were floating in aqueous solutions, such as in DMEM/F12 

exposure medium. O-rings were pre-cleaned by Soxhlet extraction, which included 

10 cycles with cyclohexane and subsequently 10 cycles with methanol to remove any 

apolar and polar residues. Then, O-rings were stored in deionized nano-pure H2O 

(dH2O) at room temperature until use. Two different methods of loading were tested. 

Firstly, “push loading” was adapted from Birch et al. (2010). Briefly, HCB Loading 

Buffer (LB) with concentrations of 100, 50 and 10 μg/mL in methanol were prepared, 

and O-rings were placed in PTFE glass vials containing 100 μL LB per O-ring. Then, 

3x 100 μL, 1x 200 μL, 1x 400 μL and 1x 600 μL dH2O was added in 10 min intervals, 

followed by the addition of 10 mL of dH2O after 24 hours and left to equilibrate for 

further 24 h. Secondly, ”partitioning loading” was customized from Kramer et al. 

(2010). For this, HCB LBs of 824, 4130 and 8240 μg/L were prepared and dissolved 

in 10 ml 60:40 (v:v) methanol/H2O per O-ring. Both loading methods were carried out 

at room temperature, in 20 ml vials and constant shaking (250 rpm) in the dark. 

Loading efficiency (Eq 1) and recovery (Eq 2) were assessed based on the mass of 

HCB in the respective LB at the beginning mHCB,LB,t0, and after equilibration on 

silicone O-rings (m*HCB,sil), and after equilibration in LB (m*HCB,LB). 
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6.2.3 Passive dosing and partitioning coefficients  

Various concentrations of HCB in LB ranging from 100 to 10.000 μg/mL were used to 

establish the partitioning coefficient KLB:sil between LB and silicone. KLB:sil was 

calculated with the equilibrium concentration of HCB in the LB (C*
LB) and silicone O-

rings (C*
sil), using the mass of HCB (m∗

HCB,LB , m∗
HCB, sil) and volume (VLB and Vsil) (Eq 

3). KLB:sil was subsequently used to calculate predicted concentrations on O-rings 

(C*
sil) using known LB concentrations with LB concentrations at the beginning (CLB, t0) 

and volumes of silicone and LB (VLB and Vsil) (Eq 4). 
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For dosing into the medium, loaded O-rings were rinsed first with 2 mL methanol and 

then 2 mL dH2O per ring, air-dried (30 min) and placed into 20 ml amber vials to 

equilibrate in DMEM/F12 (2 ml per O-ring) at 250 rpm and room temperature. 

Partitioning coefficients between silicone and DMEM/F12 (Ksil:DMEM/F12) were 

calculated for serum-free (0%) and serum-containing (1%) DMEM/F12 medium. 

Ksil:DMEM/F12 was calculated with the HCB concentration in the medium (C∗
DMEM/F12), 

and the mass of HCB in silicone (mHCB, sil) and the volume of the silicone (Vsil) (Eq 5). 

2. MATERIALS AND METHODS

measured and compared to the standard curve of 20, 50, 100, 200, 500, 1000, 2000, 5000, 10’000 µg/L
HCB. The HCB concentrations in silicone were calculated both in terms of volume and mass of silicone by
dividing the total mass of HCB per O-ring by average volume or mass of O-rings.

Concentrations of HCB in LB was determined by liquid-liquid extraction (LLE). For analysis, 1.5 mL
samples of LB were taken, 13C6-marked HCB (100 µg/L) was added as internal standard to compensate
for losses during the extraction procedure, and samples were extracted twice with 750 µL cyclohexane (1:1
extraction; final concentration of internal standard 100 µg/L). Extracts were transferred to 2 mL autosampler
vials. Concentration standards for quantification were handled in the same way.

Concentrations of HCB in medium samples were also determined by LLE. Aliquots of 3.8 mL were
used for analysis and 13C6-marked HCB (0.01 µg) was added. To serum-free medium samples 5.7 mL
methanol was added, and samples were extracted twice with 750 µL cyclohexane. To medium samples with
FBS methanol up to a total volume of 25 mL was added in order to precipitate medium constituents. 22
mL of resulting supernatant were extracted twice with 2.5 mL cyclohexane. All extracts were concentrated
by laminar nitrogen flow down to a volume of 100 µL (concentration factor 38 for medium without FBS,
concentration factor (22/25) * 3.8 mL / 0.1 mL = 33.4 for medium with FBS, respectively; final concentration
of internal standard 100 µg/L). Extracts were transferred to 100 µL microinserts in 2 mL autosampler vials.

For quantification of HCB in LB and medium extracts, peak area of m/z=284 (HCB) was divided by
peak area of m/z=294 (internal standard) and compared to the standard curve of (20, 50, 100, 500, 1000,
2000 µg/L HCB) / (100 µg/L 13C6-HCB).

Efficiency of loading techniques was assessed by formula 2.9, where mHCB,LB,t0 is the mass of HCB
in the LB at the start of loading [µg].

Efficiency =

m

⇤
HCB,sil

mHCB,LB,t0

(2.9)

In addition, for partitioning loading, a mass balance was calculated in order to determine recovery of
HCB according to formula 2.10.

Recovery =

m

⇤
HCB,LB +m

⇤
HCB,sil

mHCB,LB,t0

(2.10)

2.2.3 Toxicity testing

2.2.3.1 Cytotoxicity

Cytotoxicity was assessed by fluorescence of alamarBlue (AB) and 5-carboxyfluorescein diacetate ace-
toxymethylester (CFDA-AM) as described in [Schirmer et al., 1997]. AB fluorescence is indicative of
metabolic activity, while CFDA-AM fluorescence is a marker for membrane integrity.

Unless otherwise stated, for assessment of cytotoxicity cells were seeded in 24-well plates at a density
of 3x104 cells/well in 700 µL DMEM/F12 with 1% FBS. Passive dosing and incubation of cells with HCB
was applied as described in section 2.2.2.2 with concentrations 1x, 5x, and 10x HCB for various periods
of time. After exposure, medium was disposed, cells were washed once with 1x PBS, and then incubated
with 400 µL reagent solution consisting of 5% AB and 0.1% CFDA-AM in 1x PBS for 25 minutes at 37�C.
Fluorescence was measured with a multiwell plate reader at excitation/emission wavelengths 530/595 nm
for AB and 493/541 nm for CFDA-AM. Results were normalized to the average fluorescence measurement
of the control, which was defined as 100%. For statistical analysis a one-way ANOVA was conducted using
GraphPad Prism Version 5 (La Jolla, CA, USA).
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3. RESULTS AND DISCUSSION

Figure 3.2: Change in concentration of HCB on silicone O-rings during equilibrium partitioning loading
in MeOH/H2O 60:40% (v/v) with CLB,t0 = 1000 µg/L at 250 rpm. Error bars represent SD of technical
replicates.

The partitioning coefficient KLB:sil for HCB between the loading buffer of methanol/water 60:40%
(v/v) and silicone O-rings was calculated both in terms of concentration per mass of silicone as well as
concentration per volume of silicone (Table 3.1). Relative high variations of KLB:sil occurred between
repeated experiments (see SD values in Table 3.1). This may be caused by imprecise measurements of the
concentration of HCB in the LB at equilibrium, C⇤

LB; equilibrated HCB concentrations in the LB were
close to the limit of detection, which may have caused inaccuracies. To increase accuracy of determination
of C⇤

LB and thus reduce uncertainty in KLB:sil it is recommended that samples of C⇤
LB be concentrated

before analysis as performed in following experiments with cell culture medium (section 2.2.2.2).

Table 3.1: Partitioning coefficient for HCB between the LB of MeOH/H2O 60:40% (v/v) and silicone O-
rings at 21�C. Partitioning coefficients are given in terms of concentration per volume of silicone (KLB:sil),
as well as concentration per mass of silicone (K’LB:sil).

K SD log K

KLB:sil [L/L] 6.66x10�3 1.22x10�3 -2.18
K’LB:sil [kg/L] 8.11x10�3 1.49x10�3 -2.09

KLB:sil can be used to calculate the concentration of HCB on O-rings derived from known LB concen-
trations according to equation 3.1, using volume-based partitioning coefficient KLB:sil [L/L], equilibrium
HCB concentration in silicone [µg/L], initial HCB concentration in LB [µg/L], and volumes of silicone and
LB [L].

C

⇤
sil =

CLB,t0

KLB:sil +
Vsil
VLB

(3.1)

Similarly, the initial concentration of HCB in the LB can be calculated to achieve a specified concentra-
tion of HCB on the O-ring according to equation 3.2.
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2. MATERIALS AND METHODS

V = 2⇡

2 · (d
2

)

2 ·R (2.1)

O-rings were cleaned by Soxhlet extraction with 10 cycles of cyclohexane and methanol to remove any
apolar and polar contaminants respectively. Cleaned O-rings were stored in a sealed bottle in deionized
nanopure H2O (dH2O) until use.

Loading of O-rings was carried out at room temperature covered in aluminium foil, either in 20 ml
amber vials or Schott bottles, depending on whether they were loaded individually or in bulk. Two different
methods of loading were applied: push loading and equilibrium partitioning. Push loading was carried out
as described by Birch et al. [2010] however with modified volumes of loading solution. Briefly, clean O-
rings were placed in 100 µL (volumes given per O-ring) of a solution of HCB in methanol, then in 10 minute
intervals increasing volumes of dH2O were added accordingly: 100 µL, 100 µL, 100 µL, 200 µL, 400 µL,
600 µL, to a final volume of 1.6 mL. O-rings were equilibrates in the loading solution for 24 hours and
constant shaking at 250 rpm, then 10 mL of dH2O were added, and O-rings were equilibrated for another
24 hours. This technique was used with the following concentrations of HCB in methanol: 100, 50, 10, and
0 (control) µg/mL.

Partitioning loading was carried out as described by Kramer et al. [2010]. A 60:40 (V/V) mixture of
methanol/H2O was prepared as loading buffer (LB), at a volume of 10 mL per O-ring. HCB concentra-
tions were prepared by adding either solid HCB or HCB solution in methanol. Suspension of solid HCB
in methanol/H2O was used to load O-rings to saturation level as previously described [Oostingh et al.,
2015][Smith et al., 2010b][Smith et al., 2010a]. HCB suspension was sonicated for one hour at 4�C to
enhance dissolution and the LB was equilibrated for 1 week. In this setup suspended HCB crystals served
as reservoir to maintain the saturation level in the LB by dissolution, while O-rings were saturated by par-
titioning from the LB. To load O-rings below saturation level HCB solution in methanol was added and
LB used immediately. Clean O-rings were immersed in LB and equilibrated with constant shaking at 250
rpm. O-rings were removed at various time intervals in order to assess the time until equilibrium. Further,
various concentrations of HCB in LB were used to establish the partitioning coefficient KLB:sil between
LB and silicone. Samples of LB were taken before the addition of O-rings and after equilibration, and the
concentration of HCB on the O-rings was analyzed. KLB:sil was calculated according to the with formula
2.2, whereby C⇤ denominates equilibrium concentrations in LB and on silicone O-rings.

KLB:sil =
C

⇤
LB

C

⇤
sil

(2.2)

The partitioning coefficient was defined both in terms of concentration of HCB per volume of silicone
(equation 2.3) and per mass of silicone (equation 2.4), with m⇤

HCB being the mass of HCB in LB or on
silicone [µg] after equilibration, msil being the mass of silicone [kg], and VLB and Vsil being the volumes
of LB and silicone, respectively [L].
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sil
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m⇤
HCB,sil

/msil

[

kg

L

] (2.4)

2.2.2.2 Dosing into medium

Loaded O-rings were removed from LB, rinsed with dH2O, and dabbed dry before use for dosing. In case of
saturation loading, O-rings were first rinsed with methanol to remove any solid HCB and then with dH2O.

10
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(5) 

 

The freely dissolved concentration in 1% FBS exposure medium (Cfree) was 

calculated using the partitioning coefficient of serum-free medium (Ksil:DMEM/F12(0% FBS)) 

and HCB on O-rings (Csil) (Eq 6), as described in Kramer et al. (2010) and Birch et al. 

(2010). Therefore, the available fraction of HCB (ffree,DMEM/F12(1%FBS)) was calculated 

by dividing the freely dissolved HCB concentration (Cfree,DMEM/F12(1%FBS)) by the total 

HCB concentration (Ctotal,DMEM/F12(1%FBS)) (Eq 7). 

 

(6) 

  

(7) 

 

6.2.4 Chemical analysis 

For quantification of HCB, each O-ring was extracted by solid-liquid extraction using 

10 mL cyclohexane and incubation for 72 hours at 300 rpm. Samples of the HCB 

loading solutions (1.5 ml) were extracted twice with 750 μL cyclohexane and the 

extracts were combined. Serum-free medium samples (3.8 ml) were first mixed with 

5.7 mL methanol and then extracted twice with 750 μL cyclohexane. Serum- 

containing (1% FBS) medium samples (3.8 ml) were diluted up to a total volume of 

25 ml with methanol, of which 22 ml of supernatant were taken off and extracted 

twice with 2.5 ml cyclohexane. To all loading buffer and medium samples, 13C6-

marked HCB was added as internal standard prior to extraction (nominal 

concentration in extract 100 μg/L). Extracts were then concentrated to a volume of 

100 μL using laminar nitrogen flow. Analysis was performed in autosampler vials (2 

mL) with inserts (100 μL). All aliquots were analysed by GC-MS (Trace GC Ultra / 

ITQ900, Thermo Scientific) assessing the peak area of m/z= 284 and relative peak 

area of m/z = 284/294 for samples with internal standard, using standards of 20, 50, 

100, 200, 500, 1000, 2000, 5000, 10’000 μg/L HCB. For O-ring extracts, pure 

cyclohexane was used as blank, while for loading buffer and medium samples a 

2. MATERIALS AND METHODS

They were then submerged in 2 mL DMEM/F12 medium per O-ring in 20 ml amber vials and left to equi-
librate at 250 rpm and room temperature. Medium samples were taken at various time points to assess
the time until equilibrium. In order to determine the partition coefficients for HCB between silicone and
DMEM/F12, O-rings were loaded with a known concentration and equilibrated in DMEM/F12 with 0%
and 1% FBS, respectively, and the resulting concentrations of HCB were analyzed. The partitioning coef-
ficients Ksil:DMEM/F12 were calculated according to equation 2.5, where C⇤

DMEM/F12 is the equilibrium
concentration of HCB in DMEM/F12, and Csil is the concentration of HCB on the silicone O-ring.

Ksil:DMEM/F12 =
Csil

C

⇤
DMEM/F12

(2.5)

Due to the low solubility of HCB in aqueous solution the loss of HCB in the medium can be considered
as negligible in comparison to the amount loaded on the O-ring, thus Csil can be considered as constant
[Kramer et al., 2010]. To verify this and determine if there were any losses, the concentration of HCB on
O-rings was compared before and after immersion in medium at 37�C for three days at 250 rpm.

For the purpose of comparison with literature values the partitioning coefficients were defined both in
terms of concentration of HCB per volume of silicone (equation 2.6) and per mass of silicone (equation 2.7).
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For convenience, an indirect partitioning coefficient for HCB from the LB to medium can be calculated
according to equation 2.8, thus allowing to determine directly which concentration of HCB in the LB is
necessary to achieve the desired concentration of HCB in medium. For this the silicone volume-based
partitioning coefficients KLB:sil and Ksil:DMEM/F12 [L/L] have to be used.

KLB:DMEM/F12 = KLB:sil ·Ksil:DMEM/F12 (2.8)

For toxicity assays loaded O-rings were sterilized with 70% ethanol followed by washing with dH2O.
Afterwards, sterile DMEM/F12 was pre-equilibrated with loaded O-rings (2 mL per O-ring) for 20 hours
at room temperature with constant shaking at 250 rpm in 20 mL amber vials under sterile conditions. For
conventional passive dosing cells were seeded two days prior to exposure in 12- or 24-well plates. On
the day of exposure the culture medium was drawn off and cells were exposed to HCB-pre-equilibrated
DMEM/F12. For immediate exposure cells were seeded directly in the pre-equilibrated DMEM/F12. For
both setups the O-rings were immersed in autoclaved dH2O for five minutes, and left to dry completely
(⇠30 minutes). Then one O-ring per well was carefully placed afloat at the medium surface with forceps to
maintain a stable HCB concentration in the medium, and plates were sealed to minimize evaporation. Cells
were incubated at 37�C without CO2 during HCB exposure and shaken slightly at 30 rpm. Toxicity tests
were conducted at three different concentrations of HCB, termed 1x, 5x and 10x HCB. These correspond
to 1, 5, and 10 µg HCB per O-ring in the loading solution, using push-loading. Controls in all experiments
were handled in the same way as exposed cells, with O-rings loaded in pure methanol solution without HCB.

2.2.2.3 Chemical analysis

O-ring concentrations of HCB were determined by extracting each O-ring with 10 mL cyclohexane in 20
mL amber vials with PTFE lined caps for 72 hours at 300 rpm. Aliquots of extracts were analyzed in 2
mL autosampler vials by GC-MS. For quantification of HCB in the O-ring extract the peak area of m/z=284
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3. RESULTS AND DISCUSSION

et al., 2015]. This is slightly higher than our logK 0
sil:DMEM/F12. One possible explanation is that medium

constituents, even in the absence of FBS, increase the solubility of HCB. Smith et al. [2010a] defined a
linear relationship of partitioning coefficients of PAHs from silicone to water (in terms of volume-based
concentration in silicone) based on their hydrophobicity:

logKsil:water = 0.799 · logKow + 0.234 (3.4)

Applying this equation to HCB yields a theoretical logK 0
sil:water = 4.71. This in turn is slightly lower

than the observed logKsil:DMEM/F12. The most likely explanation for the discrepancies are inaccuracies
in measurements of very low concentrations of HCB in aqueous solutions.

Table 3.3: Partitioning coefficient for HCB between DMEM/F12 with 1% FBS at 21�C

Ksil:DMEM/F12 SD log Ksil:DMEM/F12

Ksil:DMEM/F12
(1%FBS)

[L/L] 4535 1440 3.66

K’sil:DMEM/F12
(1%FBS)

[L/kg] 3726 1183 3.57

The partitioning coefficient for HCB in medium with 1% FBS is more than an order of magnitude lower
than without FBS (Table 3.3). This results in higher HCB concentrations in medium with FBS without
FBS, using the same O-ring concentration. Serum constituents seem to significantly increase the solubility
of HCB. FBS contains components such as lipids to which lipophilic chemicals tend to bind. In direct
dosing setups the presence of FBS thus reduces the concentration of freely dissolved chemicals. However,
in passive dosing setups, the binding to serum constituents is compensated for by the reservoir, so that
the concentration of freely dissolved chemicals remains stable Smith et al. [2010b]. In general, the freely
dissolved and therefore bioavailable fraction of a chemical is considered as toxicologically active, while the
fraction bound to serum-constituents is unavailable [Kramer et al., 2010][Gilbert et al., 2015]. The freely
dissolved concentration, Cfree [µg/L], can be approximated with the partitioning coefficient for medium
without FBS [Kramer et al., 2010][Birch et al., 2010] using formula 3.5.

Cfree,DMEM/F12(1%FBS) =
Csil

Ksil:DMEM/F12(0%FBS)
(3.5)

The fraction of HCB which is freely dissolved, ffree,DMEM/F12(1%FBS), can be calculated by equation
3.6.

ffree,DMEM/F12(1%FBS) =
Cfree,DMEM/F12(1%FBS)

Ctotal,DMEM/F12(1%FBS)
(3.6)

In medium containing 1% FBS the fraction of HCB which is freely dissolved was calculated to be
only 5%. This is in line with the findings of Kramer et al., who developed a passive dosing setup for two
chlorobenzenes and benzo(↵)pyrene (B↵P) and remarked that it was ”striking” that for the most compounds,
B↵P, the dissolved concentration was only a small fraction of the total concentration. A comparison of their
results with the results of this study is compiled in table 3.4. It highlights again the significance of the
logKow for partitioning properties; HCB is more hydrophobic than 1,2,4-trichlorobenzene (1,2,4-TCB), but
less than B↵P. Both partitioning coefficients with and without serum were between the values of 1,2,4-TCB
and B↵P. As a result, for HCB the serum bound fraction is between 1,2,4-TCB and B↵P. The fact that
Kramer et al. conducted their experiments with 5% FBS in the medium does not seem to affect the linearity
of the results. At these low concentrations no saturation of serum constituents is expected. The partition
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methanol-water mixture (60:40) was spiked with 13C6-marked HCB and extracted in 

the same manner as samples. 

All extracts were analysed using a chromatograph coupled to mass spectrometer 

(Trace GC Ultra / ITQ900, Thermo Scientific, Langenselbold, Germany). The LOD 

was 5 μg/L (signal/noise ≥ 2), and the LOQ 10 μg/L (signal/noise ≥ 10).  

6.2.5 Cell culture and exposure set-up 

In vitro testing was performed with HuWaTERT (Passage 16–36). These cells were 

derived from HuWawild-type (Burkard et al., 2015) after transfection with TElomerase 

Reverse Transcriptase (TERT) as detailed in chapter three. Cell lines were cultured 

in DMEM/F12 medium, containing 10% Fetal Bovine Serum (FBS), 0.1 M non–

essential amino acids, 1 M sodium pyruvate and 1% Penicillin-Streptomycin (5.000 

U/ml). Cultures were maintained in 75 cm2 cell culture flasks at 37°C and 5% CO2. 

The medium was changed three times a week and at 80-90 % confluency, cells were 

trypsinized, centrifuged (600 x g, 3 min) and passaged at a ratio of 1:3. 

Three different exposure set-ups were applied to treat HuWaTERT with HCB. The first 

set-up was applied to measure metabolic activity. For this, cells were trypsinized, 

centrifuged and 1.7 x 104 cells/cm2 were seeded into the wells of 24 well plates. Cells 

were allowed to attach and to form confluent monolayers for 48 hours. Before 

inserting preloaded HCB O-rings into a separate set of well plates, rings were 

sterilised with 70% ethanol, washed with sterile dH2O and air-dried for 30 min. The 

exposure medium was pre-equilibrated with HCB by placing loaded O-rings in 2 mL 

DMEM/F12 per ring for 20 hours in the dark with gentle agitation at 250 rpm. Then, 

the culture medium from the wells containing the cell monolayers was exchanged 

with 700 μL per well of the HCB-pre-equilibrated DMEM/F12 culture medium. 

Subsequently, one O-ring per well was carefully placed afloat, plates were sealed 

and exposed at 37◦C and under constant shaking of 30 rpm. 

In the second set-up, cells were exposed in suspension state and during the phase of 

attachment. For this, 1.7 x 104 cells/cm2 were seeded in 700 μL or 1.4 ml of HCB pre-

equilibrated DMEM/F12, either in 24 well plates to measure metabolic activity or 12 

well plates for assessment of genotoxicity, respectively.  
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The third set-up was applied to measure cellular impedance. For this, 3 x 104 

cells/cm2 were seeded into sensing chips (Applied BioPhysics, ECIS 2W4x10E; NY, 

USA) containing 1.8 ml pre-equilibrated HCB medium. For this set-up a higher 

seeding density was chosen because integrated electrodes had small sensing areas 

and more cells were needed to obtain a signal. Chips were sealed and incubated for 

48 h at 37◦C under constant shaking of 30 rpm. 

Assessment of cell metabolic activity was conducted at three different concentrations 

of HCB, termed 1x, 5x and 10x (0.8, 4.2 and 8.3 μg/L); genotoxicity and impedance 

(see below) were assessed with 10x HCB. Control cells were exposed to pre-

equilibrated medium loaded with methanol/H2O solution without HCB and 

methanol/H2O pre-loaded O-rings (same pre-equilibrating and loading procedure as 

for HCB). 

6.2.6 Toxicity evaluation 

Three approaches were selected for toxicity evaluation: measuring cell metabolic 

activity to assess the general state of the cells; assessing genotoxicity as a DNA-

specific mode of action of HCB; and determining the impact of HCB on the integrity of 

the cell monolayer using electrical resistance as endpoint. 

6.2.6.1 Cell metabolic activity 

Metabolic activity was assessed by means of the fluorescent indicator dye 

alamarBlue (AB) as described in Schirmer et al. (1997). AB is based on cell 

permeable, non-fluorescent resazurin, which is transformed by mitochondrial, 

microsomal or cytoplasmic oxidoreductases to highly fluorescent resorufin (O'Brien et 

al., 2000). AB fluorescence indicates cellular metabolism of viable cells, but also 

correlates with cell numbers (Ganassin, 2000), and therefore also measures cell 

attachment as applied in the second set-up. Briefly, upon exposure, the medium was 

discarded, cells were washed once with 1x phosphate-buffered saline (PBS) and 

incubated for 25 min with 5% (v/v) AB in 1x PBS at 37◦C. Fluorescence was 

measured at excitation/emission wavelengths 530/595 nm. The results were 

expressed as percentage of the unexposed control, which was set to 100%. 
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6.2.6.2 Genotoxicity 

The alkaline comet assay was applied to measure DNA damage (Olive and Banath, 

2006). The comet assay was performed with minor modifications from manufacturer's 

instructions (OxiSelect, Cell Biolabs, San Diego, CA, USA). Briefly, after exposure, 

cells were washed twice with1x PBS, trypsinized, and centrifuged. 1 x 105 cells/mL 

were incubated in pre-heated agarose (37°C) at a ratio of 1:10 (V/V), and 

subsequently pipetted onto electrophoresis slides (75 μL/well), which were incubated 

for 15 min at 4°C in the dark, and then incubated for lysis overnight at 4°C in the 

dark. Prior to electrophoresis cells were denaturated in alkaline solution for 30 min at 

4°C in the dark. Alkaline electrophoresis was performed at 20 V (300 mA) for 30 min 

using a small electrophoresis chamber (15 cm diameter). After washing, cells were 

stained with Vista Green DNA dye and visualised with fluorescence microscopy at 

excitation/emission of 494/521 nm (Leica DMI 6000B, Wetzlar, Germany). Comet 

tails and DNA intensity were analysed with OpenComet (Gyori et al., 2014). The tail 

moment was assessed for 100 randomly selected, individual cells by multiplying the 

tail length with fraction of DNA in the tail. Thus, the extent of DNA damage is 

calculated by assessing migrated DNA and the number of broken pieces of DNA. 

6.2.6.3 Impedance 

Dielectric or impedance spectroscopy is a non-invasive, real time biosensing tool, 

which was adapted to measure effects during HCB exposure. Impedance is 

assessed by applying an alternating current to cells, which is swept over a frequency 

range. Impedance magnitude (Z) is measured in Ohm and defines the frequency-

dependent ratio of cellular resistance and capacitance (Meissner et al., 2011, Benson 

et al., 2013). Impedance sensing chips (ECIS 2W4x10E) consisted of two circular 

wells (25 mm diameter) and four sets with 10 electrodes. Z was measured at a 

frequency of 14’000 Hz with 3 points per decay at an AC voltage of 20 mV. Z 

reference values with cell-free exposure medium were measured before seeding and 

subtracted from the subsequent measurements.  

6.2.6.4 Data evaluation 

Linear regression and the coefficient of determination (R2) was assessed between 

HCB concentrations on silicone O-rings and different loading buffer concentrations. 

Unless otherwise stated, shown data represent the mean of three replicates, which is 
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one experiment performed with three technical replicates in parallel, and error bars 

represent standard deviation (SD). Statistical difference was assessed for the second 

set-up (exposure in suspension state) and measurement of metabolic activity upon 

three hours of HCB exposure. For this, the mean of three independent experiments 

was compared between HCB concentrations (1x, 5x and 10x) and unexposed control 

using one-way ANOVA with Bonferroni's post hoc test. p < 0.05 was considered as 

significant. The analysis was done using GraphPad Prism Version 7 (La Jolla, CA, 

USA). 
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6.3 Results and discussion 

This study aimed to establish a passive dosing set-up for HCB by loading of silicone 

O-rings, measuring the partitioning into exposure medium and apply it to in vitro

toxicity testing using a humpback whale cell line.

Loading of silicone O-rings and testing the capacity of the O-rings as reservoir is 

important to guarantee reliable and constant equilibrium concentrations in the 

exposure system. Loading efficiency of HCB onto silicone O-rings was tested for two 

techniques: “push loading” and “equilibrium partitioning”. For push loading, HCB was 

dissolved in methanol, followed by a stepwise increase of the water ratio. In this way, 

the chemical was pushed into the silicone by decreasing its solubility. This technique 

revealed loading efficiencies (Equation 1) of 84 ± 7% for rings (N=11) loaded 

individually. Equilibrium partitioning of HCB was conducted at a constant ratio of 

methanol and water (60:40), resulting in a loading efficiency of individual rings (N=42) 

of 88 ± 5%. Both, push and equilibrium loading were efficient to load considerable 

amounts of HCB onto rings; however, handling was more convenient for equilibrium 

partitioning, and all further rings were loaded using the equilibrium partitioning with a 

constant 60:40 (methanol : water) ratio.  

Total mass balance calculation (Eq 2) verified full HCB recovery (104 ± 9%). When 

considering the O-ring compartment separately, it was found that HCB concentration 

in O-rings placed in LB increased rapidly within the first hours and that equilibrium 

between LB and O-rings was established within 7 hours (Fig. 6.1A). Once 

equilibrated, concentrations remained constant for at least 5 days. The time needed 

for HCB equilibrium was about 4–5 times longer compared to PAHs (Smith et al., 

2010a), which may be explained with the higher molecular mass of HCB compared to 

most PAHs. HCB equilibrium could be established from different concentrations in 

the LB, resulting in a linear relationship between HCB concentrations in LB and on O-

rings (Fig. 6.1B). This finding demonstrates that loading is possible and predictable 

for a wide concentration range. Loaded O-rings placed into DMEM/F12 exposure 

medium revealed rapid release of HCB within the first hours; equilibrium was 

established within 24 hours (Fig. 6.1C). HCB concentrations in the medium stayed 

constant for at least 96 hours. This indicates that exposure experiments can be 

performed under the assumption of stable exposure concentrations within this time 

frame.  
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Figure 6.1 HCB loading and release of silicone O-rings 

A Partitioning loading of silicone O-rings in MeOH/H2O from a loading buffer concentration of 

CLB, t0 = 1000 μg/L, constant shaking at 250 rpm and measure intervals of 1, 3, 7 and 24 

hours. Each point represents the mean of three technical replicates. Error bars represent 

standard deviation (SD).  

B Silicone O-rings loaded with different starting concentrations at equilibrium (24 hours) by 

partitioning loading. The line indicates a linear relationship between HCB concentrations on 

silicone O-rings and LB concentrations of 28, 53, 122, 220 μg/l. Each point represents the 

mean of three technical replicates and error bars represent the SD. 

C Release and equilibrium kinetics for 96 hours of HCB passive dosing from silicone O-rings 

with a concentration of CHCB,sil = 636 mg/L into DMEM/F12 exposure medium with constant 

shaking at 250 rpm and measure intervals of 2.5, 24 and 96 hours. Each point represents the 

mean of three technical replicates and error bars represent the SD.  

 

6.3.1 Partitioning coefficients and establishment of exposure 
concentrations 

Partitioning coefficients allow the determination of mass distribution between O-rings 

and exposure medium, and therefore calculation of freely dissolved HCB exposure 

concentrations. The HCB partitioning coefficient between loading buffer and silicone 

O-rings (logKLB:sil) was - 2.09  (Eq 3; Table 6.1). The KLB:sil was then applied to 

calculate predicted concentrations of HCB on O-rings (Eq 4). Predicted HCB 

concentrations were very accurate and varied by 4.4% from measured 

concentrations. Therefore, concentrations on O-rings can easily be predicted from 

defined LB concentrations. The HCB partitioning coefficient between DMEM/F12 and 

silicone O-ring (logKsil:DMEM/F12) was 4.87 (Eq 5; Table 6.1). This is similar to the HCB 
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partition coefficient of logKsil:w of 5.05 determined by Gilbert et al. (2015) between 

silicone and water, and slightly lower than the logKdisc-w of ≈ 6.3 determined between 

octadecyl discs and water (Mayer et al., 1999). This indicates that the medium 

components in DMEM/F12 (e.g. glucose, amino acids, salts and vitamins) do not 

appreciable influence the distribution of HCB. 

The partitioning coefficient for HCB in medium with serum (1% FBS), however, was 

lower compared to serum-free medium (Table 6.1). This finding indicates that serum 

drives the distribution of HCB into the medium. Likely, this is due to the presence of 

serum constituents, such as proteins, which are known to significantly bind certain 

chemicals and in this way reduce free chemical concentrations in the exposure 

medium (Henneberger et al., 2016). For example, bovine serum albumin is reported 

to bind to chlorinated substances such as hexachlorobiphenyl (Becker and Gamble, 

1982). By using a passive dosing system, concentrations of organic chemicals, such 

as chlorobenzenes, can be dosed in the presence of FBS (Kramer et al., 2010). 

Therefore, for this study it was assumed that HCB losses are compensated and 

dissolved HCB remains stable in the exposure medium (1% FBS). The freely 

dissolved concentration of HCB (Cfree [μg/L]) was calculated (Eq 6) and applied to 

calculate the free fraction in the exposure medium (1% FBS) (Eq 7), which was 5%. 

 

Table 6.1 HCB partitioning coefficients calculated for serum-free (0%) and serum-
containing (1%) DMEM/F12 medium. 

 K SD Log K 
KLB:sil [kg/L]  8.11 x10-3 1.49 x10-3 - 2.09 

Ksil:DMEM/F12 [L/kg]a 7.4 x104 2.2 x103 4.87 

Ksil:DMEM/F12 [L/kg]b 3.7 x103 1.2 x103 3.57 

a 0% FBS  
b 1% FBS 

   

 

Passive dosing and toxicity testing was conducted with three different concentrations, 

denominated as 1x, 5x, and 10x HCB according to the amount of HCB which was loaded 

onto silicone O-rings (1,5 and 10 μg) (Table 6.2). The highest concentration is slightly higher 

than the water solubility of ≈ 5 μg/L, which is likely possible due to binding to medium and 

serum constituents. HCB concentrations in humpback whale blubber range from 57 - 200 

ng/glipid (Bengtson Nash et al., 2013), but no data is available for levels in blood or other 
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tissues. HCB in Antarctic krill, the primary food of SH humpback whales, ranges between 1.4 

and 8.4 ng/glipid, and assuming a density of 1 between lipid and blubber, concentrations are 

between 1.4 and 8.4 μg/L. The applied exposure concentrations in this study are 8.3, 4.2 and 

0.8 μg/L. Therefore these concentrations are considered as relevant for humpback whales. 

 

Table 6.2 HCB exposure concentrations  

 HCB loaded 
[μg] 

HCB on O-rings 
[μg/L] 

HCB in 
medium [μg/L] 

1x HCB  1 3774 0.8 
5x HCB 5 18868 4.2 
10x HCB 10 37736 8.3 
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6.3.2 Toxicity evaluation 

6.3.2.1 Cell metabolic activity 

The metabolic activity of the HuWaTERT cells upon HCB exposure was assessed in 

two ways: either on confluent cell monolayers or on cells in suspension, which were 

allowed to attach in the presence of HCB prior to assessing metabolic activity. Thus, 

in the first case, metabolic activity can be interpreted as a measure of cell viability as 

detailed in Schirmer et al., (1997), while in the second case, metabolic activity can be 

a reflection of an impact by HCB on cell viability and/or the number of cells able to 

adhere in its presence. In the case of the exposure of cell monolayers, essentially no 

distinctive impact on cell viability is seen (Fig. 6.2A). In contrast, when exposed in 

suspension state, reduced fluorescence of the indicator dye was measured for all 

exposure to HCB compared to the unexposed control, with essentially no time or 

concentration dependency (Fig. 6.2B).  

Figure 6.2 Cell metabolic activity upon HCB passive dosing 

A Passive dosing using silicone O-rings loaded with HCB and exposing attached monolayers 

of HuWaTERT to 1x, 5x and 10x HCB in DMEM/F12 exposure medium (1% FBS). Metabolic 

activity was assessed relative to control after 3, 6, and 24 hours and data represents the 

mean and error bars the SD of three technical replicates.	

B Exposure of cells to HCB-pre-equilibrated medium in suspension state followed by passive 

dosing for 3, 6 and 24 hours. Metabolic activity was assessed relative to control in 

DMEM/F12 exposure medium (1% FBS) and data represents the mean and error bars the 

SD of three technical replicates. 
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The impact of HCB on cells exposed in suspension was clearly seen already after 

three hours of exposure, i.e. the time normally needed by the cells to attach to the 

cell culture surface. Measured fluorescence was significantly reduced for 5x and 10x 

HCB compared to the control (Fig. 6.3). As stated above, the fluorescent dye 

AlamarBlue indicates the metabolic activity, but its fluorescence also correlates with 

cell number (Ganassin, 2000). Together with the finding that this effect was 

immediate, and that it was only seen in the suspension culture, this supports the 

interpretation that fewer cells attached upon HCB exposure. During the phase of 

suspension, cells may be more sensitive to the effects of HCB compared to their 

adherent state. The suspension state is considered as stress for adherence-

dependent cells and may influence cells’ ability to cope with additional stress. 

Suspension cultures do naturally not exist for fibroblasts and this state is substantially 

different from their adherent state and may influence crucial cell functions. Cells in 

suspension have, for example, been shown to be more susceptible than adherent 

cells upon cytotoxicity (Dorfman et al., 1980).  

 

 

 

 

 

 

 

 

Figure 6.3 HCB exposure of HuWaTERT in suspension state 

Cell metabolic activity (AB FL) was assessed in cells seeded in HCB pre-equilibrated 

medium and exposed for 3 hours. Statistical analysis was performed to test for a difference 

between HCB concentrations and unexposed control using one-way ANOVA with 

Bonferroni's post hoc test. p < 0.05 was considered significant. Data represent the mean and 

SD of triplicate experiments.  
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6.3.2.2 Genotoxicity 

The comet assay was used to assess the extent of DNA damage of HCB exposed 

cells. HuWaTERT treated with 10x HCB and exposure of cells in suspension revealed 

more cells with very long comet tails and therefore a wider range of tail moments 

compared to unexposed control cells (Fig. 6.4). As tail moments are extracted from 

individually scored cells, this result suggests that most cells tolerate HCB exposure, 

but that few cells of the tested population are more sensitive. HuWaTERT cells in the 

chosen experimental set-up are not fully synchronized. Thus, cells during the mitotic 

phase may be more sensitive to the effects of HCB, and inhibited mitosis may result 

in cell cycle failure (Hayashi and Karlseder, 2013). In literature DNA genotoxicity is 

controversially discussed, HCB is described as non-genotoxic carcinogen (Ennaceur 

et al., 2008), weak genotoxic carcinogen (Canonero et al., 1997) or genotoxic 

(Salmon et al., 2002, Chalouati et al., 2015). 

 

 

 

 

 

 

 

 

Figure 6.4 DNA damage of HuWaTERT exposed in suspension state 

Assessment of DNA damage in cells exposed to HCB in suspension for three hours. The 

Comet assay was used to assess the tail moment indicating tail length (migrated DNA) and 

percentage of DNA (pieces of DNA). Box plot indicates 95% confidence interval (CI), median 

and outlier cells (n=100).   
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6.3.2.3 Impedance spectroscopy 

Cell-based impedance spectroscopy is a non-invasive, real-time method to measure 

the dielectric properties of biological samples. It provides a measure of a wide range 

of cell culture dependent parameters such as cell adhesion and growth, epithelial 

layer thickness, fibroblast motion and cell viability. With the used sensing chip, 

capable to determine cell attachment and spreading, cell proliferation and 

cytotoxicity, a rapid increase in resistance within the first hours was found, indicating 

cell attachment to the surface of the wells (Fig. 6.5). After 24 hours, values increased 

only slightly, indicating the presence of a consistent cell layer. No difference was 

observed between untreated control and HCB exposed cells. Therefore, impaired 

attachment efficiency upon HCB exposure, as observed with the measurement of 

metabolic activity (Fig. 6.3), was not detected. Impedance was measured in specific 

sensing chips with integrated electrodes. These electrodes were relatively small (250 

μm) and therefore, only a small area of the well was measured. Thus, compared to 

the standard well plates, relatively high cell numbers were seeded (3 x 104 cells/cm2). 

This resulted in cell coverage of all electrodes but also in lower attachment, efficiency 

due to the high seeding density. This was observed for both HCB treated and control 

cells, and impaired attachment as observed with the fluorescence measurement may 

be masked by the lower attachment efficiency. Another type of electrode arrays, 

which allows the measurement of several thousand cells at once as described in 

Meissner et al. (2011), would have been more convenient. These devices, however, 

are not available at suitable sizes to fit the used O-rings. 
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Figure 6.5 Cell-based resistance measurement of HuWaTERT exposed in suspension 
state 

Cellular resistance was assessed of cells seeded in pre-equilibrated medium and exposed to 

HCB for 48 hours. Resistance was measured repeatedly at 14 000 Hz. Data illustrates the 

mean of triplicate experiments with 4 technical replicates, and error bars represent 95% CI. 
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6.4 Summary and conclusion 

O-ring based passive dosing provided suitable partitioning properties to produce 

predictable concentrations and enabled dosing of HCB over extended times. The 

presence of serum in the medium influenced HCB partitioning and revealed 

concentrations slightly above the water solubility. Applying the passive dosing 

system, concentrations of 4.2 and 8.3 μg/L impacted cell attachment efficiencies of 

HuWaTERT, and resulted in slightly higher DNA migration and breaks for the highest 

concentration. Average HCB concentrations in the blubber of humpback whales 

range from 28 to 78 ng/gblubber , dependent on the migration time point (Bengtson 

Nash et al., 2013). Assuming density of 1, HCB concentrations in the blubber range 

between 28 – 78 μg/L.  

Therefore, exposure concentrations at the solubility level of ≈ 5 μg/L can be 

considered as environmental realistic, since HCB levels increase by factor 3.5 

between beginning and end of migration. HCB exposure of 4.2 and 8.3 μg/L did not 

impact cell viability of HuWaTERT exposed as adherent monolayers. Therefore, these 

concentrations are not assumed to be acutely cytotoxic for humpback whales. Cells 

in suspension, however, were more sensitive to the effects of HCB. Natural stress 

factors such as pH balance, pathogens or temperature may have a similar impact. 

Further research is needed to evaluate the impact of HCB in the absence/presence 

of additional stress factors and if they potentially influence the vulnerability of the 

cells. Similarly, further investigations are required to investigate the role of FBS and 

its potential to impact sensitivity of the cells upon HCB exposure.  

Replication of the DNA damage experiments and time-dependent metabolic activity 

measurement is needed to prove if the effect is reproducible and significant.  

Overall, this work demonstrates that passive dosing can be applied to overcome 

routine testing difficulties, and particular the unique combination of the passive 

dosing approach and the humpback whale cell line allows to assess HCB effects 

upon constant, predictable exposure over several days. 
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Chapter 7. Conclusions and outlook 
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Conclusions and outlook 

This thesis was designed to develop an in vitro approach to assess species-specific 

toxicological sensitivity in humpback whales. Prior to this thesis, available non-

destructive procedures were limited to exposure and effect measurements that could 

be conducted on skin and blubber biopsies, which excludes controlled toxicity 

evaluation. To address this gap in available research methods, a humpback whale 

cell line was established as part of this thesis research; it was characterized and 

explored for its responsiveness to chemical stress. The main findings and 

accomplishments can be summarized as follows: 

 

1. Two wild-type humpback whale cell lines were established from dermal skin 

biopsies.  

2. TERT transfected HuWa cells actively express telomerase. 

3. HuWa cell lines are immune-competent and express immune markers upon 

stimulation. 

4. HuWa cell lines can be used to assess species-specific toxicity of 

contaminants accumulating in humpback whale blubber. 

 

In this chapter, the four main findings of the thesis are discussed in the context of 

lessons learned and perspectives for further research.  

 

Two wild-type humpback whale cell lines were established from 
dermal skin biopsies.  

Annual sampling campaigns of the Southern Ocean Persistent Organic Pollutant 

Program target the collection of skin and blubber biopsy samples by minimally 

invasive methods from free-roaming individual humpback whales. This yields a small 

amount of tissue, of which we utilized the dermal tissue to isolate and grow primary 

fibroblasts with standard mammalian cell isolation procedures. Out of nine biopsies, 

two cell lines were established, a success rate of ~22%. Improved handling in terms 

of adapting the size of tissue pieces and the volumes-tissue ratio can likely increase 

the success rate. Alternatively, common methods such as using enzyme digestion 
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procedure (Wang et al., 2004), or applying the same explants consecutively 

(Huschtscha et al., 2012) may be useful to develop more cell lines.  

Derived HuWawild-type cell lines were verified as fibroblasts and maintained with 

standard mammalian cell culture techniques (Chapter 2). Growth characteristics of 

these cells were compared with human fibroblasts; interestingly, HuWawild-type cells 

proliferated more slowly compared to human cells. As both HuWawild-type cell lines 

showed comparable growth rates, this may be a species-specific characteristic. It is 

possibly that the extreme life adaptation of this species may result in low, species-

specific cellular metabolic rates influencing cell growth. Another explanation is that 

the used cell culture medium does not meet the metabolic requirements for HuWawild-

type cells and that further optimisation, such as addition of glutamine or specific 

growth factors, may be required.  

The newly humpback whale derived HuWawild-type cell lines are a promising, low cost 

and easy-to-use option for fundamental marine wildlife research. The broad 

applicability of cell-based approaches opens the opportunity to increase our 

understanding of marine mammal physiology and toxicology. Application of cell-

based studies can help to identify cellular mechanisms and targets of environmental 

stressors, such as chemical pollutants, harmful algal toxins, and emerging 

pathogens. Another potential application is for monitoring water quality, as has been 

done, e.g. with other vertebrate cells on chips (Brennan et al., 2012). 

TERT transfected HuWa cells actively express telomerase. 

At the time of thesis submission, the HuWawild-type1 cells were sub-cultured to passage 

44. The cellular lifetime of mammalian wild-type cell lines depends on the age of the

donor and the longevity of the sampled species (Kaji et al., 2009). The age of the

humpback whale biopsied for HuWawild-type1, was estimated to about 1-2 years

(Chapter 2). An average longevity of 75 years is assumed for humpback whales

(Trites and Pauly, 1998). Therefore, we expect a cellular lifetime comparable to

human fibroblasts, which is on average 50 - 60 passages (Cristofalo et al., 1998).

Further sub-cultivation is required to estimate the true life span of the two HuWawild-

type cell lines. Unexpected deviations from human fibroblast lifetime could be

associated with species-specific differences or very rare spontaneous immortalization

of the cells.
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One possibility to extend the lifetime of HuWawild-type cells was considered by testing 

transfection with plasmids encoding for SV40T and TERT (Chapter 3). Transfection 

is a method to insert exogenous nucleic acids into cells. Transferred genetic 

information can be expressed continuously or temporarily. For the latter, this means 

that the inserted genetic material is lost mainly due to cell division or external factors 

(Kim and Eberwine, 2010).  

Indeed, the recombinant protein SV40T was only found in few of the HuWa cells 

subjected to transfection, suggesting only transient or incomplete transfection. Long-

term SV40T expression in mammals is relatively rare; it is often reached only 

together with telomerase activation (Foddis et al., 2002, Li et al., 2008). The SV40T 

expression has furthermore been associated with genotypic or phenotypic shifts 

(Mayne et al., 1986). 

In our study, TERT transfection appeared to be stable and was verified by 

telomerase expression. At this stage, we cannot be certain if the life time of 

HuWaTERT is indefinite; verification of telomerase expression at higher passages (> 

32) is needed to ensure long-term preservation of HuWa cell lines. However, so far

no phenotypic shifts or signs of senescence were observed, supporting stable

transfection of the TERT containing plasmid.

A successful transfection is dependent on various parameters such as cell viability 

and growth behaviour, presence of serum, plasmid quality or transfection reagents 

(Hamm et al., 2002). In this study, we utilized a feasible protocol for successful 

transfection of HuWawild-type, which can be useful for further applications including for 

pluripotent stem cell research, investigations of diseases or toxicity studies. For 

example, several human and murine cell lines were transfected with a luciferase 

gene that responds to TCDD like contaminants, which allowed to assess AhR 

agonists upon exposure to environmental contaminant mixtures (Garrison et al., 

1996). 

HuWa cell lines are immune-competent and express immune 
markers upon stimulation. 

HuWa cell lines were treated with different immune stimuli and their potential to 

express immune relevant markers was assessed (Chapter 4 and 5). These 

investigations provided proof-of-principle data; verification of the approach is needed, 
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as discussed below. Despite this limitation, it appears that both cell lines, HuWawild-

type and HuWaTERT, have the potential to react to immune stimulation and express 

immune related markers. Detection of cytokines was based on antibody-binding of 

human antibodies. In general, cytokines are well conserved through the course of 

evolution (Secombes et al., 2016). In addition, human and cetacean species showed 

a high level of antibody-based cross-reactivity (Jaber et al., 2010), alluding to the 

potential of broadly available human antibody-based methodologies for initial 

screening of cetacean tissues.   

On this foundation, we tested a human-based multiplexed protein microarray by 

measuring 440 cytokines simultaneously (Chapter 5). In both, humpback whale cell 

lines and tissue extract, 203 targets were detected, which corresponds to a detection 

rate of 46 %. However, a relatively high variability between the measurements was 

found. This complicates conclusions about presence or absence of specific markers. 

Therefore, we see this information as a first indication of the applicability of human-

derived protein assays for cetacean research and would like to promote further 

protein-based biomarker studies.  

To evaluate the obtained data in an immunological context, gene ontology terms 

were used to categorise the detected cytokines into functional groups. For the 

immune profile of the LPS-up-regulated cytokines, we found a direct correlation with 

the well-described manner of this stimulation in humans or rodents. Further, the 

tested humpback whale skin biopsy, which was known to have elevated POP levels, 

over-expressed functional annotations associated with chemical exposure. Thus, we 

suggest that the human multiplex-protein array has the potential for initial immune 

screening, and detection of potential immune relevant stressors in humpback whale 

biopsies and their study in the cell lines. 

With the cell lines, the immune profiles and responses detected in skin biopsies from 

the field can be further explored and mechanisms of immune (dys)regulation can be 

revealed. One possible approach is to apply blubber extracts (Chapter 2) as stressor 

and use detailed network analysis for a better understanding of specific stress 

responses. Similarly, the impact of pathogens, such as viral infections, may be 

detected and help to see where the cell lines and biopsies converge.  

Overall, the multiplex analysis is a promising approach, to strengthen the 

understanding of the complex stressor-effect relationship. Once established, the 
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assay can be used to monitor the responses of the animals to chemicals but also 

additional stressors, such as infections leading to compromised immune health.  

HuWa cell lines can be used to assess species-specific toxicity of 
contaminants accumulating in humpback whale blubber. 

The main focus upon establishment of the cell line was the potential to study cell-

based in vitro toxicity. Applying a standard cytotoxicity system to expose one of the 

priority compounds in humpback whale blubber, p,p’-DDE, revealed a concentration-

dependent decrease of cell viability. Compared to human fibroblasts, we found that 

HuWawild-type were six times less sensitive upon exposure. However, incubation of 

HuWawild-type to a chemical mixture, extracted from blubber of a stranded whale, 

resulted in a more sensitive decrease of cell viability compared to the single 

compound. 

These findings indicate that HuWawild-type cells are suitable for simple cytotoxicity 

assays. Further, we found a significant difference between human and whale 

fibroblast sensitivity. This may be explainable by the slower growth and related lower 

metabolism rates of HuWawild-type cells, as discussed above. This potential species-

specific toxicological response highlights the importance of species-based in vitro 

approaches. Only relevant in vitro data eventually allow for an adequate risk 

assessment and in vitro to in vivo extrapolation. Thus, we have to be aware that a 

cell culture model, as any model, has some limitations. It is an approximation of a 

certain fraction of the complex physiology happening in an organism. Comparison of 

different in vitro approaches and the correlation to in vivo data via mechanistic 

models is an essential step to validate a good cell culture model. 

In another set-up, HuWaTERT were tested for their cytotoxicological responses upon 

HCB exposure. HCB is highly hydrophobic and reliable exposure concentrations 

cannot be obtained with standard cytotoxicity procedures. In addition, Tanneberger et 

al. (2010) described the strong impact of the chemical dosing system, in particular for 

more volatile and/or hydrophobic test chemicals, on cell-based toxicological 

endpoints. By means of a passive dosing system, we demonstrated stable HCB 

concentrations in the cell culture medium when applying pre-loaded silicone rings 

(Chapter 6). When cells were exposed during their seeding and attachment period, 

again dosed passively via silicone rings, HCB had an impact on cells. Attachment is 

a critical step in cell monolayer formation and, obviously, presence of HCB added an 
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additional stress to the cells. Thus, the responsiveness of the cells was increased 

upon addition of a secondary stressor. Such an experimental design, therefore, 

allows to increase cellular sensitivity to lower chemical concentrations in the 

exposure media. Other possible stressors that could be applied are temperature, pH 

or bacterial/viral toxins.  

The combination of different stressors in an in vitro system can be used to mimic 

certain stress scenarios occurring in the organism. For example, the exposure to a 

chemical mixture, as performed in Chapter 2, closely resembles environmental 

relevant contaminant exposure. Here, several chemical stressors are exposed at 

once, which may lead to additive, synergistic or antagonistic effects. As shown by Jin 

et al. 2013, the passive dosing system is appropriate to directly load relevant blubber 

extracts on silicone and apply these in cell-based bioassay (Jin et al., 2013a). 

Further, immune activation of fibroblasts, as the physiological stress, and chemical 

exposure as the secondary stress, may give insights in the chemicals mode of action 

with respect to immune regulation. Several POPs, for example, are known to 

suppress the immune system. In vitro, the reduction of cytokine expression of 

activated fibroblasts after POP exposure could lend support to this effect. 

In conclusion, this thesis contributes methodological development of cell cultures 

from dermal biopsies and a meaningful application of the cell cultures to study 

humpback whale-specific physiological and toxicological responses. This work 

strengthens the role of non-lethal methods for cetacean wildlife research, as 

advocated by the IWC. The thesis demonstrated the viable application of the cell line 

in direct toxicological exposure analysis and flagged the potential for further 

immunological and multiple stressor response investigations. As such, the work 

outlined in this thesis contributes a valuable resource for further research. 
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Appendix 
Supplementary Table S.1 Multiplexed cytokine analysis of HuWawild-type and dermal 
skin extract (Array 1) 

Protein name HuWawild-type
(pg/ml)

HuWawild-type  
(pg/ml) 

stimulated with LPS 

Skin-extract 

(pg/ml) 

Aggrecan 146,50 430,40 338,10 

Disintegrin and metalloproteinase domain-containing 
protein 12 n.d 115,10 134,80 

A disintegrin and metalloproteinase with thrombospondin 
motifs 13 n.d 386,40 n.d

Angiotensinogen 410,70 n.d n.d

Alpha-2-HS-glycoprotein 766,90 421,40 2059,10 

Serum albumin 146,20 n.d 242,30 

Junctional adhesion molecule-like 136,30 160,30 146,50 

Angiopoietin-4 115,60 106,00 261,40 

Angiopoietin-related protein 3 33,70 n.d 276,20 

Bone morphogenetic protein receptor type-1A 263,00 n.d 506,30 

Bone morphogenetic protein receptor type-2 667,20 574,70 180,70 

Basigin 9,40 n.d 12,20 

Scavenger receptor cysteine-rich type 1 protein M130 372,00 475,20 913,00 

CD226 antigen 262,40 656,30 494,20 

Programmed cell death 1 ligand 1 n.d 15,70 43,40 

Tumor necrosis factor receptor superfamily member 5 27,40 25,90 31,30 

Cadherin-11 1664,40 n.d n.d

Cadherin-13 572,40 2124,30 483,80 

Carcinoembryonic antigen-related cell adhesion molecule 
5 524,50 n.d 2226,90 

Cystatin-A 121,70 n.d 36,00 

Fractalkine 1094,00 1011,80 877,30 

C-X-C motif chemokine 10 n.d 12,00 n.d

C-X-C motif chemokine 11 n.d 85,60 n.d
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C-X-C motif chemokine 5 n.d 38,30 n.d

C-X-C motif chemokine 6 n.d 14,20 n.d

C-X-C motif chemokine 9 89,00 n.d 65,50 

Decorin 7,80 n.d 1232,40 

Dickkopf-related protein 1 383,70 n.d n.d

Dickkopf-related protein 3 131,30 212,60 556,90 

Delta-like protein 1 171,40 175,00 337,20 

Receptor tyrosine-protein kinase erbB-4 51,50 47,00 109,10 

Junctional adhesion molecule A 16,50 25,60 35,80 

Tumor necrosis factor receptor superfamily member 6 n.d 10,10 n.d

Low affinity immunoglobulin gamma Fc region receptor II-
b 34,60 n.d 48,10 

Fibroblast growth factor 19 112,60 104,10 n.d

Fibroblast growth factor 2 n.d n.d n.d

Fibroblast growth factor 6 141,50 n.d 211,30 

Folate receptor alpha 592,60 336,30 724,20 

Secreted frizzled-related protein 3 216,60 n.d n.d

Follistatin-related protein 1 48708,20 58983,10 63472,70 

Follistatin-related protein 3 n.d 49,90 n.d

Furin 287,50 431,40 1604,40 

Growth hormon, Somatotropin 75,70 56,50 n.d

Granulysin 260,20 137,50 78,70 

G-protein coupled receptor-associated sorting protein 2 288,20 217,70 317,50 

Hepatitis A virus cellular receptor 2 n.d 130,20 277,70 

Inducible T-cell costimulator n.d 291,60 1567,10 

Cation-independent mannose-6-phosphate receptor 311,60 183,50 n.d

Insulin-like growth factor-binding protein 5 7269,00 n.d n.d

Interleukin-13 receptor subunit alpha-1 n.d 91,50 n.d

Interleukin-13 receptor subunit alpha-2 212,10 191,70 195,50 

Interleukin-15 receptor subunit alpha 34,60 17,30 57,90 

Interleukin-17B n.d 257,80 n.d
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Interleukin-17 receptor B 1208,10 925,80 917,60 

Interleukin-18 receptor 1 n.d 6,50 5,10 

Interleukin-1 family member 10 2296,40 n.d n.d 

Interleukin-2 26,00 n.d n.d 

Interleukin-24 240,20 188,90 n.d 

Interleukin-25 241,40 n.d n.d 

Interleukin-31 n.d 385,10 n.d 

Interleukin-36 alpha 1484,80 n.d 2463,60 

Interleukin-36 gamma 434,40 371,90 914,50 

Interleukin-37 1142,30 n.d 551,10 

Interleukin-6 14,50 11,10 8,50 

Interleukin-8 4,70 n.d n.d 

Low-density lipoprotein receptor 19,80 21,50 28,70 

Galectin-1 137,10 274,00 323,50 

Galectin-2 246,50 187,40 46,30 

Galectin-3 641,80 638,00 560,60 

Leucine-rich repeats and immunoglobulin-like domains 
protein 3 4194,40 7926,70 3827,50 

T-lymphocyte surface antigen Ly-9 44,20 51,90 218,80 

Midkine 105,10 123,40 162,60 

Macrophage migration inhibitory factor 135,50 142,10 155,90 

Neprilysin 74,90 n.d n.d 

72 kDa type IV collagenase 702,70 n.d 3062,20 

Neural cell adhesion molecule 1 836,20 510,90 n.d 

Protein NOV homolog n.d 46,50 n.d 

Pro-neuregulin-1, membrane-bound isoform 47,90 n.d 59,70 

Oncostatin-M 80,10 88,10 63,80 

Programmed cell death protein 1 28,20 n.d n.d 

Platelet-derived growth factor subunit B n.d 51,40 n.d 

C-X-C motif chemokine 14 442,30 235,10 136,30 

Peptidoglycan recognition protein 1 51,80 38,20 29,50 
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Serine protease 27 130,00 n.d 130,90 

Pentraxin-related protein PTX3 107,10 n.d 58,90 

Poliovirus receptor n.d 150,80 319,30 

Nectin-4 397,10 515,50 276,60 

Retinol-binding protein 4 40,80 n.d n.d 

RGM domain family member B 959,20 478,30 410,00 

Roundabout homolog 3 8,30 n.d n.d 

Syndecan-3 483,70 374,50 n.d 

Kallistatin 33,70 74,10 78,50 

Pulmonary surfactant-associated protein D 213,40 143,60 1108,00 

Sialic acid-binding Ig-like lectin 10 653,80 923,00 1108,80 

Sialic acid-binding Ig-like lectin 7 31,10 13,00 36,40 

Syndecan-4 69,30 n.d 108,70 

Osteopontin 182,70 n.d n.d 

Thrombospondin-1 4588,00 3558,30 1953,90 

Thrombospondin-2 38,20 48,30 146,00 

Metalloproteinase inhibitor 2 n.d n.d n.d 

Tumor Necrosis Factor 34,20 n.d 15,90 

Tumor necrosis factor receptor superfamily member 13B 200,30 198,40 511,10 

Tumor necrosis factor receptor superfamily member 21 15,90 18,90 31,00 

Tumor necrosis factor ligand superfamily member 11 n.d 133,50 468,80 

Tumor necrosis factor ligand superfamily member 13B 61,10 38,70 94,50 

NKG2D ligand 1 118,80 n.d 737,20 

NKG2D ligand 2 17,30 n.d n.d 

Vascular endothelial growth factor 259,00 109,80 39,90 

Vascular endothelial growth factor C 19,30 n.d n.d 

Wnt inhibitory factor 1 140,10 144,00 97,00 

WNT1-inducible-signaling pathway protein 1 418,20 880,90 1481,20 

Lymphotactin n.d 115,00 n.d 
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Supplementary Table S.2 Multiplexed cytokine analysis of HuWawild-type and HuWaTERT 

(Array 2) 

Protein name HuWawild-type 
(pg/ml) 

HuWawild-type 
(pg/ml) 

stimulated 
with RAW-CM 

HuWaTERT 

(pg/ml) 

HuWaTERT 

(pg/ml) 

stimulated 
with RAW-CM 

Aggrecan n.d. 32,69 45,65 n.d. 

A disintegrin and metalloproteinase with thrombospondin 
motifs 13 n.d. 549,87 1047,76 814,39 

Dendritic cell-specific protein CREA7-1 n.d. 263,84 n.d. n.d. 

Angiopoietin-2 125,71 n.d. n.d. n.d. 

Androgen receptor 19,02 28,37 16,96 40,64 

Beta-2-microglobulin n.d. n.d. 10,25 11,19 

Brain-derived neurotrophic factor 9,41 4,88 14,07 4,47 

Bone morphogenetic protein receptor type-1A n.d. 188,11 n.d. n.d. 

C-C motif chemokine 1 n.d. n.d. 19,84 17,93 

C-C motif chemokine 19 n.d. n.d. 124,94 n.d. 

C-C motif chemokine 7 5,93 5,36 n.d. n.d. 

Programmed cell death 1 ligand 1 275,88 252,55 747,88 628,82 

Tumor necrosis factor receptor superfamily member 5 16,42 n.d. 26,85 n.d. 

Cadherin-13 642,64 570,54 534,65 668,86 

Carcinoembryonic antigen-related cell adhesion molecule 
5 n.d. 339,71 972,00 420,55 

Cystatin B n.d. n.d. 60,90 n.d. 

Fractalkine 111,83 115,18 n.d. n.d. 

C-X-C motif chemokine 11 n.d. n.d. 39,52 n.d. 

Platelet factor 4 n.d. n.d. 213,90 n.d. 

Decorin 356,55 625,99 n.d. n.d. 

Protein delta homolog 1 297,55 259,50 1192,90 277,93 

Delta-like protein 1 n.d. 111,91 n.d. n.d. 

Tumor necrosis factor receptor superfamily member 27 n.d. 86,60 n.d. n.d. 

Epithelial cell adhesion molecule n.d. n.d. 18,83 n.d. 
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Junctional adhesion molecule A 9,22 n.d. n.d. n.d. 

Fatty acid-binding protein n.d. n.d. 208,56 n.d. 

Tumor necrosis factor ligand superfamily member 6 n.d. n.d. 10,59 n.d. 

Low affinity immunoglobulin gamma Fc region receptor II-
BC n.d. n.d. 75,74 106,03 

Fibroblast growth factor receptor 1 37978,07 39408,15 6334,37 16321,69 

Fibroblast growth factor 21 n.d. 11,51 n.d. n.d. 

Fibroblast growth factor 4 n.d. n.d. 245,90 n.d. 

Fibroblast growth factor 7 18,97 n.d. n.d. n.d. 

Fibroblast growth factor 9 n.d. 36,61 n.d. n.d. 

Vascular endothelial growth factor A R1 113,64 n.d. 300,04 367,27 

Vascular endothelial growth factor A R3 n.d. n.d. n.d. 68,07 

Proteasome subunit alpha type-3 1249,64 1465,16 1670,59 3575,04 

Folate receptor alpha n.d. 584,91 n.d. n.d. 

Follistatin n.d. n.d. 321,61 318,49 

Growth/differentiation factor 15 9,20 13,84 26,27 29,58 

Growth/differentiation factor 2 n.d. 43,33 n.d. n.d. 

Glial cell line-derived neurotrophic factor n.d. n.d. 7,62 n.d. 

Somatotropin 72,13 31,51 163,53 52,60 

G-protein coupled receptor-associated sorting protein 1 25,67 45,72 n.d. n.d. 

Hepatocyte growth factor  10,24 n.d. n.d. n.d. 

Intercellular adhesion molecule 1 n.d. n.d. 291,32 n.d. 

Insulin-like growth factor 1 receptor n.d. n.d. 493,70 n.d. 

Insulin-like growth factor-binding protein 1 22,45 n.d. n.d. n.d. 

Insulin-like growth factor-binding protein 2 657,27 628,38 395,03 165,02 

Insulin-like growth factor-binding protein 4 1218,39 1334,10 3144,24 2492,41 

Insulin-like growth factor-binding protein 6 358,09 390,81 373,75 247,38 

Interleukin-13 receptor subunit 2 185,28 n.d. 170,51 n.d. 

Interleukin-18 receptor 1 4,65 13,69 16,18 18,44 

Interleukin-1 receptor antagonist protein n.d. 28,76 n.d. n.d. 

Interleukin 3 n.d. n.d. 23,64 n.d. 
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Activin A n.d. n.d. 257,86 183,60 

Kallikrein 5 n.d. n.d. 63,50 n.d. 

Leptin Receptor n.d. n.d. 229,95 n.d. 

Galectin-2 1199,91 1083,77 1436,36 1596,80 

Galectin-3 1209,58 1294,49 625,07 617,48 

T-lymphocyte surface antigen Ly-9 n.d. 42,52 84,86 n.d. 

Macrophage migration inhibitory factor 376,63 680,63 988,56 1203,21 

Neprilysin n.d. n.d. 80,45 82,32 

Matrix metalloproteinase-1 n.d. n.d. 330,09 n.d. 

Neural cell adhesion molecule 1 1025,16 1108,96 1843,80 1899,73 

Nerve growth factor receptor 60,90 38,92 31,65 n.d. 

Nidogen-1 8349,52 6179,74 6048,94 8193,79 

Neurotrophin-4 53,60 49,27 n.d. n.d. 

Oncostatin-M n.d. n.d. 539,40 74,74 

Platelet-derived growth factor receptor beta 8,61 10,08 25,41 64,94 

ucleosome assembly protein 1-like 4 n.d. 3,47 2,52 n.d. 

Prokineticin-1 n.d. n.d. 31,52 45,00 

Prostasin n.d. 62,23 n.d. n.d. 

Pentraxin 3 22,19 n.d. n.d. n.d. 

Chemerin n.d. 793,20 590,68 703,54 

Repulsive guidance molecule B n.d. n.d. 266,27 n.d. 

Roundabout homolog 3 34,28 56,13 18,43 n.d. 

Protein S100-A8 8,71 n.d. n.d. n.d. 

Syndecan-3 833,04 795,46 1018,23 456,38 

Pulmonary surfactant-associated protein D 74,46 47,01 n.d. n.d. 

Single Ig IL-1-related receptor n.d. 393,11 n.d. n.d. 

Disintegrin and metalloproteinase domain-containing 
protein 17 n.d. n.d. 1325,86 624,10 

Tissue factor pathway inhibitor n.d. 3,18 n.d. n.d. 

Transforming growth factor beta-1 receptor 3 n.d. 63,40 n.d. 58,76 

Thrombospondin-1 14527,66 18926,04 2203,61 12857,24 
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Metalloproteinase inhibitor 1 n.d. n.d. 29,56 n.d.

Metalloproteinase inhibitor 2 3774,30 4835,77 4672,71 3896,68 

Metalloproteinase inhibitor 4 n.d. n.d. 68,07 44,01 

Tumor necrosis factor receptor superfamily member 1B n.d. n.d. 60,91 n.d.

Tumor necrosis factor receptor superfamily member 25 683,52 n.d. 1664,55 n.d.

NKG2D ligand 2 n.d. n.d. 49,89 n.d.

Vascular endothelial growth factor 496,81 613,60 985,57 1245,59 

Wnt inhibitory factor 1 n.d. n.d. 143,48 136,82 
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Supplementary Figure S.1 Sampling permits 

Queensland Marine Parks – Moreton Bay and Stradbroke Island 

QS2014/CVL1397 from 11/03/2014 until 04/12/2016 



128 

Supplementary Figure S.2 Griffith University Ethics Clearance 
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