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The immune system 

The human immune system comprises specific organs and cells that work together to 

prevent or fight infections. Since the immune system protects the whole body it is spread 

over central and peripheral organs and sites, such as the bone marrow, thymus, spleen and 

lymph nodes (Fig. 1). Cells of the immune system are developing in the primary immune 

organs being the bone marrow and thymus. The development starts with a pluripotent 

haematopoietic stem cell in the bone marrow which is the ‘mother’-cell of all leukocytes 

(white blood cells). This pluripotent haematopoietic stem cell differentiates into common 

lymphoid or common myeloid progenitor cells which further differentiate in the bone 

marrow. Common lymphoid progenitor cells give rise to B cell progenitor cells, T cell 

progenitor cells and natural killer cells. Common myeloid progenitor cells develop into 

megakaryocytes (that produce thrombocytes), erythrocytes, mast cells and myeloblasts. 

Myeloblasts further differentiate into granulocytes (basophils, neutrophils, eosinophils) and 

monocytes (macrophages) (Kozutsumi 1996). 

The thymus lies in the thoracic cavity behind the sternum and in front of the heart. The 

most important functions of the thymus are the maturation of thymocytes into T cells and 

selection of those T cells and the generation of T cell receptors (Miller 2002). This process 

of T cell selection occurs in a phased manner. First, double positive (CD4+CD8+) 

thymocytes must recognise the human leukocyte antigen (HLA), or major 

histocompatibility complex (MHC) in most vertebrates including humans, that is expressed 

by thymic epithelial cells. Thymocytes that have at least a weak affinity for binding to 

MHC class I or II molecules will survive (positive selection). Those with no affinity will 

die, which concerns approximately 90 % of the thymocytes (‘death by neglect’). To avoid 

autoimmunity, thymocytes that have a high affinity for interacting with the HLA/MHC are 

forced into apoptosis (negative selection) (Baldwin et al. 2004; Palmer 2003). Positively 

selected (double positive) thymocytes mature into single positive thymocytes depending on 

the class of HLA/MHC that they bind to. Binding to HLA classes A, B or C (MHC class 1) 

results in CD8+ cytotoxic T cells, whereas binding to other HLA classes (MHC class 2) 

results in CD4+ T-helper cells. Since the majority of the population of T cells is generated 

early in life (until adolescence), the function of the thymus weakens and almost disappears 

in adult life as also seen in the decrease in size after puberty. 

Secondary immune organs include the spleen, lymph nodes, Peyer’s patches, the tonsils and 

tissues such as the lungs and skin. The spleen functions as a filter for blood and red blood 

cells that are also stored in there (Mebius and Kraal 2005). The human spleen is about the 

size of a fist and lies in the left part of the body next to the stomach. Lymph nodes are oval-

shaped organs spread throughout the body that act as filters for particles from foreign 

origin. Lymph nodes, connected to each other by lymph vessels, have an important function 

in the immune system. Fluid inside these vessels contains lymphocytes that continuously 

travel along the lymphatic and blood vessels. Quite similar to lymph nodes, Peyer’s patches 

are also oval shaped lymphoid organs. These are located in the intestine and more 

specifically in the ileum which is the part of the small intestine most distal from the 
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stomach. The function of the Peyer’s patches is to monitor and defuse pathogens that enter 

the human body through translocation across the small intestinal wall. Another lymphoid 

organ can be found in the pharynx and are called tonsils. These form a first barrier to 

pathogens that are either inhaled or ingested. The exact role of tonsils in the immune 

system is however not yet clear. The human body is further protected from inhaled 

pathogens by cells that produce mucus. These cells are lined in the respiratory system 

including the lungs and the mucus ‘captures’ the pathogens or dust particles that are moved 

away by cilia towards the throat and are coughed or sneezed out, or swallowed. Another 

important line of defence to pathogens concerns the skin. Dendritic cells (also called 

Langerhans cells) are present in the skin and take up antigens and present these to T cells. 

Another important organ in the human defence system is the liver containing large 

populations of lymphocytes and macrophages. The sinusoids of the liver are lined with 

Kupffer cells, specialised macrophages, that play an important role in the cleaning of the 

large volumes of blood passing through the liver. These Kupffer cells clear bacteria and 

endotoxins from the blood and phagocytose cellular debris.  

 

Innate and adaptive immune system 

The immune system can be divided into two sub-systems being the innate immune system 

(nonspecific white blood cells) and the adaptive (acquired; specific) immune system. Cells 

of the innate immune system include natural killer (NK) cells, mast cells, phagocytes 

(macrophages, dendritic cells, neutrophils) eosinophils and basophils. NK cells kill cells 

that have no or low levels of MHC class 1, which is the case in viral infected or tumour 

cells. When mast cells are activated, granules are released that contain large amounts of 

histamine and heparin. These cells are typically activated during allergic or anaphylactic 

reactions. Macrophages are leukocytes that are able to clear invading pathogens by a 

process called phagocytosis and are also particularly involved in removal of dead or dying 

cells. When activated, macrophages produce cytokines that attract other immune cells. 

Dendritic cells are present in almost any tissue. Dendritic cells are antigen presenting cells 

that phagocyte pathogens and present these as peptides to other cells of the immune system. 

Neutrophils are the most abundant type of phagocytes, normally representing 50 to 60% of 

the total circulating leukocytes. Neutrophils contain granules in their cytoplasm that contain 

substances to kill bacteria and fungi. Eosinophils and basophils also contain granules and 

therefore form, together with neutrophils, the group of granulocytes. Basophils release 

histamine upon contact to a pathogen and is especially involved in the defence against 

parasites and is known to play a role in allergies such as asthma. When eosinophils are 

activated they secrete a mixture of toxic proteins and free radicals (that lead to formation of 

reactive oxygen species (ROS)) which are highly effective in killing bacteria and parasites.  

Cells of the adaptive immune system include B lymphocytes and T lymphocytes. The main 

tasks of B cells is the production of antibodies. Antibodies, also named immunoglobulin 

(Ig), comprise five different types (IgA, IgD, IgE, IgG, IgM). B cells are activated through 

their receptor, the B cell receptor (BCR). Upon activation, B cells start to produce 
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antibodies that have three functions: 1. Binding to specific pathogens (via its unique 

antigen) thereby prevent pathogens from entering or damaging cells, 2. Coating the 

pathogens to stimulate removal by macrophages and other cells and 3. Stimulate other 

immune responses, such as the complement pathway, for destruction of the pathogens. 

(Janeway 2001). The unique feature of the T cell is the T cell receptor (TCR). Different 

types of T cells are present in the human body including T helper cells, cytotoxic T cells 

and regulatory T cells. T helper cells express cluster of differentiation marker 4 (CD4) on 

their surface and their function includes the maturation of B cells to plasma cells or 

memory B cells and activation of cytotoxic T cells and macrophages. T helper cells become 

activated when their T cell receptor recognizes MHC class 2 antigens on antigen presenting 

cells (APCs). Cytotoxic T cells express marker CD8 on their cell surface and their main 

function is to destroy tumour cells and (virally) infected cells. Cytotoxic T cells become 

activated upon binding MHC class 1 molecules. Memory T cells (cytotoxic or helper T 

cells) are present long after an infection has been overcome and upon re-exposure these 

memory cells can quickly form large amounts of cytotoxic T cells (Bellantuono 2004; 

Kaech et al. 2002; Wherry and Ahmed 2004). Regulatory T cells prevent autoimmune 

diseases and other pathological self-reactivity by suppressing the activation of the immune 

system.  

 

Chemical immunotoxicity 

Immunotoxicity is defined as an adverse effect on the function of cells or organs of the 

immune system that is caused by exposure to chemicals. Immunotoxicity can be divided 

into direct immunotoxicity and indirect immunotoxicity. Indirect immunotoxicity includes 

the effects of haptens, which are considered incomplete antigens that need to bind to 

enzymes for instance. These hapten-enzyme complexes are first absorbed through skin or 

eyes, taken up by antigen presenting cells that present these haptens to the immune system 

where after a response is initiated (McFadden et al. 2011). These responses often include 

activation of inflammation leading to itches and rash.  

Direct immunotoxicity includes the effects of chemicals on components of the immune 

system that results in an impaired immune system. Chemicals that can have immunotoxic 

effects include a variety of compound classes such as mycotoxins, insecticides, metals, 

pesticides, pharmaceutical drugs, and many more. Most of the chemicals that elicit direct 

immunotoxicity enter the human body through the consumption of food, air or water. After 

uptake (through the skin, lungs or into the bloodstream) these compounds can activate or 

suppress the immune system. Some of the chemicals can elicit immunotoxic effects only 

after biotransformation into a more toxic metabolite. These biotransformation reactions take 

place mainly in the liver. For in vitro experiments, biotransformation can be achieved by 

addition of liver S9 mix, usually from human or rat origin (Tucker et al. 1982). The S9 mix 

comprises of microsomes that are rich in Cytochrome P450 enzymes. These enzymes are 

the most important enzymes in converting compounds into metabolites. Examples of 
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compounds that become (more) immunotoxic after metabolic activation include 

cyclophosphamide, benzo-a-pyrene and ochratoxin A.  

 

Immunotoxicity related diseases. 

In general the immune system functions to protect the human body from all threats foreign 

as well as domestic (as is the case for cancer cells). Several diseases are specifically related 

to immune dysfunction. These include infections, like the influenza virus, herpes simplex 

virus and acute otitis media, and allergies like eczema or childhood and occupational 

asthma. Next to those, Crohn’s disease, Kawasaki disease, multiple sclerosis, rheumatoid 

arthritis and diabetes mellitus type 1 are all considered diseases related to a dysfunction of 

the immune system. 

 

Chemical immunotoxicity in humans 

Several immunotoxicity related incidents have occurred in men over the past years. 

Probably the most dramatic one is the case of TGN1412, an immunomodulatory drug also 

known as CD28 SuperMAB. This drug was developed for treatment of rheumatoid arthritis 

and B-cell leukaemia. During the first human clinical trial study using TGN1412 in London 

in 2006, this drug had to be withdrawn because of severe side effects leading to multiple 

organ dysfunction and hospitalisation of all six volunteers who received the drug in the 

clinical trial (Pearson 2006). This case is of course an extreme event.  

In the field of organ transplantation, drugs are administered to suppress the immune system 

and prevent organ rejection and graft-versus-host disease. In these cases, the 

immunosuppression is not a side-effect but is the desired end point of the therapy. A well-

known immunosuppressant is cyclosporine A (CsA). Besides medical treatments, humans 

are primarily exposed to immunotoxic compounds through ingestion of contaminated water 

or feed, and inhalation. Next to that there is occupational exposure to compounds that can 

elicit immunotoxic effects. Trichloroethylene is for instance a water contaminant that 

suppresses the human and animal immune system (Veraldi et al. 2006). Benzene exposure 

occurs occupationally since it is used in paints, detergents and glues, or recreationally by 

exposure to tobacco smoke. Next to that benzene is also a component in gasoline. Benzene 

is proven to be immunotoxic in both mice (Farris et al. 1997) and human (Lisiewicz 1993). 

Another well-known immunotoxicant is TCDD, the most potent dioxin (Poland and Glover 

1973a; Poland and Glover 1973b). 

 

Immunotoxic chemicals 

For some immunotoxicants the mechanism of action is quite well understood. For the 

organotin compound TBTO for instance, which is an environmental contaminant, it is 

known that it rapidly causes endoplasmic reticulum (ER) stress and calcium signalling, 

followed by a T cell activation response and eventually causes apoptosis (Katika et al. 

2012a; Katika et al. 2011) Because TBTO is such a wide spread contaminant also other 

species besides humans are exposed to TBTO. TBTO was for instance detected in Japanese 
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fish (Shimasaki et al. 2006) and measured in fish of the Finnish diet.(Airaksinen et al. 

2010) Furthermore, organotin levels were detected in blood of human volunteers 

confirming uptake after human exposure to organotin compounds (Kannan 1999; Peters 

2004; Whalen et al. 1999). Levels of TBTO in environment have decreased since the 

International Maritime Organisation (IMO) adopted a ban on the use of tributyl (TBT) 

compounds in ship paints in 2003.  

Another example of an immunotoxicant with a known mode of action is the 

immunosuppressive drug cyclosporine A (CsA). This drug is used in clinic to prevent organ 

rejection and graft-versus-host disease after transplantation (Ponticelli 2005). CsA inhibits 

calcineurin (by binding to cyclophilin), a protein phosphatase that normally is activated by 

a prolonged intracellular calcium rise during T cell activation (Sakuma et al. 2005). 

Calcineurin dephosphorylates nuclear factor of activated T cells (NFAT) that initiates 

interleukin-2 (IL-2) production. The end result of the inhibition of calcineurin by CsA is 

therefore a reduction in IL-2 production and T-cell activation (Ho et al. 1996; Stepkowski 

and Kirken 2000). Due to recent research on the organotin compound tributyltin oxide 

(TBTO) and the mycotoxin deoxynivalenol (DON), the modes of action of these 

immunotoxic compounds are also known. The mode of action of TBTO was already 

explained. DON, which is a trichothecene mycotoxin, is produced by certain fungi present 

on wheat, grain and corn. Because DON is very stable during the processing of food 

humans are almost continuously exposed to low levels of this immunotoxicant through their 

diet (Grove 1988). The first action of DON is considered to be the binding to ribosomes 

causing a so called ribotoxic stress (Iordanov et al. 1997; Zhou et al. 2005) response that 

leads to induction of ER stress, T cell activation and apoptosis (Katika et al. 2012b). These 

three compounds, CsA, TBTO and DON were used as immunotoxic model compounds.  

Compounds for which the immunotoxic mechanisms are not (yet) established include 

among others the food contaminant 2,3-dichloro-1-propanol (2,3-DCP), the flame retardant 

Tetrabromobisphenol A (TBBPA) and the insecticide imidacloprid. An important issue in 

every experiment is the inclusion of negative controls. The search for compounds that are 

not immunotoxic was however rather difficult. Because of a publication bias (results of a 

positive correlation with immunotoxicity are much likely to be published whereas a 

negative correlation might not even be submitted), literature searches for non immunotoxic 

compounds had to be extended to governmental reports on food additives, herbicides, 

insecticides etc. The disadvantage of these resources is that the data presented in those 

reports is often limited to the exposure dose and the statement that no immunotoxicity was 

observed in rats and mice. Compounds for which no immunotoxicity could be found 

included several insecticides, fungicides, herbicides and drugs. 
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Approaches to immunotoxicity testing 

Several guidelines for (immuno)toxicity testing have been published since the start of this 

millennium. These guidelines cover testing on chemicals, such as the European REACH 

(Registration, Evaluation and Authorisation of Chemicals) and the United States 

Environmental Protection Agency (US EPA), or drugs as published by the US Food and 

Drug Administration (FDA) and the European Medicines Agency (EMEA). REACH was 

implemented as a new regulation in 2007 by the European Commission (EC 2006). Within 

this regulation, any chemical of which more than 1 tonne is produced or imported per year 

should be evaluated or re-evaluated for its toxicity risks. Since this includes almost all 

compounds, in vitro test alternatives should be developed to reduce the number of test 

animals, time and money that have to be spent (Hofer et al. 2004; Pedersen 2003). The 

number of animals that have to be used within the REACH initiative was estimated 

between 7.5 and 9 million and total costs was estimated at 1.6 billion Euro (Hofer et al. 

2004; Pedersen 2003). 

In a document called ‘Guidance for Industry’ published in 2002, the US Food and Drug 

Administration stated that immunotoxicity tests are mainly based on changes in organ 

weights in animal experiments, histopathology of those organs (spleen, thymus, bone 

marrow, lymph nodes) or by measuring serum parameters (ICCVAM 2002). The last 

paragraph of that document predicts that the new methods (at that time) e.g. genomics, 

proteomics, transgenic animals, will define useful endpoints in drug safety testing. EMA 

published a guideline on immunotoxicity studies for human pharmaceuticals (EMEA 2006). 

They suggested that further immunotoxicity testing is needed if signs of immunotoxicity 

are shown after evaluating weight of evidence of standard toxicity testing. Suggested 

additional immunotoxicity tests depend on the signs observed in standard toxicity tests. 

Options are the T-cell dependent antibody response (TDAR), immunophenotyping 

(identification of leukocyte subsets by using antibodies), natural killer cell activity assays, 

host resistance studies, macrophage/neutrophil function and cell-mediated immunity assays. 

Of these additional assays, the macrophage/neutrophil function assay can be performed in 

vitro, whereas the others use animals in vivo or for ex vivo measurements. The United 

States Environmental Protection Agency (US EPA) published a guidance on the data 

requirement in the pesticide program (EPA 2013). US EPA proposed to measure antibody 

production or T cell dependent antibody response in mice or rats after administration of 

sheep red blood cells. Next to that, measuring organ weights and (histo)pathology of 

immune system organs or tissues and white blood cell counts are performed as 

immunotoxic measures, however, these are often available from other toxicity tests in the 

testing battery. 

The European Centre for the Validation of Alternative Methods (ECVAM), which main 

goal is to replace, reduce or refine the use of laboratory animals, held a workshop to assess 

the possibilities for in vitro immunotoxicity testing in 2005 (Gennari et al. 2005). The 

“future research needs” listed at the very end of the report suggested to use both animal and 

human cells, since the use of only human cells limits the extrapolation of previous 
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performed toxicological studies in animals. In addition, the use of ‘OMICS’ techniques was 

considered for searching new endpoints in immunotoxicity testing. Following this 

workshop ECVAM joined forces with several toxicology departments throughout Europe to 

evaluate in vitro tests for immunotoxicity (Carfi et al. 2007). In that report using four 

immunotoxic model compounds and two control compounds, in vitro tests successfully 

distinguished the immunotoxic from non immunotoxic compounds.  

The 7
th

 amendment of the cosmetics directive that was adopted by the European Union in 

1976 states that a cosmetic product is considered as "any substance or preparation intended 

for placing in contact with the various external parts of the human body (epidermis, hair 

system, nails, lips and external genital organs) or with the teeth and the mucous membranes 

of the oral cavity with a view exclusively or principally to cleaning them, perfuming them 

or protecting them in order to keep them in good condition, change their appearance or 

correct body odours"(1976). In 2003 the European Parliament banned the use of animals in 

testing cosmetic products. A ban on the ingredients for cosmetic products was implemented 

in 2009. As a consequence, from 2009 onwards only in vitro methods are allowed to 

perform safety tests for cosmetic products and ingredients. Since implementation of the 

REACH initiative (Europe) (EC 2006) and publication of the vision and strategy on toxicity 

testing in the 21
st
 century (TOX21) from the National Research Council (2007), current 

immunotoxicogenomics procedures focus more and more on (human) primary cells or cell 

lines. Similar to the REACH objectives, TOX21 aims to use less animals, more high-

throughput methods and test more compounds.  

 

In vitro methods and assays 

The state of the art of in vitro testing for direct immunotoxicity was summarised in 2010 

(Lankveld et al. 2010). The testing strategy as suggested by the authors first focused on 

myelotoxicity, which is the ability of compounds to damage or destroy the bone marrow. 

Since all cells of the immune system arise from the bone marrow, compounds that induce 

myelotoxicity are automatically immunotoxic (Gennari et al. 2005). Compounds that are 

not myelotoxic can still induce immunotoxicity in one of the various differentiated immune 

cells. Therefore different assays are available to screen compounds that are potentially 

immunotoxic (Table 1). The human whole blood cytokine release assay measures the IC50 

values of compounds in human whole blood based on production of interleukins IL-1β and 

IL-4 after stimulation with lipopolysaccharide or staphylococcal enterotoxin B (Langezaal 

et al. 2002). This test is the only one that is prevalidated for its use in in vitro 

immunotoxicity testing. Since cytokine production is one of the first steps in the immune 

response, changes in the levels of cytokines can be used as a measure for immunotoxicity. 

Reduced proliferation of lymphocytes is also an indication of immunosuppression, since the 

adaptive immune response requires lymphocyte proliferation. Proliferation of T cells can be 

measured in the lymphocyte proliferation assay by using labelled thymidine (
3
H-thymidine) 

after stimulation with phytohaemagglutinin (PHA), concanavalin A (Con A) or a 

combination of anti-CD3 and anti-CD28 (stimulation and co-stimulation). In the case of B-
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cell proliferation, lipopolysaccharide (LPS), S. typhimiurim mitogen (STM) or a 

combination of anti-CD40 and IL-4 are used as stimulus. These assays can be applied using 

primary cells of rodent or human origin. Human lymphocytes have the advantage that 

species differences are avoided, however, the variations between donors (intraspecies) is 

bigger in humans than in inbred laboratory animals. The mixed lymphocyte reaction (MLR) 

is also used for evaluation of immunotoxicity. This test uses T lymphocytes that are co-

cultured with the same cells originating from a different individual (allogeneic) or 

genetically identical cells (syngeneic). In the case of an allogeneic co-culture one expects T 

lymphocytes to proliferate, which is measured with 
3
H-thymidine. The outcome measure is 

the difference in 
3
H-thymidine incorporation between allogeneic and syngeneic cultured 

lymphocytes. In the cytotoxic T lymphocyte (CTL) assay T lymphocytes differentiate into 

cytotoxic T cells (CD8
+
). The assay measures CTL function to evaluate effects of different 

test compounds on cell-mediated immunity. Conventionally, rodents are exposed in vivo to 

test compounds where after splenocytes are collected and co-cultured for 5 days with P815 

mastocytoma cells to allow T cells to differentiate to cytotoxic T cells. Then the cytotoxic T 

cells are collected from the spleens and added to new 
51

Cr-labelled P815 cells. As the 

cytotoxic T cells lyse 
51

Cr-labeled P815 cells, the measurement of 
51

Cr in centrifuged 

supernatant is used as a measure for the cytotoxicity. This method was simplified in such a 

way that the exposure can also be performed after isolation of primary splenocytes (House 

1995) or using peripheral blood mononuclear cells (PBMCs) of rodent or even human 

origin. Similar to the CTL assay, the natural killer (NK) cell assay also uses 
51

Cr 

measurement as read out for cytolytic activity. NK cells are selected from isolated human 

PBMCs that were treated with test compound and mixed with human K562 

erythroleukemia cells. After 4 h of incubation the amount of 
51

Cr in the supernatant is 

measured reflecting the lysis of the target cells by natural killer cells (Cederbrant et al. 

2003).  

One of the challenges within immunotoxicity testing is that due to the large variety in cells 

and organs within the immune system, there is not one perfect cell line for in vitro toxicity 

testing. Most immunotoxicity tests have been performed in animal in vivo studies or using 

primary cells of animal or human origin (e.g. PBMCs). Endpoints of these studies were 

mostly cytokine production, antibody responses, cytotoxicity or measuring organ weights 

and pathology of immune tissues. Another challenge is that cell lines that are available only 

cover a small part of the immune system, for instance a single T cell, NK cell or B cell.  

 

Toxicogenomics 

Transcription of genes produces a single stranded messenger RNA (mRNA) copy of the 

DNA and this process takes place in the nucleus. The mRNA is transported to the 

cytoplasm where it is translated to proteins by ribosomes. The common term for studying 

properties of the genomes of related organisms is genomics. Toxicogenomics can be best 

characterized as a high throughput method that combines toxicology and genomics. In the 

field of immunotoxicity, toxicogenomics approaches are used to discriminate immunotoxic 
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from non-immunotoxic substances using gene biomarkers, or to elucidate mechanisms of 

immunotoxicity of a substance. Before the implementation of toxicogenomics, the toxic 

effects of substances were tested using Q-RT-PCRs. These assays are still used as 

confirmation assays or as high-throughput screenings on limited number of genes, as these 

are quicker and less time and money consuming with respect to toxicogenomics 

approaches.  

 

Microarray 

Since the introduction of DNA microarray techniques at the end of the previous millennium 

(DeRisi et al. 1996; Marshall and Hodgson 1998; Schena et al. 1995), research in genetics 

gained interest and importance. The principle behind the microarray technology is the 

hybridisation of oligonucleotides in the test sample to oligonucleotides that are present on 

the microarray on a solid matrix (Duggan et al. 1999). For each gene of the human or 

mouse genome, one or more probes are present on the array. Lots of new techniques for 

detecting differences in the genome or proteome have been developed since the 

introduction of microarrays which collectively are referred to as ‘OMICS’ technologies. 

One of the great advantages of these OMICS technologies is that it allows to investigate the 

action of a compound on the total genome. With increasing regulatory demands on using 

less animals but generating more toxicity data for safety evaluation of compounds, the 

combination of in vitro assays and OMICS techniques may prove a suitable strategy for 

testing large numbers of compounds with less animals as compared to classical approaches. 

 

Transcriptomics analysis 

The immune cells are exposed to either substances or solvent controls. Subsequently the 

RNA is labelled with fluorescent dyes and hybridized to the microarrays. Data files of the 

microarray hybridisations contain spot intensities of ten thousands of different probes or 

probe sets that correspond to the genome of approximately 22.000 genes. The biggest 

challenge within toxicogenomics research is to deal with the big datasets provided after 

scanning the microarrays. There are many options to analyse the data, therefore only the 

methods used in this thesis are given hereafter. The (technical) basics of the analyses that 

were used are presented in short. As a first step the raw data is normalised for correction of 

inter array and labelling differences and for differences in the amount of RNA initially 

loaded onto the microarray chips. Flooring of the data is often performed to set a certain 

background intensity level. For example, spots that have a value of 5 in the control samples 

and 20 in the exposed samples would be 4 times upregulated in exposed samples. 

Biologically, however, these spots code for genes that are probably expressed at a low level 

in the cell line and are not distinguished from background noise. The term flooring points at 

the process of setting this background at for a certain level. All spots with lower intensities 

are put to this level, so the biologically irrelevant up and downregulation of genes is filtered 

out of the data. After flooring, the spot intensities are converted to 2log ratios relative to the 

average of the controls. Files containing the normalised 2log ratios versus the average of 
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the controls then can be used in various bioinformatics tools including clustering and 

pathway analysis and gene set enrichment analysis.  

In clustering analysis, genes are selected based on a chosen threshold (often 2log ratio of 

0.7 in at least three arrays) and clustered on the resemblance in gene expression relative to 

all arrays in the selection. The colours red and green indicate up- and downregulation of 

genes, respectively. Subsets of genes belonging to the same cluster can then be uploaded to 

an online pathway analysis tool such as MetaCore. Tools like MetaCore link gene names to 

processes, pathways and diseases as found in published abstracts in PubMed. These tools 

are used for a quick analysis in what process or pathway subclusters of genes are involved 

in, however, one must keep in mind that there is some form of publication bias. Not all 

genes will be annotated to functions and some very common processes will link to a huge 

amount of genes.  

For further analysis other programs such as Gene set enrichment analysis (GSEA) are used 

that detect differences in up- and downregulation of genes belonging to specific sets. GSEA 

is a statistical analysis tool for microarray data that can be used to give insight into the 

affected molecular mechanisms and to detect biological processes affected. The first step in 

GSEA is ranking the total set of genes as based on their expression ratios. Then this list is 

compared to a subset of genes that is specific for a certain process or pathway and 

determines whether these genes are more at the top (upregulated), at the bottom 

(downregulated) or randomly distributed (unaffected) of the ranked gene list (Subramanian 

et al. 2005). This enables detection of significantly affected gene sets, while the fold change 

of expression of individual genes can be relatively modest.  

All in all, these bioinformatics tools aid in the understanding or unravelling the mode of 

action of compounds. In addition, when microarray data of one compound is similar (to a 

great extent) to microarray data of another compound in the same study, the compounds 

likely act via a similar mode of action (Fielden et al. 2011; Lamb et al. 2006). 

 

Objective of the thesis 

Since conventional immunotoxicity screens require animals that make these tests time-

consuming and expensive, in vitro alternatives are needed. The main objective of this thesis 

was to assess, using toxicogenomics, two mouse cell lines and one human cell line for their 

suitability for immunotoxicity testing. The first mouse cell line, EL-4, is derived from a 

thymoma of a C57BL/6 mouse (Gorer 1950) which is an often used mouse strain in drug 

research in general. EL-4 cells express CD3 molecules, but no CD4 or CD8 (Skinner et al. 

1992; Varga et al. 1999). Therefore, these cells might be considered early thymocytes. The 

second mouse cell line tested in this thesis is the cytotoxic T cell line CTLL-2. These cells 

contain CD8 molecules and also originated from a C57BL/6 mouse. The human cell line 

used was the Jurkat T cell line originating from peripheral blood of a 14 year old boy 

suffering from T cell leukaemia (Schneider et al. 1977). A second aim was to validate 

genomic biomarkers for human immunotoxicity using a high throughput PCR method. For 

this purpose, human Jurkat T cells were exposed to a variety of chemicals and the changes 
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in gene expression in a vast set of markers was assessed. A schematic overview of the 

experiments performed as part of this thesis is given in Table 2. 

 

Outline of the thesis 

In the first experiments performed as part of this thesis and described in Chapter 2, the 

immunosuppressive drug cyclosporine A was the central model compound that was tested 

in four different mouse models. These models included the thymoma cell line EL-4, the 

cytotoxic T cell line CTLL-2, primary splenocytes obtained from C57BL6 mice that were 

exposed in vitro, and spleens of C57BL6 mice exposed in vivo. The overlap in response to 

cyclosporine A between the four different mouse models was investigated by comparing 

individual genes as well as pathways and processes that were affected by CsA. The 

suitability of EL-4 cells for immunotoxicity research was then further investigated in 

Chapter 3 by comparing transcriptomics data of the mycotoxin DON and organotin 

compound TBTO with microarray data previously obtained after exposure of human Jurkat 

and mouse CTLL-2, primary splenocytes and spleens in vivo to DON and TBTO. In 

Chapter 4, using a similar set-up, the suitability of the mouse CTLL-2 cell line was 

assessed by comparing the gene expression profiles of CTLL-2 cells exposed to DON and 

TBTO to the expression profiles of thymuses of mice exposed in vivo, mice thymocytes and 

human Jurkat T cells exposed in vitro. The DON and TBTO Jurkat transcriptome data were 

generated in a previous PhD study by Katika (Katika et al. 2012a; Katika et al. 2012b; 

Katika et al. 2011). On the basis of the outcome of this latter study it was proposed that the 

primary mechanism of action of DON and TBTO includes the induction of ribotoxic stress 

and ER stress, respectively. For verification of this finding, Chapter 5 entails a mechanistic 

comparison of the gene expression profiles of DON and TBTO with those of positive 

controls of ribotoxic stress, endoplasmic reticulum stress and T cell activation in human 

Jurkat T cells. Anisomycin, thapsigargin and ionomycin were chosen as positive controls 

for ribotoxic stress, endoplasmic reticulum stress and T cell activation, respectively. 

Recent transcriptomics experiments in which the Jurkat cell line was exposed to a large set 

of (non-) immunotoxic compounds, including CsA, TBTO, and DON, resulted in the 

identification of 25 mRNA potential biomarkers of direct immunotoxicity (Shao et al. 2014; 

Shao et al. 2013). These 25 mRNA biomarkers were further validated in Chapter 6 

exposing Jurkat cells to a new set of chemicals including known immunotoxicants, known 

non-immunotoxicants and chemicals for which it is unknown if they exert any 

immunotoxic action. This validation study used a multiplex PCR method for rapid testing 

of the biomarkers in all samples. Chapter 7 presents the general discussion on the search 

for biomarkers for in vitro immunotoxicity and identification of modes of action using 

transcriptomics approaches. 

 

Netherlands Toxicogenomics Centre 

The research as described in this thesis was financially supported by the Netherlands 

Toxicogenomics Centre (NTC). This consortium aimed to use toxicogenomics tools to 
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decipher the mechanistic and biological pathways that drive toxicity that will be used to 

build a suite of “systems toxicology” models as a basis for the development of expertise 

and aiding mechanistic and predictive toxicology. The ambition of NTC was ‘to have 

genomics-based predictive models validated and framed within guidelines on chemical 

safety assessment protocols, thereby also inducing that toxicogenomics is an accepted 

factor in toxicological risk assessment.’ Different Dutch research institutes (RIKILT, 

RIVM, TNO) and universities (Maastricht, Wageningen, Leiden, Erasmus Rotterdam) 

worked together to achieve these goals and ambitions of the NTC.  

 

Technique 

 

 

Cell system 

 

 

Endpoint 

 

 

Cytokine release assay 

 

Human whole blood IL-1β and IL-4 production, IC50 

 

Lymphocyte proliferation assay 

 

Human peripheral lymphocytes 
Incorporation of radiolabelled 

thymidine 

 

Mixed lymphocyte reaction 

 

T lymphocytes 
Incorporation of radiolabelled 

thymidine 

 

Cytotoxic T-lymphocyte assay 

 

T lymphocytes 51Cr release 

 

Natural killer cell assay 

 

NK cells 51Cr release 

 

Table 1. Overview of in vitro immunotoxicity assays. 
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Species / cells 

In vitro, in 

vivo, primary 

cells 
Compounds Tool  

Chapter 2 
 Mouse CTLL-2, EL-4, 

primary mouse 

splenocytes, spleens in 

vivo 

In vitro, in vivo, 

primary cells 
CsA Microarray  

Chapter 3 Mouse EL-4 cells In vitro TBTO, DON Microarray  

Chapter 4  Mouse CTLL-2 cells In vitro TBTO, DON 
Microarray,  

Q-RT-PCR  

Chapter 5  Human Jurkat T cells In vitro 

anisomycin, DON, 

ionomycin, TBTO, 

thapsigargin 

Microarray  

Chapter 6  Human Jurkat T cells In vitro 
21 different 

compounds 

Fluidigm 

RT-PCR 

 

Table 2. Overview Thesis Chapters. 

 

Figure 1. Overview of different parts of the immune system. Artwork originally created for the National Cancer 

Institute by Jeanne Kelly. Reprinted with permission of the artist. Copyright 2013. 
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Abstract 

Transcriptomics in combination with in vitro cell systems is a powerful approach to unravel 

modes of action of toxicants. An important question is to which extent the modes of action 

as revealed by transcriptomics depend on cell type, species and study type (in vitro or in 

vivo). To acquire more insight in this, we assessed the transcriptomic effects of the 

immunosuppressive drug cyclosporine A (CsA) upon 6 hours of exposure of the mouse 

cytotoxic T cell line CTLL-2, the thymoma EL-4 and primary splenocytes and compared 

these to the effects in spleens of mice orally treated with CsA for seven days. EL-4 and 

CTLL-2 cells showed the highest similarities in response. CsA affected many genes in 

primary splenocytes that were not affected in EL-4 or CTLL-2. Pathway analysis 

demonstrated that CsA upregulated the unfolded protein response, ER stress and NRF2 

activation in EL-4 cells, CTLL-2 cells and primary mouse splenocytes but not in mouse 

spleen in vivo. As expected, CsA downregulated cell cycle and immune response in 

splenocytes in vitro, spleens in vivo as well as CTLL-2 in vitro. Genes up and 

downregulated in human Jurkat, HepG2 and renal proximal tubular cells were similarly 

affected in CTLL-2, EL-4 and primary splenocytes in vitro. In conclusion, of the models 

tested in this study, the known mechanism of immunotoxicity of CsA is best represented in 

the mouse cytotoxic T cell line CTLL-2. This is likely due to the fact that this cell line is 

cultured in the presence of a T cell activation stimulant (IL-2) making it more suitable to 

detect inhibitory effects on T cell activation. 
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Introduction 

Whole genome transcriptomics analysis has been successfully applied to unravel modes of 

action of toxic compounds including immunotoxicants (Hochstenbach et al. 2010; Luebke 

et al. 2006; Schmeits et al. 2014a; Shao et al. 2013). Transcriptomics analysis has been 

employed both for in vitro and in vivo exposure studies. An important question is to what 

extent the modes of action as revealed by transcriptomics depend on the type of cell, the 

species, and the study type (in vitro or in vivo). In a previous study we assessed the 

usefulness of the mouse T cell line CTLL-2 cells for immunotoxicity testing by comparing 

the effects of deoxynivalenol (DON) and tributyltin oxide (TBTO) on the transcriptomes of 

CTLL-2 cells to that of human Jurkat cells and mouse thymocytes in vitro or thymus in vivo 

(Schmeits et al. 2013). Although CTLL-2 cells, Jurkat cells and the mouse thymus in vivo 

shared most pathways, CTLL-2 cells were not able to activate ER stress in response to 

DON exposure. Based on the transcriptomics response to DON and TBTO, the mouse 

thymoma cell line EL-4 was also not able to detect all processes induced by DON and 

TBTO in vivo (Schmeits et al. 2014b). The present study aimed to provide more insight into 

this issue by determining the most optimal system to recognise Cyclosporine A (CsA) 

induced immunotoxicity. CsA was selected as model compound since its mechanism in 

relation to immunotoxicity has been well described. The primary pharmacological response 

of lymphocytes to CsA exposure is an inhibition of NFAT-mediated transcription by 

complex formation of CsA and CyP-A/CyP-B, subsequently leading to inhibition of 

calcineurin (Bram et al. 1993; Clipstone and Crabtree 1992; Galat and Bua 2010). The 

mechanism by which CsA exerts its immunotoxic effects includes an inhibitory effect on T 

cell activation, an induction of the unfolded protein response (UPR) and endoplasmic 

reticulum (ER) stress, (mitochondrial) oxidative stress and eventually apoptosis (de Arriba 

et al. 2013; Halestrap et al. 1997; Hama et al. 2013; Hibino et al. 2011; Ho et al. 1996; 

Sakuma et al. 2005). 

Cyclosporine A (CsA) is a fungal cyclic polypeptide which is used as an 

immunosuppressive drug in the clinic to prevent organ rejection and graft-versus-host 

disease in organ acceptors (Ponticelli 2005). CsA inactivates its target protein calcineurin. 

Calcineurin is activated by a sustained rise in intracellular Ca
2+

 levels (Sakuma et al. 2005), 

as is the case during T cell activation. Calcineurin then dephosphorylates NFAT, which 

binds to the promoter regions of its target genes including the cytokine interleukin 2 (IL-2) 

initiating the production of IL-2. The net effect of inhibition of calcineurin by CsA is thus a 

reduced T-cell activation response (Baken et al. 2008; Cristillo and Bierer 2002; Ho et al. 

1996; Johnson et al. 2003; Mascarell and Truffa-Bachi 2003; Stepkowski and Kirken 

2000). Next to its immunosuppressive effects, CsA can also cause hepatotoxicity 

(cholestasis), neurotoxicity, renal toxicity and carcinogenesis (de Arriba et al. 2013; Deters 

et al. 2003; Erdem et al. 2011; Klawitter et al. 2010; Kuschal et al. 2012).  

CsA has been shown to induce growth arrest at the G0/G1 cell cycle phase of renal, glioma 

and immune cells (Gottschalk et al. 1994; Jeon et al. 2005; Kahl and Means 2004; Yonish-

Rouach et al. 1991; Zupanska et al. 2005), and at G1/S or G2/M checkpoints in renal cells 
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(Lally et al. 1999; Wolf et al. 1995). Induction of cell cycle arrest by CsA was also detected 

in a transcriptomics study on the mouse spleen in vivo (Baken et al. 2008). CsA also 

inhibits DNA synthesis in mouse 3T3 fibroblasts (Tomono et al. 1996). In addition, CsA 

modulates expression of extracellular matrix genes (Baken et al. 2008) and induces 

oxidative stress (O'Connell et al. 2012), ER stress and UPR (Hama et al. 2013). Induction 

of nephrotoxicity by CsA is presumed to be due to the generation of reactive oxygen 

species causing oxidative stress (Tariq et al. 1999). In the liver, CsA causes cholestasis by 

inhibition of the bile salt export pump and thus impairing bile flow (Kienhuis et al. 2013). 

The current method for testing chemicals and drugs for immunotoxicity is based on rodent 

in vivo exposures. Alternative in vitro assays are considered because the animal models 

have many drawbacks including ethical concerns, labour intensiveness, and costs (Corsini 

and Roggen 2009). A challenge within immunotoxicity testing is that the immune system 

comprises many different cell types and interactions. One of the most important questions, 

therefore, is how many different cell types are required to predict the immunotoxic 

potential of a chemical.  

In the present work, a comparative transcriptomics study has been performed to examine 

the effects of cyclosporine A (CsA) in different test models, including CTLL-2 cells and 

EL-4 cells (in vitro), primary mouse splenocytes (in vitro) and mouse spleens (in vivo). 

Moreover, to get more insight into possible different interspecies responses to CsA 

exposure, the mouse microarray data were compared to those previously obtained with 

human T (Jurkat), liver (HepG2) and renal (RPTEC/TERT1) cell lines exposed in vitro to 

CsA.  

 

Materials and Methods 

 

Cells and chemicals 

CTLL-2 cells and EL-4 cells were purchased from the American Type Culture Collection 

(ATCC) and cultured in RPMI 1640 medium, containing HEPES with 10% heat-inactivated 

Fetal Bovine Serum, 100 U/ml Penicillin, 100 μg/ml streptomycin, 1% sodium pyruvate, 

1% non-essential amino acids (Invitrogen Life Science, Breda, The Netherlands). For 

CTLL-2 cells, 10% rat IL-2 with ConA (T-STIM) was added to the medium (BD 

Bioscience, Breda, The Netherlands). Cells were cultured in 75 cm
2
 flasks at 37 °C (5% 

CO2, 20% O2) and medium was refreshed three times a week. Cyclosporine A (CsA; CAS 

59865-13-3) was ordered from Sigma (Zwijndrecht, The Netherlands) for the in vitro 

studies and DMSO (CAS 67-68-5) was obtained from Merck (Amsterdam, The 

Netherlands). For the in vivo exposure study, CsA was kindly provided by Novartis (Basel, 

Switzerland). 

 

Animals 

Six-week-old male wild type mice (C57BL/6J, n = 4 per group) were acclimated for two 

weeks and subsequently exposed to 500 ppm CsA through feed for seven days or given a 
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control diet. The dose of CsA was based on previously performed dose range finding 

studies (van Kreijl et al. 2001). Assuming the mice ate 5-10 % of their weight daily, this 

would lead to a daily exposure of 25 to 50 ppm. A previous study has shown that oral 

administration of 2-10 ppm CsA (once daily) inhibited the sheep red blood cell (SRBC)-

induced delayed type hypersensitivity (DTH) response (Ohga et al. 2008). 

From the day of weaning, the health status of the mice was monitored daily and mice were 

weighed weekly starting at acclimation. Control animals showed a small increase in 

average weight gain (+5.53 %) while the weight of CsA exposed animals decreased (-4.90 

%). Animals were kept in the same stringently controlled (specific pathogen-free, spf) 

environment, fed ad libitum and kept under a normal day/night rhythm. After seven days of 

exposure, mice were sacrificed at a fixed time of the day. During autopsy, spleens were 

isolated and stored according to manufacturer’s protocol using RNAlater (Qiagen, Venlo, 

The Netherlands). 

 

Primary cell isolation 

Seven-week-old C57Bl/6 mice were obtained from the Wageningen University breeding 

colony and sacrificed by CO2 without any treatment. The protocol was approved by the 

ethics committee for animal experiments (Wageningen UR). Spleens were excised and put 

in 3 mL RPMI 1640 (standard) medium. Organs were pressed through a 70 µM nylon cell 

strainer (Falcon, Franklin Lakes, NJ) to prepare single cell suspensions. Cells of two 

spleens were combined to obtain one sample. The suspensions were centrifuged (10 min, 4º 

C, 1200 rpm) and resuspended in 5 mL red blood cell lyses buffer (NH4Cl 155 mM, 

KHCO3 10 mM, EDTA 1 mM; pH 7.4) and incubated for five minutes on ice. After 

washing the cells with medium (10 min, 4º C, 1200 rpm), the cell suspensions were 

adjusted to 5.0 x 10
6 
cells/mL using standard RPMI 1640 medium. 

 

Exposures 

Viability of CTLL-2 and EL-4 cells was determined using ATPlite assay (Perkin-

Elmer/NEN Life Sciences, Boston, MA) according to manufacturer’s instructions. Doses 

that caused a decrease of 20 % or less after 24 h exposure were selected for 6 h exposures 

for transcriptomics analysis. Viability of CTLL-2 cells that were exposed to 7.5 and 15 µM 

CsA were 87 and 81 % respectively. Viability of EL-4 cells that were exposed to 1.5 µM 

CsA was 80 %. For CTLL-2, 7.5 µM and 15 µM were selected and for EL-4 cells 1.5 µM 

was selected. Concentrations for primary splenocytes were based on CTLL-2 viability 

results, thus 7.5 and 15 µM CsA. These concentrations did not induce cytotoxicity in 

primary splenocytes after 6 h (data not shown).  

CTLL-2 and EL-4 cells were seeded one day before the exposure at a concentration of 0.25 

x 10
6
 cells/ml in a 6-well plate with 2.7 mL per well. Primary splenocytes were seeded and 

exposed directly after isolation at a concentration of 5.0 x 10
6
 cells/ml in 6-well plates with 

2.7 mL per well. Just prior to exposure, “CsA in DMSO” or pure DMSO were diluted with 

standard medium to 100-fold stock solutions and 300 μL of these solutions were added to 
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the cells. The final DMSO concentration therefore did not exceed 0.1%, which has no effect 

on cell viability. The cells were placed in an incubator (5 %CO2, 20% O2) at 37 ºC for 6h. 

Exposures were performed in quadruplicate.  

 

RNA isolation 

After exposure the cells were centrifuged for five minutes at 1600 rpm and 4 ºC and the 

pellet was resuspended in 600 µL RLT buffer (Qiagen) containing 1% β-Mercaptoethanol 

(β-ME, Invitrogen Life Science) and stored at -80º C until RNA isolation. Samples in RLT 

buffer were put on QIAshredder columns (Qiagen) and centrifuged for 2 min at 15000 g. 

The flow through was mixed and homogenized with 70% ethanol and put onto miRNeasy 

columns (Qiagen). RNA isolation including DNase treatment was performed according to 

manufacturer’s protocol (Qiagen). RNA was eluted with warmed (45 ºC) RNase free water. 

RNA concentration, integrity and purity were assessed spectrophotometrically at 

wavelengths of 230, 260 and 280 nm (Nanodrop, Wilmington, DE) and by virtual gel 

electrophoresis (Experion, Biorad, Veenendaal, The Netherlands). One sample (EL-4) did 

not meet the quality criteria and was therefore excluded from further analysis. 

Total RNA of the in vivo spleens was isolated using the miRNeasy kit and the QIAcube 

(Qiagen) according to the manufacturer’s instructions. All samples passed RNA quality 

control using capillary gel electrophoresis (RIN > 7.3; Bioanalyzer 2100, Agilent 

Technologies, Amstelveen, the Netherlands).  

 

Microarray analysis 

For all samples, mRNA was amplified and labeled with the GeneChip Expression 3'-

Amplification One-Cycle cDNA Synthesis Kit and GeneChip Expression 3'-Amplification 

Reagents for IVT Labeling according to the manufacturer’s instructions (Eukaryotic 

Sample and Array Processing 701025 Rev.5; Affymetrix). Amplified materials were 

hybridized to Affymetrix Mouse Genome 430 2.0 Arrays for 16 h at 45°C, subsequently 

washed and stained with the EukGE-WS2v5_450 protocol. The array plates were scanned 

using the Affymetrix GeneTitan scanner. Image generation and feature extraction were 

performed using Affymetrix GCOS Software v1.4.0.036.  

 

Data Analysis 

Custom CDF files were generated from the raw data by using the R package available at 

http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/14.1.0/entrezg.asp

. Robust multichip average (RMA) normalization was applied to the complete dataset 

(BioConductor). Quality control was applied to the microarray data by using BioConductor 

packages (www.arrayanalysis.org). Spot intensities were floored and 2log ratios were 

calculated versus the DMSO control of the same biological replicate. Hereby, all DMSO 

control values were set to zero.  

Gene expression data of the in vivo samples were successively subjected to quality control 

and correction of significant hybridization and experimental blocking effects, annotation, 
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RMA normalization and subsequent data analysis, as previously described (Schaap et al. 

2012). Hierarchical clustering on the average of each treatment group was performed with 

the programs Cluster (uncentered correlation; average linkage clustering) and Treeview 

(Eisen et al. 1998). Pathway analysis on subclusters of genes was performed using 

MetaCore (GeneGo, St. Joseph, MI). 

 

Gene Set Enrichment Analysis 

Gene Set Enrichment Analysis (GSEA) is a statistical analysis tool for microarray data, 

used to detect biological processes affected and to provide insight into the affected 

molecular mechanisms. GSEA makes use of predefined gene sets that are based on 

previous experimental results and literature. GSEA ranks all the genes on their expression 

ratios and determines whether a particular gene set is significantly enriched at the top or the 

bottom of the ranked list (Subramanian et al. 2005). The following gene set collections 

were used in this study: KEGG, Lymphocyte database (Shaffer et al. 2001), Gene Ontology 

(http://www.geneontology.org/), Tox action (self-made), unfolded protein response 

(Civelek et al. 2009; Kuny et al. 2012), cell cycle (Bar-Joseph et al. 2008; Whitfield et al. 

2002) and blood cell type specific (created from literature (Du et al. 2006; Lyons et al. 

2007; Su et al. 2004)). 

In addition, gene sets were created from CsA exposure data on human HepG2 cells 

(Magkoufopoulou et al. 2011) and human renal tubular cells (RPTEC/TERT1) (Wilmes et 

al. 2013) to assess the interspecies and intertissue overlap in response to CsA.  

 

Heat maps of gene sets  

We visualized the expression of genes involved in T cell activation, NRF2 activation, 

unfolded protein response including ER stress, and apoptosis using the programs Cluster 

and Treeview (Eisen et al. 1998). Genes that were related to NRF2 activation were taken 

from KEGG, Biocarta and from literature mining. The gene set containing genes that were 

involved in the T cell activation response originated from the lymphocyte signature 

database (Shaffer et al. 2001) and apoptosis related genes were derived from Gene 

Ontology. Genes involved in the UPR and ER stress were taken from literature (Civelek et 

al. 2009; Kuny et al. 2012). Genes which have multiple functions or a function important 

for multiple processes can therefore be present in more than one figure. Expression of genes 

in these various processes was shown in mouse CTLL-2, EL-4, primary splenocytes, mouse 

spleens in vivo and human Jurkat cells (8 µM). Data on CsA exposed human Jurkat cells 

were derived from a previous study of our group (Shao et al. 2013). Genes that were ≥ 1.6 

fold up- or down regulated vs. the average of the controls in at least 3 of 27 arrays were 

included in the heat maps 
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Results 

 

Hierarchical clustering and pathway analysis 

Unsupervised hierarchical clustering was used to visualise genes that on average were more 

than 1.6 (2Log 0.7, arbitrary chosen value) times up- or downregulated versus the average 

of the controls (Fig. 1). In total 547 genes were selected that were distributed by the cluster 

program over six clusters. MetaCore was applied to assess the most significantly 

represented pathways per cluster. The first cluster, containing 37 genes upregulated by CsA 

in CTLL-2, is linked to ER stress induction and the unfolded protein response. A subset of 

these genes was also upregulated in EL-4 cells and primary mouse splenocytes. Genes in 

cluster 2 were mainly upregulated by CsA exposure in primary splenocytes and are 

involved in apoptosis and stress response. Cluster 3 contains genes that were upregulated in 

the mouse spleen in vivo and not affected in other cell types. The genes in this cluster are 

related to T cell chemotaxis. Genes in cluster 4 were predominantly downregulated in vivo 

and are linked to cell cycle and mitosis. Cluster 5 contains genes that were downregulated 

in primary splenocytes and are related to immune response and stress response. The 14 

genes in cluster 6 were downregulated in CTLL-2 cells and are related to apoptosis. Based 

on the unsupervised clustering of individual genes there is no overlap between the in vivo 

and the in vitro systems apart from a small group (n = 22) of cell cycle related genes that 

are downregulated by CsA in the spleen in vivo and in primary thymocytes (at the top of 

cluster 4 in Figure 1). Principle component analysis on all genes corroborated the finding 

that hardly any overlap is present between in vivo and in vitro (Suppl. Fig. 1). 
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Figure 1. Hierarchical clustering of cyclosporine A responsive genes in four different mouse models. Gene 

selection is based on an average fold change of ≥1.6 (2LogRatio ≥ 0.7) in at least one of the cell types leading to a 

total of 547 genes. Green represents down-regulation, red represents up-regulation and black no effect; scale is 

shown at the right bottom of the figure. Subclusters of genes were uploaded in MetaCore to assess the processes 

affected by the different subclusters. 

 

Gene set enrichment analysis (GSEA) 

GSEA was then applied for each of the treatment groups in relation to the respective control 

samples. This allows comparing our data to gene sets that were published in literature or 

created by our own group (see Methods section 2.8). GSEA enables to assess similarities in 

effects on pathways and processes instead of on individual genes. The outcome of GSEA 

was visualized in heat maps.  

A clear difference between primary splenocytes and the cell lines CTLL-2 and EL-4 was 

found for oxidative stress target genes that were upregulated in CTLL-2 and EL-4 cells, but 

downregulated in primary splenocytes (Fig. 2A). Endoplasmic reticulum (ER) stress 

response was induced in primary splenocytes (7.5 µM), CTLL-2 and EL-4 cells. Target 
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genes of XBP1, that induce ER stress through the unfolded protein response (UPR) 

(Iwakoshi et al. 2003), were also upregulated in CTLL-2, EL-4, primary splenocytes (7.5 

µM) as well as in spleens in vivo. Target genes for NFκB were upregulated in primary 

splenocytes whereas they were downregulated in CTLL-2 cells. Cell cycle and DNA repair 

were downregulated in CTLL-2 cells and spleens in vivo, and to a lesser extent in EL-4 

cells as well.  

Due to the effect of CsA on ER stress, XBP1 target genes and the UPR, we investigated the 

expression of genes in the different stages of the UPR and ER stress. Gene sets related to 

the different stages of the UPR were upregulated in CTLL-2 cells, EL-4 cells and to a lesser 

extent in primary mouse splenocytes but not in the mouse spleen in vivo (Fig. 2B). 

Ubiquitination was upregulated in EL-4 cells and in primary splenocytes but not in CTLL-2 

cells. Overall this shows that CsA upregulates genes at all stages of the unfolded protein 

response, except ubiquitination, in CTLL-2 cells and EL-4 cells while CsA upregulates 

genes at only a few stages of the unfolded protein response in primary mouse splenocytes 

(e.g. ubiquitination and protein disulphide isomerisation) and none in the spleen in vivo.  

 

A 
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Figure 2. Heatmap of processes significantly affected by cyclosporine A exposure.  

Overview of the effects of CsA on, (A) a selection of gene sets, and (B) unfolded protein response related gene 

sets, that were run in GSEA (selection; p value < 0.01, FDR < 0.25). Each line represents one gene set. Each 

column represents the average gene expression per cell type. Scale indicates statistical significance (p-value) of the 

gene set. Green represents downregulation, red upregulation and black no effect. 

 

Heat maps of genes involved in T cell activation, NRF2 activation, unfolded protein 

response, ER stress, and apoptosis 

The effects of CsA on the repression of T cell activation and the induction of oxidative 

stress, ER stress and apoptosis (Fig. 2A) prompted us to assess the effects of CsA on the 

individual genes involved in these processes (Fig. 3). This comparison also included the 

effects of CsA on the human Jurkat T cell line which is a cell line often used for 

immunotoxicity testing (Shao et al. 2013).  

Overall, relative few genes were affected in the spleen in vivo in all of the processes. The 

transcriptomics data do therefore not yield indications that any of the four processes are 

induced in the spleen in vivo. CsA is considered to decrease activation of T cells which 

agreed with the downregulation of T cell activation related genes, such as JUN and RGS2, 

in CTLL-2 cells (Fig. 3A). In marked contrast, CD69, which is considered to be an early 

marker gene acting as co-stimulant for T cell activation (Ziegler et al. 1994), is upregulated 

by CsA in CTLL-2 cells, primary splenocytes and spleen in vivo, but not in EL-4 cells. 

CD69 was downregulated in human Jurkat cells (Fig. 3A).  

B 
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Transcription factor NRF2 plays a crucial role in the response of cells to oxidative stress 

(Ma 2013). NRF2 target genes were mainly upregulated in CTLL-2 and EL-4 cells. In 

primary splenocytes and spleen in vivo more NRF2 target genes were downregulated than 

upregulated. CsA affected very few NRF2 target genes in Jurkat cells (Fig. 3B). HMOX1, 

which is considered as an important marker for oxidative stress (Tyrrell and Basu-Modak 

1994), was upregulated in CTLL-2 and EL-4 cells, but not affected in primary splenocytes, 

spleen in vivo or Jurkat T cells. 

As shown in Fig 3C, CsA induced the expression of many genes involved in unfolded 

protein response and ER stress in CTLL-2 and EL-4 cells while less genes were 

upregulated in primary mouse splenocytes. CsA hardly induced any of the UPR/ER stress 

related genes in the spleen in vivo and induced a limited number of genes in Jurkat cells. 

CsA eventually induces apoptosis (Strauss et al. 2002). Remarkably, three genes that are 

related to apoptosis were downregulated in the spleen in vivo (Fig. 3D) while none were 

upregulated. Compared to the other cell systems, CsA induced the highest number of 

apoptosis-related genes in EL-4 and CTLL-2 cells. In primary splenocytes the number of 

genes upregulated equals the number of genes that were downregulated. The effect of CsA 

on apoptosis genes in Jurkat cells was very limited. 
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Figure 3. mRNA expression levels of individual genes involved in T cell activation, apoptosis, mitochondria or 

NRF2 activation.  

Genes known to be involved in T cell activation (A), NRF2 activation (B), Unfolded protein response including 

ER stress (C) or apoptosis (D) were filtered for being affected by exposure to CsA in the present study (selection 

criterion: ≥1.6-fold up or downregulated in at least 3 of 28 arrays). Scale is displayed in bottom right corner; green 

represents downregulation, red upregulation and black means no effect. 

 

Analysis on genes up- or downregulated in Jurkat 

Since the genes involved in the mechanism of immunotoxicity of CsA were limitedly 

affected in the human Jurkat cell line (Fig. 3 and (Shao et al. 2013)) we used GSEA to 

investigate if genes that are up- or downregulated by CsA in the Jurkat cell line were also 

up- or downregulated in the mouse systems (Fig. 4). Genes that were downregulated in 

Jurkat cells after exposure to CsA were also downregulated in EL-4 cells. However, these 

genes were upregulated in CTLL-2 cells (15 µM) and not affected in the primary 

splenocytes or spleens in vivo. Genes upregulated in Jurkat cells were also upregulated in 

CTLL-2, EL-4 and primary splenocytes, but not in spleens in vivo. 
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Figure 4. GSEA using genes up and downregulated in human Jurkat T cells.  

Overview of the effects of CsA on gene sets that were run in GSEA (selection; p value < 0.01, FDR < 0.25). Each 

line represents a set of genes that were either up- or down-regulated by CsA in Jurkat cells. Each column 

represents the average gene expression of CTLL-2 exposed to CsA 7.5 or 15 µM, EL-4 cells exposed to 1.5 µM, 

primary splenocytes exposed to 7.5 µM or 15 µM, and spleens exposed to CsA in vivo. Green represents 

downregulation, red upregulation and black no effect. The more brighter the colours, the higher statistical 

significant (p-value) the effect is. 

 

Effect on immune cell type specific genes 

A plausible explanation for the fact that CsA hardly affects T cell activation or ER stress in 

the spleen in vivo is that apoptotic T cells are known to be quickly removed by 

phagocytosis by macrophage-like cells (Hochreiter-Hufford and Ravichandran 2013). We 

therefore used GSEA to investigate which immune cell types are affected by CsA using the 

gene set collection ‘blood cell type specific’ created manually from literature data sets (Du 

et al. 2006; Lyons et al. 2007; Su et al. 2004). These gene sets contain genes that are highly 

expressed in certain blood cell types. 

A significant proportion of genes that are highly expressed in Natural Killer (NK) cells 

were upregulated by CsA in spleen in vivo (Fig. 5). Part of the genes expressed in 

monocytes were also upregulated in EL-4 and CTLL-2 (7.5 µM). Also genes highly 

expressed in monocytes were upregulated in spleen in vivo, while these genes were 

downregulated in primary splenocytes in vitro. However, the monocyte specific marker 

CD14 was upregulated in spleen in vivo but not upregulated in CTLL-2 and EL-4. 
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Figure 5. Expression of blood cell type specific genes. 

Overview of the expression of genes involved in specific blood cell types in CsA exposed CTLL-2 cells, EL-4 

cells, primary splenocytes in vitro and spleens in vivo. Each column represents the average gene expression of one 

exposure model. Each line represents one gene set from the collection Tissue specific blood cell types. Green 

represents downregulation, red upregulation and black no effect. The more brighter the colours, the higher 

statistical significant (p-value) the effect is. 

 

Interspecies comparison using transcriptomics data of human cell lines 

The present microarray data were then compared to data obtained from literature on effects 

of CsA exposure on HepG2 cells (Magkoufopoulou et al. 2011). Gene sets were created 

based on the HepG2 data separating up and downregulated genes for each time point. Those 

gene sets were then used to compare to the transcriptomics data of CTLL-2, EL-4, primary 

mouse splenocytes and spleens in vivo (Fig. 6A).  

A significant proportion of genes that were upregulated by CsA in HepG2 cells were also 

upregulated in CTLL-2, EL-4, primary mouse splenocytes and spleens in vivo. Genes that 

were downregulated in HepG2 cells (12, 24 or 48 h) were also downregulated in mouse 

spleens in vivo. Genes downregulated in HepG2 cells after 24 h but not after 12 or 48 h 

were also downregulated in primary splenocytes. Genes that were downregulated in HepG2 

cells after 48 h were also downregulated in EL-4 cells, CTLL-2 cells (15 µM) and spleen in 

vivo. 

In addition, gene sets were created from a study on human RPTEC/TERT1 proximal tubule 

epithelial cells that were exposed to CsA (Wilmes et al. 2013), Fig. 6B. Genes upregulated 

by CsA in human RPTEC cells were also upregulated in CTLL-2 cells, EL-4 cells and 

primary splenocytes, but not in spleens in vivo. Genes that were downregulated in RPTEC 
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cells were also downregulated in spleens in vivo (except 5 µM, 14 days) and primary 

splenocytes in vitro.  

These comparisons to CsA data obtained in human liver cells (HepG2) and human renal 

tubular cells indicate that CsA causes effects on gene expression that are shared between 

different cell types and species (human and mouse).  

 

 

 

B 

A 
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Figure 6. Comparison of genes up and down regulated in human HepG2 cells exposed to CsA and human 

RPTEC/TERT1 proximal tubule epithelial cells.  

Overview of the effects of CsA on gene sets that were run in GSEA (selection; p value < 0.01, FDR < 0.25). Each 

line represents a set of genes that were either up- or down-regulated by CsA exposure in (A) human HepG2 cells 

and (B) human RPTEC/TERT1 cells . Each column represents the average gene expression of CTLL-2 exposed to 

CsA 7.5 or 15 µM, EL-4 cells exposed to 1.5 µM, primary splenocytes exposed to 7.5 µM or 15 µM, and spleens 

exposed to CsA in vivo. Green represents downregulation, red upregulation and black no effect. The more brighter 

the colours, the higher statistical significant (p-value) the effect is. 

 

Genes commonly up- or downregulated by CsA in multiple cell systems 

It is particularly interesting to search for genes that are up- or downregulated in all or in 

most of the cell systems examined in this study. We therefore selected genes that were up- 

or downregulated with 2-log ratio |0.7| in at least 15 out of 36 arrays. This cut-off value was 

chosen arbitrarily. Cell types that were included were CTLL-2, EL-4, primary splenocytes, 

spleen in vivo, human Jurkat, and human HepG2 cells. This analysis resulted in five genes 

that were downregulated, being PTPN6, EGR2, DGAT2 (upregulated in primary 

splenocytes), CCL24 and PLIN2 (Fig. 7A). However, these genes were hardly affected in 

CTLL-2 cells. MetaCore analysis on the five downregulated genes did not result in any 

significant process, which is probably due to the low number of genes. 

Furthermore, 14 genes were upregulated in most cell types which are visualised in Fig. 7B. 

These genes were downregulated in HepG2 cells exposed to CsA for 48h, and unaffected in 

spleen in vivo. MetaCore analysis on these 14 genes revealed these genes to be involved in 

ER stress and the unfolded protein response (UPR).  

  

A 
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Figure 7. Genes commonly up- or downregulated by CsA. 

Selection of genes that are either downregulated (A) or upregulated (B) by CsA in multiple exposure settings. 

Genes were selected on fold change ≥1.6 (2LogRatio ≥ 0.7) in at least 15 out of 36 arrays. Scale is displayed in 

bottom right corner; green represents downregulation, red upregulation and black means no effect. 

 

Discussion 

In this study we assessed the transcriptomics response of mouse CTLL-2 cells, EL-4 cells, 

primary splenocytes in vitro and spleens in vivo to the immunosuppressive drug CsA. In 

addition, we took advantage of the availability of microarray data of human Jurkat T cells, 

liver HepG2 cells and renal proximal tubular cells (RPTEC/TERT1) exposed to CsA. A 

main goal was to assess to which extent the modes of action as revealed by transcriptomics 

would depend on the cell type, the species and the study type (in vitro or in vivo).  

CsA responsive genes in the different cell models were compared by means of hierarchical 

clustering and MetaCore pathway analysis. Most of the genes that are up- or downregulated 

in spleens of mice exposed in vivo to CsA were not affected in the other cell systems (Fig. 

1). Furthermore, most of the genes that were affected in vivo were downregulated while 

relatively few genes were upregulated. The lack of overlap in response between in vivo and 

in vitro may be due to a difference in the concentration of CsA at the site of action. Genes 

that were regulated in spleens in vivo and not regulated in the in vitro cell systems may also 

be secondary to effects that occurred in other organs. In primary splenocytes the number of 

up and downregulated genes was approximately equal while in EL-4 cells and CTLL-2 

cells more genes were upregulated than downregulated. Processes that were upregulated in 

CTLL-2 cells and EL-4 cells based on MetaCore analysis included ER stress, the unfolded 

protein response and some apoptosis related genes. GSEA analysis confirmed induction of 

ER stress and unfolded protein response in CTLL-2 and EL-4 cells and indicated ER stress 

and unfolded protein response (gene set XBP1 target genes) to be induced in primary 

B 
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splenocytes as well (Fig. 2A). We then assessed the effects on sets of genes involved in the 

different stages of the UPR (Fig. 2B). Almost all processes involved in the UPR were 

upregulated in EL-4 and CTLL-2 cells. In primary splenocytes, some of the processes that 

are involved in early stages of the UPR (ubiquitination, protein disulphide isomerization) 

were upregulated. In contrast, none of these UPR and ER stress related gene sets were 

affected in the spleen in vivo. The induction of UPR by CsA has been reported before in 

human renal tissue and renal tubular cell cultures (Du et al. 2009; Hama et al. 2013; 

Wilmes et al. 2013). 

The mouse cell lines CTLL-2 and EL-4 and mouse primary splenocytes differ from mouse 

in vivo and human Jurkat in vitro in their mRNA expression response to CsA for genes 

involved in the processes of T cell activation, activation of the oxidative stress transcription 

factor NRF2, UPR and ER stress and apoptosis (Fig. 3). T cell activation was most 

convincingly downregulated in CTLL-2 cells (Fig. 2A and 3A). Although some T cell 

activation genes were upregulated in EL-4 cells and primary splenocytes (Fig. 3A), the 

gene set as a whole was not affected (Fig. 2A). An important difference between CTLL-2 

cells and the other cell systems is that CTLL-2 cells are cultured in the presence of T-cell 

activating cytokines. (T-STIM, rat IL-2 factor) inducing a T cell activation response. This 

likely makes CTLL-2 cells more suitable to detect inhibition of T cell activation than the 

other cell systems. The T cell activation response is also constitutively activated in EL-4 

cells due to a mutation in the calcineurin gene (Schmeits et al. 2014b) which is most 

probably the reason that the expression of the important pathways in CTLL-2 and EL-4 are 

alike (Fig. 3).  

In agreement to previously published results on human and rat renal tubular cells (Shin et 

al. 2010; Wilmes et al. 2013), CsA activates NRF2 in CTLL-2 cells and EL-4 cells (Fig. 

3B). In primary splenocytes, more NRF2 target genes were downregulated than 

upregulated. Genes involved in the UPR were convincingly upregulated in CTLL-2 and 

EL-4 cells (Fig. 3C), confirming this mechanism of CsA. CsA has also been reported to 

induce apoptosis (Strauss et al. 2002). In the present study, this was confirmed in EL-4 and 

CTLL-2 cells and to lesser extent in primary splenocytes but not in the spleen in vivo and 

Jurkat T cells (Fig. 2A and 3D). 

We then compared to what extent the effects caused by CsA in other cell types correlated 

with the data obtained in the mouse systems used in the present study. Data were obtained 

from human liver HepG2 cells (Magkoufopoulou et al. 2011) and human renal tubular cells 

(Wilmes et al. 2013). Based on these comparisons we conclude that the transcriptomics 

response of different cell lines and spleen in vivo upon exposure to CsA have only few 

genes in common. We then searched for individual genes that are up- or downregulated by 

CsA irrespective of the cell system. Five genes were identified that are downregulated, 

although these genes were less affected in CTLL-2 cells (Fig. 7A). Next to those genes, 

fourteen genes were identified that are upregulated in most of the CsA exposed cell systems 

(Fig. 7B). These genes were convincingly upregulated in CTLL-2, EL-4, primary 

splenocytes and HepG2 cells (except 48 h). In Jurkat cells and spleens in vivo these 
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fourteen genes were less severely affected. MetaCore analysis revealed that these genes 

function in unfolded protein response and ER stress. It is of great interest to test if these 

genes are also up- or downregulated in CsA exposures performed in other cell types. 

An important issue when comparing the in vivo and in vitro situation is that the spleen in 

vivo contains a variety of different cell types and that influx of phagocytic cells and 

removal of affected cells can occur. This is supported by the finding of increased 

expression of genes related to NK cells and monocytes in the spleen indicating infiltration 

of phagocytic cells (Fig. 5). A similar observation has been reported in mice thymuses 

exposed to the immunotoxicant deoxynivalenol (van Kol et al. 2011). So, the cells that 

became apoptotic may have been removed already at the time of sacrifice. Therefore, it can 

be concluded that in vivo exposure to 500 ppm CsA for seven days is not very informative 

for identification of acute immunotoxic mode of actions. Presumably, a higher dose and a 

shorter exposure duration would have yielded more suitable mechanistic data.  

Of the mouse systems tested, CTLL-2 cells reflected the known mechanisms of CsA the 

best. CsA exposure in CTLL-2 cells downregulated T cell activation and induced oxidative 

stress, unfolded protein response leading to ER stress, and apoptosis (Fig. 2 and 3). There 

are some differences in the results obtained after GSEA and individual gene selection. 

Those differences might be caused by the fact that no initial filtering of data is applied in 

the procedure of GSEA (Subramanian et al. 2005), while in the process of selecting 

significant genes a threshold is chosen. Therefore some minor effects on the expression of 

genes belonging to one particular set can still lead to a significant result on the whole gene 

set in GSEA while these genes did not pass the threshold for being included in the heat 

maps.  

The main immunotoxic action of CsA, as described in literature, is the suppression of the T 

cell activation response and induction of ER stress and oxidative stress leading to apoptosis 

of T cells (Hama et al. 2013; Ho et al. 1996; O'Connell et al. 2012; Stepkowski and Kirken 

2000). Of the in vitro models tested in this study (CTLL-2, EL-4, primary splenocytes, and 

Jurkat) CTLL-2 cells performed best in detecting the mechanism underlying 

immunotoxicity of CsA. EL-4 cells were less suitable in detecting inhibition of T cell 

activation. Interestingly, hardly any effect on T cell activation, NRF2 activation, UPR and 

apoptosis was observed in the human Jurkat T cell line. Jurkat cells do not have a 

constitutively activated T cell response and previous studies demonstrated this cell line to 

be very well suited to detect induction of the T cell activation response (Katika et al. 2011; 

Schmeits et al. 2014a). One lesson from the present study, therefore, is that in vitro assays 

on effects on T cell activation require at least two immune cell systems, one with an 

activated and one with a non-activated T cell activation response, to detect both inactivating 

and activating effects.  
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Abstract 

The main goal of this study was to assess the potential of the mouse thymoma EL-4 cell 

line in screening for chemical induced immunotoxicity. Therefore, EL-4 cells were exposed 

to two well-known immunotoxicants, organotin compound tributyltin oxide (TBTO, 0.5 

and 1 µM for 3 or 6 h) and the mycotoxin deoxynivalenol (DON, 0.25, 0.5 and 1 µM for 3, 

6 or 11 h) . Previous studies in human Jurkat T cells and mouse thymus in vivo showed that 

the primary mode of action of TBTO is induction of endoplasmic reticulum (ER) stress, T 

cell activation and apoptosis. DON induces ribotoxic stress and, similarly to TBTO, induces 

ER stress, T cell activation and apoptosis. In the present study, the effects of TBTO and 

DON on EL-4 mRNA expression were assessed by whole genome microarray analysis. The 

microarray data were then compared to those obtained with mouse thymuses in vivo, mouse 

thymocytes in vitro, and CTLL-2 cells and human Jurkat cells in vitro exposed to TBTO or 

DON. Analysis at the level of gene sets revealed that part of the previously detected modes 

of action of TBTO and DON were not observed in the EL-4 cell line. In EL-4 cells, TBTO 

induced genes involved in calcium signalling and ER stress but did not induce genes 

involved in T cell activation and apoptosis. DON induced RNA related processes and 

ribosome biogenesis. Furthermore, DON downregulated ER stress, T cell activation and 

apoptosis which is opposite to the mechanism of DON observed in the mouse thymus in 

vivo and in Jurkat T cells in vitro. Apparently, EL-4 cells lack factors that are important to 

link ribotoxic stress to ER stress. In addition, of the lack of T cell activation response of 

EL-4 cells to TBTO is likely due to the fact that these cells are in a constitutively activated 

state already. Based on the results obtained for TBTO and DON, it can be concluded that 

the EL-4 cell line has limited value for immunotoxicogenomics based screening. 
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Introduction 

REACH, the European regulation community on chemicals and their safe use, aims to test 

all new and existing chemicals for toxicity of which the yearly production exceeds one 

tonne (Hofer et al. 2004; Pedersen 2003). In immunotoxicity testing the current strategy is 

heavily relying on animal models. Since testing all new and almost all existing chemicals 

would require enormous amounts of animals, money and time, in vitro alternatives are 

urgently needed (Corsini and Roggen 2009). Some recent studies mainly used human Jurkat 

T cells as a model for immunotoxicity (Katika et al. 2012b; Katika et al. 2011; Shao et al. 

2013). However, because the immune system comprises multiple organs and multiple cell 

types, a battery of in vitro tests with a diversity of cell lines may be useful as screening tool 

for the prediction of immunotoxicity. In this study we followed a toxicogenomics approach 

to assess the usefulness of mouse thymoma EL-4 cells as a potential in vitro system to 

screen compounds for immunotoxicity. 

EL-4 cells were derived from a thymoma of a C57BL/6 mouse more than sixty years ago 

(Gorer 1950). These cells express CD3 but they do not express CD4 or CD8 molecules on 

their surface (Skinner et al. 1992; Varga et al. 1999). All T cells including progenitor cells 

express CD3 and during development in the thymus they will become double positive 

thymocytes expressing both CD4 and CD8 at positive selection (Bommhardt et al. 2004). 

Further development into CD4+ or CD8+ T cells occurs in the thymic medulla in a process 

called negative selection, where T cells with high affinity for the interaction with Major 

Histocompatibility Complex (MHC) undergo apoptosis to prevent autoreactivity 

(Bommhardt et al. 2004). Since EL-4 cells contain CD3 molecules but no CD4 or CD8 they 

can be classified as early thymocytes (Neumann and Martin 2001). 

In the present study, EL-4 cells were treated with two well-known immunotoxicants, the 

mycotoxin deoxynivalenol (DON) and the organotin compound tributyltin oxide (TBTO) 

and were subsequently subjected to DNA microarray analysis. Both compounds have been 

used before in human and rodent transcriptomics studies (Baken et al. 2007; Baken et al. 

2006; Baken et al. 2008; Katika et al. 2012a; Katika et al. 2012b; Katika et al. 2011; 

Schmeits et al. 2013; van Kol et al. 2012; van Kol et al. 2011). 

TBTO is an organotin compound that has been applied for various industrial purposes. It 

was for instance utilized as marine anti-fouling agent in ship paint, as a wood preservative 

and in production of plastic floor tiles. Because of its extensive use, TBTO is a wide spread 

environmental contaminant.(Hoch 2001) Humans can be exposed to organotin compounds 

through inhalation, absorption and consumption of contaminated food and water (De 

Santiago and Aguilar-Santelises 1999). In the period before the ban on TBTs, human blood 

butyltin concentrations ranging from 21 to 155 ng/m were measured in volunteers in 

Michigan (Kannan 1999; Whalen et al. 1999). More recently, a Dutch study in 2004 

detected butyltin levels higher than 0.1 ng/ml in only six out of hundred blood samples 

(Peters 2004). Furthermore, in a Finnish study, none of 300 blood samples contained more 

than 1 ng butyltin per ml (Rantakokko et al. 2008). The differences are probably caused by 

restrictions in the use of organotin compounds and due to regional differences.  
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TBTO causes peripheral T cell depletion in its main target organ the thymus by inhibition 

of proliferation and induction of apoptosis (Krajnc et al. 1984). Recently, it has been shown 

that TBTO induces ER stress, affects calcium homeostasis, induces T cell activation and 

apoptosis in human Jurkat T cells (Katika et al. 2012a; Katika et al. 2011). In vivo, mouse 

microarray data indicated that TBTO induces oxidative stress and apoptosis in the thymus 

(Baken et al. 2008). In mouse primary thymocytes TBTO upregulates genes that are 

involved in ER stress, NFκB and TNFα pathways, DNA damage, p53 signalling and 

apoptosis (van Kol et al. 2012).  

DON belongs to a class of mycotoxins, trichothecenes, and is a common contaminant of 

wheat and corn (Bimczok et al. 2007; Rasmussen et al. 2003; Severino et al. 2006). DON, 

which is a hydroxylated form of nivalenol, is produced by the fungi Fusarium sp. and is a 

commonly found mycotoxin in food and feed (Isebaert et al. 2005; Lombaert et al. 2003; 

Rasmussen et al. 2003; Tutelyan 2004). DON is chemically very stable during food 

processing (Grove 1988) and as a result humans are almost continuously exposed to low 

levels of this mycotoxin in their diet. Although data on human blood levels of DON are 

lacking, estimations for a tolerable daily intake range from 1 to 1000 µg/kg body weight per 

day (Canady 2001; FAO/WHO 2010; Pestka 2010). DON has been shown to cause a series 

of toxic effects in animals including immunomodulation (Pestka et al. 2005). The primary 

action of DON is the interference with the active site of peptidyltransferase on ribosomes 

(Shifrin and Anderson 1999; Ueno 1987; Zhou et al. 2003), leading to inhibition of protein 

synthesis (Rocha et al. 2005). This triggers a so called ribotoxic stress response (Iordanov 

et al. 1997; Zhou et al. 2003) that in human Jurkat cells is followed by induction of 

endoplasmic reticulum stress, T cell activation and apoptosis (Katika et al. 2012b). A recent 

microarray study on the thymuses of mice that were fed different concentrations of DON 

for 3, 6 and 24 hours showed that DON induces cellular effects that also occur during T cell 

activation (van Kol et al. 2011). On the basis of this finding it was postulated that these 

processes led to negative selection of the activated thymocytes and removal of apoptotic 

cells out of the thymus by phagocytosis (van Kol et al. 2011). 

The microarray data of the present work of EL-4 cells exposed to two well-known 

immunotoxicants TBTO and DON were compared to transcriptome data from previous 

studies that examined the effects of TBTO and DON on murine thymus, mouse primary 

thymocytes and the human Jurkat T cell line (Baken et al. 2006; Katika et al. 2012b; Katika 

et al. 2011; van Kol et al. 2012; van Kol et al. 2011). These comparisons were performed to 

investigate the feasibility of using EL-4 cells as part of an in vitro strategy for 

immunotoxicity testing. To our knowledge, this is the first study that performed 

transcriptomics on murine EL-4 cells. 

Materials and Methods 

Cell culture and chemicals 

EL-4 cells (ATCC; TIB-39) were cultured in RPMI 1640 medium (Invitrogen Life Science, 

Breda, The Netherlands) supplemented with 10% heat inactivated Fetal Bovine Serum 

(FBS) 100 U/ml Penicillin, and 100 μg/ml streptomycin (Invitrogen Life Science). Medium 
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was refreshed three times a week. TBTO and DON (Sigma-Aldrich, Zwijndrecht, the 

Netherlands) were solved in absolute DMSO, diluted in standard medium and added to the 

culture wells in different concentrations. The final DMSO concentration in the culture wells 

was 0.1%, which had no effect on the cell viability.  

Cell viability Assay 

Cell viability was determined using the water-soluble tetrazolium salt (WST-1) assay 

(Roche Diagnostics, Mannheim, Germany). This assay is based on the reduction of WST-1 

to formazan that is mainly dependent on NADH and NADPH produced by viable cells. The 

reaction induces a colour change proportional to the mass of living cells in the culture 

medium. Cells were seeded into 96-well microtiter plates at a concentration of 5 × 10
5
 

cells/well and in triplicate per condition. Solutions of TBTO, DON or DMSO or medium 

(controls) were added to a total volume of 100 μl. Cells were incubated for 24 h and 10 μl 

WST-1 assay mix was added during the last 2 h. The amount of WST-1 converted to 

formazan was quantified at 450 nm using a microplate reader (Synergy™ HT Multi-

Detection Microplate Reader, Bio-teck instruments). Relative viability was measured by 

comparing the mean optical density of the TBTO and DON exposed cells with the mean 

optical density of the control cells. Subcytotoxic concentrations were defined as those 

concentrations leading to a decrease of 20% viability or less after 24 h. These 

concentrations were then used in exposure experiments that were subsequently used for 

microarray hybridisations. 

Exposures 

EL-4 cells were seeded in six-well plates at a concentration of 5 × 10
5
 cells/well and in 

triplicate per condition. Twenty hours after seeding, exposure was initiated by adding DON 

(0.25 µM, 0.5 µM for 3, 6 and 11 h, and 1 µM for 6 h) or TBTO (0.5 µM and 1 µM for 3 or 

6 h) to the EL-4 cells. The maximum DMSO concentration did not exceed 0.1 % that had 

no effect on viability of EL-4 cells. These exposures were performed with three different 

passages of EL-4 cells.  

RNA isolation 

After exposure, cells were harvested and washed with PBS (10 min, 1200 rpm, 4°C). The 

cell pellets were resuspended in 600 μl RLT lysis buffer containing 1% β-mercaptoethanol 

(Qiagen, Venlo, the Netherlands). The samples were stored at -80°C until RNA isolation. 

Total RNA was isolated using RNeasy mini kits including DNase treatment (Qiagen) 

according to the manufacturer’s instructions. RNA concentrations were determined by 

measuring absorbance at 260 and 280 nm and purity was estimated by 260/280 nm 

absorbance ratio (Nanodrop technologies, Wilmington, DE). 

Microarray hybridizations 

RNA was amplified and purified using the Agilent low RNA input fluorescent 

amplification kit protocol (Agilent Technologies, Palo Alto, CA). 1 μg of each of the 

linearly amplified cRNA preparations was labelled by incorporation of Cy5-CTP (Perkin-

Elmer/NEN Life Sciences, Boston, MA). Stratagene Universal Mouse Reference RNA 
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(Agilent Technologies, La Jolla, CA) was used and labelled with fluorescent Cy3 dye 

(Perkin-Elmer/NEN). Each of the Cy5 labelled experimental cRNA samples was combined 

with an equal amount of the Cy3 labelled reference cRNA and hybridized on 44K whole 

mouse genome oligo microarrays (Agilent Technologies) following the Agilent two-colour 

microarray-based gene expression analysis protocol. The microarrays were hybridized for 

17h at 65°C in Agilent microarray hybridization chambers. Upon hybridization, the 

microarrays were washed and dried at room temperature following the instructions of the 

supplier. Arrays were scanned using an Agilent microarray scanner (G2565B). The 

fluorescent readings from the scanner were converted to quantitative files using Feature 

Extraction 9.1 software (Agilent Technologies). Quality check of the arrays was performed 

using software package LimmaGUI in R version 2.3.1. Data were imported in GeneMaths 

XT 1.5 (Applied Maths, St. MartensLatem, Belgium) and signals below two times 

background were excluded from subsequent analysis.  

Data analysis 

As a first step in the microarray data analysis, data were log transformed and normalized as 

described by Pellis (2003). In short, first, the Cy5 values were corrected using values of the 

Cy3 labelled internal standard to correct for possible differences in hybridization conditions 

between slides. Second, the median of the adjusted Cy5 signals was used to correct for 

possible differences between experiments with respect to the efficiency of probe labelling 

and amount of probe labelled.  

Hierarchical clustering of the data was performed using the programs Cluster and Treeview 

(Eisen et al. 1998). An online software suite MetaCore (GeneGo Inc., St. Joseph, MI) was 

used to identify statistically significantly affected pathways for the subclusters of genes 

identified in hierarchical clustering.  

Comparative data analysis  

Gene Set Enrichment Analysis (GSEA) is a statistical analysis tool for microarray data and 

is used to detect the affected biological processes and to provide insight into the affected 

molecular mechanisms. GSEA uses predefined gene sets that are based on literature or 

previous experimental results. GSEA has the advantage over other statistical tools that no 

initial filtering is applied to the dataset to select for significantly differentially expressed 

genes. GSEA first ranks all the genes of the microarray data on their expression ratios and 

then determines whether a particular gene set is significantly enriched at the top or the 

bottom of the ranked list, or whether genes are randomly distributed (Subramanian et al. 

2005). This enables detection of significantly affected gene sets, while the fold change of 

expression of the individual genes can be relatively modest (Subramanian et al. 2005). 

In addition, gene sets were manually created based on the present EL-4 microarray data. 

Spots that were up- or downregulated with a fold change of >1.6 in at least two out of three 

arrays were included. This selection was performed for up- and downregulated spots 

separately per time point. 

We then tested whether these EL-4 responsive gene sets were also affected in previous 

microarray studies on mouse thymuses exposed in vivo to TBTO (Baken et al. 2006) or 
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DON (van Kol et al. 2011), mouse thymocytes exposed to TBTO in vitro (van Kol et al. 

2012), mouse CTLL-2 cells exposed to TBTO and DON in vitro (Schmeits et al. 2013) and 

human Jurkat T cells exposed to TBTO and DON (Katika et al. 2012b; Katika et al. 2011). 

Results of these comparisons are visualized in heat maps of gene sets in which red and 

green indicate up and downregulation, respectively. Brighter colours represent a higher 

significance level. A full green or red colour indicates p<0.0001. Gene sets used to identify 

biological pathways and processes affected by TBTO and DON were derived from: 

 

1. Lymphocyte database, containing genes upregulated during T cell activation 

(Feske et al. 2001; Shaffer et al. 2001). 

2. Gene Ontology: gene sets were downloaded from the Gene Ontology consortium 

(http://www.geneontology.org/) including molecular function and biological 

process.  

3. Tox action (self-made) 

4. Genes affected by TBTO or DON in other studies (Baken et al. 2006; Katika et 

al. 2012b; Katika et al. 2011; Schmeits et al. 2013; van Kol et al. 2012; van Kol 

et al. 2011). 

 

Genes involved in ribosomal function, ER stress, T cell activation and apoptosis 

We then investigated how individual genes that play a role in the modes of action of TBTO 

and DON respond in EL-4 cells. Genes involved in RNA biosynthesis were taken from 

Reactome (www.reactome.org), genes involved in ER stress were taken from Kyoto 

Encyclopaedia of Genes and Genomes (KEGG), Biocarta and from literature mining and a 

set of apoptosis-related genes was taken from Gene Ontology. Genes upregulated during T 

cell activation were taken from the lymphocyte database (Feske et al. 2001; Shaffer et al. 

2001). Separately for TBTO and DON, the effects on expression of genes involved in the 

mechanisms of action in EL-4 cells were compared to the expression of those genes in 

CTLL-2 cells, Jurkat T cells and for TBTO also in primary mouse thymocytes. This was 

performed using the programs Cluster and Treeview (Eisen et al. 1998). Red and green 

indicate up- and down-regulation vs. the average of the control samples. The threshold for 

up- and downregulation was set on a 2log ratio of 0.7 (numerical ratio 1.6). 

Results and Discussion 

Time and dose selection 

Viability of EL-4 cells was determined using the WST-1 assay which is based on formazan 

formation by living cells. Viability of EL-4 cells was increased to 180% and 140% when 

exposed to 0.25 or 0.5 µM TBTO for 6 h, while viability was decreased to 83 and 102 % 

after 24 h exposure, respectively (Fig. 1a). This might be an example of stimulation of 

various processes at lower concentrations of the toxicants, which is not unexpected. In 

previous experiments using TBTO, viability of Jurkat and CTLL-2 cells also increased after 

6 h and then decreased after 24 h, although viability was not increased to levels higher than 
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120 % (Schmeits et al. 2014; Schmeits et al. 2013). Such stimulatory effects were also 

observed with respect to the generation of reactive oxygen species after in vitro exposure of 

oyster blood phagocytes to tributyltin at the lower concentrations (Anderson et al. 1997). 

Possibly, the early, increased proliferation might be induced by the T cell activation 

response while at later time points the proliferation is reduced due to the ribotoxic stress or 

ER stress response leading to apoptosis. Exposure to 1 and 2 µM TBTO for 6 h resulted in 

a viability of 67 and 43 %, respectively. Exposure of EL-4 cells to 1 and 2 µM TBTO 

reduced the viability to less than 25 % after 24 h.  

The viability of EL-4 cells exposed to DON was almost unchanged by 0.25 µM at any time 

point and gradually decreased from 0.5 µM onwards (Fig. 1b). Exposure for 24 h to 0.5 and 

1.0 μM DON reduced the viability to 78 % and 57 % respectively. 24 h exposure to 2 or 4 

μM DON resulted in 38 % viability.  

 
Fig. 1 Average viability of EL-4 cells exposed to (a) TBTO and (b) DON. Viability results reflect the average ± 

SD of three independent measurements presented as percentage relative to solvent control DMSO at the same time 

point. * P ≤ 0.01 compared to solvent control DMSO (Student’s T test). 

 

The criterion for selecting doses for microarray exposures was the same as used before 

(Katika et al. 2011; Schmeits et al. 2013; van Kol et al. 2011). Doses were selected that 

resulted in a decrease in viability of less than 20% after 24 h exposure. Furthermore, for 

both compounds one dose resulting in a more than 20% reduction in cell viability was 

selected to assess the gene expression profile at cytotoxic conditions. For TBTO, 0.5 µM 

and 1 µM were chosen as subcytotoxic and cytotoxic doses, respectively. These doses were 

2.5 to 5 times higher than the highest concentrations found in human blood samples 

(Kannan 1999; Whalen et al. 1999). For DON, 0.25 and 0.5 µM were selected as 

subcytotoxic and 1 µM was selected as cytotoxic doses. No data could be obtained on 

human blood concentrations of DON. The tolerable daily intake (TDI) of DON in humans 
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varies between 1 and 1000 µg/kg bodyweight/day (0.003375 to 3.37 µM) (Canady 2001; 

FAO/WHO 2010; Pestka 2010). The concentrations of DON as used in the present study 

are thus within the range of the TDI of DON.  

To study the effects of TBTO and DON in time, EL-4 cells were exposed for 3 and 6 h. The 

effect of DON was also examined upon 11 h exposure since it was shown in a DON in vivo 

study that the number of differentially expressed genes decreased with longer exposure 

times (van Kol et al. 2011). 

Hierarchical clustering and pathway analysis 

Transcriptomics was performed on RNA from triplicate exposures. However, for 3 h and 6 

h exposure to 1 µM TBTO and 6 h exposure to 1 µM DON only duplicates were obtained 

since three samples did not meet the quality control criteria.  

Unsupervised hierarchical clustering was performed to visualise genes that were affected by 

TBTO (Fig. 2a) or DON (Fig. 2b). Genes were selected on > 1.6 fold up- or downregulation 

in ≥ 3 arrays. This resulted in two large subclusters for TBTO and three subclusters for 

DON. These subclusters of genes were uploaded to MetaCore for identification of the most 

significantly represented pathways and biological processes in these clusters. Genes that 

were upregulated by TBTO corresponded to the processes of apoptosis and stress response 

(Fig. 2a). The apoptosis-related genes included AP1, CHAC1, GADD34, GADD45, 

NUR77 and PUMA. The genes downregulated by TBTO were related to regulation of 

molecular function, signal transduction and metabolic process. These downregulated genes 

thus are involved in some common processes that are not specific for immunotoxicity or the 

mechanism of TBTO. One of the three subclusters affected by DON consisted of genes that 

were specifically upregulated by DON after 11 h and a significant number of genes of this 

cluster are involved in cell cycle and DNA packaging (Fig. 2b). The second subcluster 

contained genes that were upregulated at all time points at DON concentrations of 0.5 µM 

or higher and these genes are related to RNA processing, metabolism and biosynthesis, 

which is in line with the reported primary mechanism of action of DON (Katika et al. 

2012b; van Kol et al. 2011). The third subcluster contained genes that were downregulated 

upon DON exposure and these genes are related to unfolded protein response (UPR), ER 

stress and cholesterol biosynthesis. The genes per cluster including the expression data for 

both TBTO and DON can be found in supplementary tables 1 and 2, respectively. A 

clustering on > 1.6 fold up- or downregulation in ≥ 2 arrays is also visualized as 

supplementary figure 1. Spots that were up- or downregulated by 1 µM TBTO were also 

up- or downregulated by 0.5 µM TBTO. Spots that were affected by 1 µM DON were 

similarly affected by 0.5 µM but with a lower ratio. 
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Fig. 2. Unsupervised hierarchical clustering of spots altered by TBTO or DON exposure in EL-4 cells. (a) This 

heat map contains 708 spots that were > 1.6 times up or downregulated by TBTO in EL-4 cells in at least 3 out of 

16 arrays. (b) This heatmap contains 717 spots that were > 1.6 times up or downregulated by DON in EL-4 cells in 

at least 3 out of 29 arrays. For each of the subclusters the corresponding biological processes are indicated at the 

right based on Metacore analysis. Scale is displayed in bottom right corner. Green represents downregulation, red 

represents upregulation and black represents no effect. 

Gene set enrichment analysis (GSEA) 

GSEA was used as a complementary tool, next to hierarchical clustering and MetaCore 

analysis, to identify which pathways and processes were affected by TBTO and DON in 

EL-4 cells. GSEA enabled us to compare the present EL-4 microarray data to gene sets that 

are publically available (see methods section ‘comparative data analysis’). GSEA was 

performed separately for TBTO and DON and results were compared to the time matched 

controls. The GSEA output was then converted to a heat map for the gene sets that were 

significantly (P≤ 0.01 and FDR ≤ 0.25) up- or downregulated (Fig. 3). Genes involved in 

calcium signalling were upregulated by exposure for 3 h to 0.5 and 1 µM TBTO and 6 h to 

1 µM TBTO and downregulated after exposure for 3 h to 0.5 µM DON. The increase in 

calcium signalling by TBTO agrees with the results obtained in previous experiments using 
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Jurkat cells (Katika et al. 2012a). However, in Jurkat cells TBTO and DON also induced T 

cell activation and apoptosis.
5, 15

 GSEA does not provide evidence for T cell activation or 

apoptosis induction after TBTO or DON exposure in EL-4 cells. Genes involved in the 

process of apoptosis and programmed cell death were downregulated by 1 µM TBTO (3 

and 6 h) and 3 h DON exposure (0.25 and 0.5 µM). Since genes involved in T cell 

activation were not affected it is not shown in Figure 3. Genes involved in the cell cycle 

and RNA related processes were downregulated by TBTO, while these were upregulated by 

DON after 6 or 11 h. Genes involved in the ER stress response were upregulated by TBTO 

exposure to 0.5 µM and downregulated at all time points and by all, except one (11 h 0.25 

µM), concentrations of DON. Oxidative stress was downregulated by 3 h TBTO exposure, 

and 3 or 6 h DON exposure. The induction of the gene sets ‘ribosome biogenesis and 

assembly’, ‘RNA processing’ and ‘mRNA metabolic process’ by DON is visualised in heat 

maps showing the expression levels of the individual genes (Suppl. Fig. 2a-c). These heat 

maps convincingly show the upregulation of genes involved in the structure and function of 

ribosomes and RNA related processes. This holds true for subcytotoxic concentrations after 

6 h (0.5 µM) and 11 h (0.25 and 0.5 µM) as well as 6 h exposure to 1 µM DON, a 

concentration that is cytotoxic after 24 h (Fig. 1). The upregulation of genes involved in 

ribosome biogenesis and assembly, RNA processing and metabolism and mRNA metabolic 

process was expected since these are known ribotoxic stress responses (Iordanov et al. 

1997; Shifrin and Anderson 1999). 

 
Fig. 3 Heat map of processes significantly affected (p value ≤ 0.01, FDR ≤ 0.25) in the EL-4 cell line showing an 

overview of the effects of TBTO and DON exposure on a selection of gene sets that were run in GSEA. Each line 

represents one gene set. Scale indicates statistical significance (p-value) of the gene sets. Green represents 

downregulation, red upregulation and black no effect. 



 

Chapter 3 

62 

Comparative data analysis 

We investigated whether the genes that were affected by TBTO and DON in the present 

EL-4 study were similarly affected in the mouse thymus in vivo (TBTO and DON), mouse 

primary thymocytes in vitro (TBTO), and the mouse CTLL-2 and human Jurkat cell lines in 

vitro (TBTO and DON). To that end, we used microarray data obtained from experiments 

performed before (Baken et al. 2006; Katika et al. 2012b; Katika et al. 2011; Schmeits et al. 

2013; van Kol et al. 2012; van Kol et al. 2011). GSEA statistics was then used to test 

whether genes affected in the current study using EL-4 cells were similarly affected in 

previous experiments. 

For TBTO, a heat map of this comparison is depicted in Fig. 4a. The sets containing genes 

that were downregulated by TBTO in EL-4 cells were also downregulated by TBTO in 1) 

the mouse  

thymus in vivo, 2) mouse thymocytes exposed in vitro, 3) Jurkat cells exposed for 6 h to 0.5 

µM TBTO, and 4) CTLL-2 cells exposed for 6 h to 0.2 µM TBTO. Gene sets that were 

upregulated by TBTO in EL-4 cells were not significantly affected by TBTO in the mouse 

thymus in vivo (Fig. 4a). This is likely a result of the depletion of thymocytes out of the 

thymus after exposure to TBTO in combination with a relatively long exposure time of 

three days (Krajnc et al. 1984). Upregulation of these gene sets occurred in mouse 

thymocytes exposed to TBTO in vitro, except for those exposed for 3 or 11 h to 0.1 µM 

TBTO. Gene sets upregulated by TBTO in EL-4 cells were also upregulated by TBTO in 

Jurkat cells exposed to 0.2 µM for 3 h and 0.5 µM for 3 and 6 h, but not 0.2 µM for 6 h. 

Genes upregulated in EL-4 cells were also upregulated in CTLL-2 cells exposed to 0.2 µM 

TBTO and oppositely regulated in CTLL-2 cells exposed to 0.1 µM TBTO. Overall, there 

is a significant overlap in genes that are up- or down-regulated by TBTO exposure in EL-4 

cells to genes that are up- or downregulated in other mouse and human models. 

Genes downregulated by DON in EL-4 cells were also downregulated in DON exposed 

mouse thymus in vivo, in Jurkat cells and in CTLL-2 cells (Fig. 4b). Genes that were 

upregulated by DON in EL-4 cells were also upregulated after 3 and 6 h, but not 24 h 

exposures in vivo. Thus, with longer in vivo exposure time the overlap to genes affected in 

EL-4 cells decreased. This is likely due to the fact that the number of genes affected by 

DON in the mouse thymus in vivo is much lower after 24 h than after 6 h which is related to 

the rapid excretion of DON and the recovery of the thymus (van Kol et al. 2011). Genes 

upregulated in EL-4 cells were also upregulated in mouse thymus, Jurkat T cells and 

CTLL-2 cells. 

In general, genes affected by TBTO and DON in EL-4 cells are affected in the same 

direction in other mouse (in vitro) and human lymphocytes and thymocytes.  
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Fig. 4 A significant proportion of genes affected by TBTO or DON in EL-4 cells are also affected by TBTO and 

DON in the mouse thymus, mouse CTLL-2 cells and in human Jurkat T cells. Sets of genes up- or downregulated 

by TBTO (a) and DON (b) in EL-4 cells were selected from the present study. Thereafter, GSEA statistics was 

used to assess whether these gene sets were significantly affected by TBTO or DON in the mouse thymus in vivo 

or in vitro, mouse CTLL-2 cells and Jurkat cells in vitro using microarray data of previous studies. Scale indicates 

statistical significance (p-value) of the gene set. Green represents downregulation, red upregulation and black no 

effect. 

Genes involved in ER stress, T cell activation and apoptosis 

The mode of action of TBTO, as identified in human Jurkat T cells (Katika et al. 2012a; 

Katika et al. 2011) and primary mouse thymocytes (van Kol et al. 2012) includes induction 

of ER stress, T cell activation and apoptosis. The mode of action of DON as identified in 

mouse thymus in vivo (van Kol et al. 2011) and Jurkat T cells includes the induction of 

ribotoxic stress and RNA related processes followed by ER stress, T cell activation and 

apoptosis (Katika et al. 2012b; Pestka et al. 2005; Shifrin and Anderson 1999). As 

summarized in Table 1, TBTO induces ER stress and DON induces ribotoxic stress in EL-4 

cells but both compounds do not induce the downstream processes. It is therefore of interest 

to assess the effects of TBTO and DON on the individual genes of these processes in EL-4 

cells and to compare these to the effects in CTLL-2, human Jurkat T cells and for TBTO 

also in primary mouse thymocytes.  
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Table 1. Overview of processes affected by TBTO and DON in this study and previous 

transcriptomics studies. 
 

TBTO EL-4 (this study) CTLL-2 
 

Jurkat 
 

Primary thymocytes 
 

ER stress + + + + 

T cell activation 0 + + + 

Apoptosis 0 + + + 

DON EL-4 (this study) CTLL-2 
 

Jurkat 
 

Thymus in vivo 
 

Ribotoxic stress + + + + 

ER stress - - + + 

T cell activation 0 - + + 

Apoptosis - - + + 

+ upregulated, - downregulated, 0 not regulated. 

As shown in Figure 5a, TBTO affects less genes involved in ER stress, T cell activation or 

apoptosis in EL-4 cells than in Jurkat cells and primary thymocytes. However, those genes 

that are affected in EL-4 cells are often affected in the same direction in Jurkat cells and 

primary thymocytes although most often with a higher induction or repression value. TBTO 

upregulated the early ER stress marker HERPUD1 (Schulze et al. 2005) in EL-4, CTLL-2 

and Jurkat cells, as well as in primary mouse thymocytes (Fig. 5a, panel 1). Other ER stress 

genes that were convincingly upregulated by TBTO in each of the four cell types were 

TRIB3, DNA damage inducible transcript 3 (DDIT3, also involved in apoptosis), 

EIF2AK3, EGR1 and a heat shock protein HSPA4L. Other ER stress genes, like ATF3 and 

GADD45B, were upregulated in CTLL-2, Jurkat and primary mouse thymocytes but not in 

EL-4 cells. Only a limited number of genes related to T cell activation were upregulated in 

EL-4 cells (BCL6, GEM, FOS, JUN, FOSL2, DUSP1, CD69, CCL4, KLF6, REL, CXCL10 

and EGR1) of which CD69 is considered to be an early response T cell activation marker 

(Ziegler et al. 1994). More genes were upregulated in CTLL-2 and Jurkat cells while TBTO 

affected the highest number of T cell activation genes in primary thymocytes. In the process 

of apoptosis, the number of genes upregulated by TBTO in EL-4 cells was limited to five 

(NFKBIA, DDIT3, TRIB3, CHAC1 and TNFAIP3). These genes were also upregulated in 

CTLL-2 (0.2 µM), Jurkat (0.5 µM) and primary thymocytes (0.5 and 1 µM). Similar to ER 

stress and T cell activation, TBTO affected more apoptosis-related genes in Jurkat and 

primary thymocytes than in EL-4 and CTLL-2 cells. The response of the different cell types 

to TBTO is however more alike than the response to DON. 

EL-4, CTLL-2 cells and Jurkat cells differ much more in their response to DON than to that 

of TBTO (Fig. 5b vs. 5a). The effect of DON on the expression of genes involved in RNA 

biosynthesis was limited in EL-4 as compared to Jurkat (Fig.5b, panel 1). Two genes that 

were convincingly upregulated in EL-4 cells are DDX20 and NUPL2. DDX20 was 

upregulated in all cell models and is involved in alteration of RNA secondary structure 

(Schutz et al. 2010). Gene NUPL2 is mostly upregulated in EL-4 cells and functions as 

exporter of mRNA from nucleus to cytoplasm (Narayanan et al. 2011). Genes involved in 

ER stress were mostly downregulated in EL-4 and CTLL-2 cells. Among the 

downregulated genes are HERPUD1 and XBP1, that are also downregulated in Jurkat cells. 
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Both HERPUD1 and XBP1 are known to be induced by the unfolded protein response 

(Iwakoshi et al. 2003; Ma and Hendershot 2004; Yoshida et al. 2001). This indicates that 

the induction of ER stress by DON in Jurkat cells is independent of the unfolded protein 

response. DDIT3 is the only ER stress related gene that was upregulated by DON in EL-4 

cells. In contrast to EL-4 and CTLL-2 cells, multiple ER stress genes were upregulated in 

Jurkat T cells. Two genes with the highest upregulation in Jurkat cells were Activating 

Transcription Factor 3 (ATF3) and Early Growth Factor 1 (EGR-1). ATF3 is induced after 

ER stress induction and then blocks the cell cycle (Cai et al. 2000). EGR-1 encodes for a 

transcription factor that is transiently induced after ER stress (Reimertz et al. 2003). This 

activation then results into cell death by apoptosis (Muthukkumar et al. 1995). 

Of the genes involved in T cell activation, only two, KLF10 and TSC22D3, were induced 

by DON in EL-4 cells. In marked contrast, DON induced approximately half of the genes 

related to T cell activation in Jurkat cells. The early T cell activation marker CD69 was 

upregulated in Jurkat cells and downregulated in EL-4 and CTLL-2 cells. Most of the genes 

involved in apoptosis were not affected in EL-4 cells. Exceptions were TRIB3 and CHAC1 

that were downregulated and DDIT3 that was upregulated in EL-4 cells. In CTLL-2 cells 

more apoptosis-related genes were downregulated and only GADD45B was upregulated. 

The highest number of apoptosis-related genes was upregulated in Jurkat cells. Of these 

genes HRK, MRPS30 and GZMB are induced by the highest factors. HRK encodes for a 

protein that induces apoptosis and interacts with the BCL2 survival gene (Inohara et al. 

1997). MRPS30 is a mitochondrial ribosomal protein that is associated with programmed 

cell death (Cavdar Koc et al. 2001a; Cavdar Koc et al. 2001b; Sun et al. 1998). Granzyme B 

(GZMB) encodes for a serine proteinase that activates cell death pathways (Pinkoski et al. 

2001). 

Supplementary Figure 3 shows the effects of TBTO on genes involved in ER stress, T cell 

activation and apoptosis using the same selection criteria as used for DON (3 arrays ≥ 2 log 

0.7). It is evident that TBTO affects a larger number of genes involved in these processes as 

compared to DON. Similar as shown in Fig. 5a, the effect on genes involved in ER stress, T 

cell activation and apoptosis remains limited in EL-4 cells also when using a less stringent 

cut-off value.  
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Fig. 5 Overview of the expression of genes involved in the modes of action of TBTO and DON.  

(a) Effect of TBTO on mRNA expression of genes involved in ER stress, T cell activation and apoptosis in mouse 

EL-4, CTLL-2, human Jurkat, and mouse primary thymocytes. (b) Effect of DON on mRNA expression of genes 

involved in RNA biosynthesis, ER stress, T cell activation and apoptosis in mouse EL-4, CTLL-2 and human 

Jurkat T cells. Genes were selected based on a 2 fold up- or downregulation in at least nine arrays (TBTO) or on a 

1.6 fold up- or downregulation in at least three arrays (DON). Scale is displayed in bottom right corner of figure 

5b; green: downregulation, red: upregulation, black: no effect. 

Overview of the mode of actions of TBTO and DON in EL-4 cells 

As shown in Figure 4, a significant proportion of the genes up or downregulated by TBTO 

and DON in EL-4 cells were often also up or downregulated by these compounds in the 

mouse thymus in vivo, mouse thymocytes in vitro and human Jurkat cells. However, 

pathways that were affected by TBTO in mouse thymus in vivo, mouse thymocytes in vitro 

and human Jurkat cells were not similarly affected in EL-4 cells. ER stress, oxidative stress, 

T cell activation and apoptosis were induced by TBTO in mouse thymus and Jurkat T cells 

in vivo, but not in EL-4 cells, except the induction of ER stress after 0.5 µM TBTO (Fig. 3) 

(Katika et al. 2012b; van Kol et al. 2011). GSEA showed that DON induces genes that are 

involved in ribosome biogenesis and assembly and RNA processing in EL-4 cells (Fig. 3, 

Supplementary Fig. 2), which fits with the classification of DON as a ribotoxic stress 

inducer (Iordanov et al. 1997; Schmeits et al. 2013; Shifrin and Anderson 1999; van Kol et 

al. 2011). The induction values of RNA biosynthesis genes is still less convincing as 

compared to Jurkat cells (Fig. 5b). 

The difference between GSEA and individual gene presentation is due to the detection of 

more subtle effects by GSEA since no initial data filtering is applied. Also, heat maps of 

GSEA results show the relative expression of the genes without presenting information on 

the magnitude of the response. The lack of T cell activation and apoptosis induction for 

both TBTO and DON, and the lack of ER stress induction in DON exposed EL-4 cells is 

contrary to previous findings in Jurkat cells and mice experiments (Katika et al. 2012b; 

Katika et al. 2011; Pestka et al. 2005; van Kol et al. 2012; van Kol et al. 2011). Apparently, 

DON exposure in EL-4 cells does not induce ER stress related genes which might be due to 

a lack of molecular hubs that link ribotoxic stress to ER stress. However, it cannot be 

excluded that DON and TBTO induce ER stress in EL-4 cells at the (post-)translational 

level. In this regard it is noteworthy that DON induces degradation of HSPA5 protein (alias 

GRP78) in mouse macrophages (Shi et al. 2009). HSPA5 triggers the UPR that would 

prevent ER stress (Falahatpisheh et al. 2007). We found HSPA5 to be downregulated as 

well but at the mRNA level by DON exposure in EL-4 cells, but not by TBTO exposure 

(Fig 5). However, HSPA5 mRNA is also downregulated by DON in CTLL-2 and Jurkat 

cells (Fig. 5b) and can thus not explain the fact that ER stress was upregulated in DON 

exposed Jurkat cells, whereas it was downregulated in EL-4 exposed cells. It can be 

envisaged that due to this absence of ER stress, the intracellular calcium level does not raise 

and T cell activation is averted after exposure to DON. In contrast, TBTO does induce ER 

stress in EL-4 cells which is due to a direct effect on the ER (Schmeits et al. 2014). 

However, the ER stress did not proceed into T cell activation and apoptosis in EL-4 cells. 
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This is very likely due to the fact that the T cell activation response is constitutively 

activated in EL-4 cells due to a mutation in the calcineurin gene (Fruman et al. 1995). The 

T cell activation response is also found to be constitutively activated in CTLL-2 cells but 

this can be attributed to the presence of ConA and IL-2 in the medium. Under this culture 

condition also this cell line is not able to induce a T cell activation response upon exposure 

to DON or TBTO (Schmeits et al. 2013). 

Conclusions 

In conclusion, the experiments performed in the present study indicated that there is a 

substantial overlap in genes affected by TBTO and DON in EL-4 cells with genes affected 

by these compounds in human Jurkat T cells, mouse CTLL-2 cells and thymocytes that 

were exposed in vivo or in vitro (Fig. 4). Nevertheless, more detailed pathway analysis 

indicated that TBTO and DON induced less processes in EL-4 cells than in Jurkat cells and 

primary mouse thymocytes. Similar to Jurkat cells and mouse primary thymocytes, TBTO 

upregulated genes involved in calcium signalling and ER stress in EL-4 cells. However, 

oxidative stress and apoptosis were downregulated which is contrary to the effects of TBTO 

in Jurkat cells and primary mouse thymocytes.  

DON upregulated cell cycle, RNA related processes and ribosome biogenesis in EL-4 cells, 

which is indicative for ribotoxic stress induction, and downregulated ER stress, oxidative 

stress and apoptosis related pathways. The EL-4 results are very similar to those obtained in 

DON exposed CTLL-2 cells. Before (Schmeits et al. 2013), we hypothesized that CTLL-2 

cells might lack genes that play a role in the connection between ribotoxic stress and ER 

stress. Likely, EL-4 cells lack these genes as well. In addition, both cell lines have a 

constitutively activated T cell activation response. 

Since the immune system consists of multiple organs and cell types it is of relevance to 

assess the immunotoxicity of new and existing compounds with a battery of complementary 

cell systems. Based on the data presented in this study it can be postulated that the mouse 

thymoma EL-4 cell line model has limited value for in vitro immunotoxicity testing. 

However, to make a definite decision on the use of EL-4 cells in immunotoxicity testing, 

more compounds with different modes of action should be screened. 
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Abstract 

A toxicogenomics approach was applied to assess the usefulness of the mouse cytotoxic T 

cell line CTLL-2 for in vitro immunotoxicity testing. CTLL-2 cells were exposed for six 

hours to two model immunotoxic compounds: 1) the mycotoxin deoxynivalenol (DON, 1 

and 2 µM), a ribotoxic stress inducer, and 2) the organotin compound tributyltin oxide 

(TBTO, 100 and 200 nM), an endoplasmic reticulum (ER) stress inducer. Effects on whole-

genome mRNA expression was assessed by microarray analysis. The biological 

interpretation of the microarray data indicated that TBTO (200 nM) induced genes involved 

in T cell activation, ER stress, NFκB activation and apoptosis, which agreed very well with 

results obtained before on TBTO exposed Jurkat cells and mouse primary thymocytes. 

Remarkably, DON (2 µM) downregulated genes involved in T cell activation, ER stress 

and apoptosis, which is opposite to results obtained before for DON-exposed Jurkat cells 

and mouse primary thymocytes. Furthermore, the results for DON in CTLL-2 cells are also 

opposite to the results obtained for TBTO in CTLL-2 cells. In agreement with the lack of 

induction of ER stress and apoptosis, viability assays showed that CTLL-2 cells are much 

more resistant to the toxicity of DON than Jurkat cells and primary thymocytes. We 

propose that CTLL-2 cells lack the signal transduction that induces ER stress and apoptosis 

in response to ribotoxic stress. Based on the results for TBTO and DON, the CTLL-2 cell 

line does not yield an added value for immunotoxicity compared to the human Jurkat T cell 

line. 
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Introduction 

Animal models are presently used as the first choice in regulatory immunotoxicity testing. 

REACH, the European Community Regulation on Chemicals and their safe use, aims to 

collect information about new chemicals, and re-evaluate all existing chemicals for their 

toxicity risks. Since animal experiments in vivo have ethical concerns, are labour- and time-

intensive, expensive and have a limited predictability for human toxicity, the focus within 

current immunotoxicity research lies on developing in vitro alternatives (Corsini and 

Roggen, 2009). The FDA defines immunotoxicity as unintended immunosuppression or 

enhancement of the immune system (Food and Drug Administration, 2006). In a recent 

paper, the state of the art of testing of toxicity of chemicals to the immune system is 

discussed, advocating the use of ‘omics’ techniques in in vitro testing (Lankveld et al., 

2010). The immunological response involves many different cell types. An important 

question, therefore, is how many different immune cell types and cell lines have to be 

included for immunotoxicity testing to cover a wide range of immunotoxic modes of action. 

Therefore, it is important to explore the responses of different immune cell types to 

immunotoxic compounds. In previous studies we assessed the whole genome mRNA 

response of the human Jurkat T cell line, human PBMCs, mouse thymocytes in vitro as 

well as mouse and rat thymus in vivo to deoxynivalenol (DON) and/or tributyltin oxide 

(TBTO). The biological interpretation of these data put forward pathways and processes 

affected by DON and TBTO leading to more insight in the modes of actions of these 

toxicants (Baken et al., 2007; Baken et al., 2006; Baken et al., 2008; Katika et al., 2012a; 

Katika et al., 2012b; Katika et al., 2011; van Kol et al., 2011, 2012). 

The present study aimed to test whether the mouse cytotoxic T cell line CTLL-2 is a useful 

additional model system to predict immunotoxicity of chemicals. The CTLL-2 cell line was 

selected for three reasons. Firstly, we anticipated that this cell line might produce responses 

that are specific for cytotoxic T lymphocytes or specific for this cell line due to (epi)genetic 

or chromosomal alterations. Secondly, the CTLL-2 cell line originates from a C57BL/6 

mouse which is a commonly used mouse strain in animal testing. Thirdly, the inclusion of a 

mouse cell line enables to perform a so-called parallelogram approach. This parallelogram 

approach aims to predict human in vivo effects based on comparing mouse in vitro data 

with mouse in vivo and human in vitro data (Lankveld et al. (2010). The rationale is that 

when a compound elicits the same effects human in vitro, mouse in vitro and mouse in vivo, 

these effects will likely also be induced human in vivo. For these reasons, we exposed 

CTLL-2 cells to DON and TBTO followed by whole-genome transcriptomics analysis, and 

compared the effects on CTLL-2 cells to those on human immune cells in vitro, mouse or 

rat immune cells in vivo and mouse immune cells in vitro obtained previously (Baken et al., 

2006; Katika et al., 2012b; Katika et al., 2011; van Kol et al., 2011, 2012). The availability 

of data of previous studies enabled to compare the effects of DON and TBTO on CTTL-2 

cells vs. other immune cells both on mechanisms of action and on effects on individual 

genes.  
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DON and TBTO are contaminants in food, and there is a continuous exposure to both. 

Whereas direct evidence of immunotoxic effects of exposure is lacking, due to the 

relatively low exposure and the limited number of epidemiological studies performed, there 

is abundant circumstantial information that the immune system in humans is influenced by 

these contaminants (Baken et al., 2007; Katika et al., 2012a; Katika et al., 2012b; Katika et 

al., 2011; van Kol et al., 2011, 2012). Higher levels of DON are also toxic to other cell 

types like liver or kidney, but immune cells are more sensitive (Dinu et al., 2011; Konigs et 

al., 2008). 

DON is a common contaminant of wheat and corn causing humans to be almost 

continuously exposed to low levels of this mycotoxin through their diet (Bimczok et al., 

2007; Rasmussen et al., 2003; Severino et al., 2006). DON acts on the cells of the spleen, 

thymus and bone marrow (Pestka et al., 2005; Pestka et al., 2004). Induction of apoptosis 

was reported in the Jurkat cell line by Pestka et al. (2005) and inhibition of proliferation 

was reported in human peripheral blood lymphocytes (Thuvander et al., 1999). Previous 

studies tested the effect of DON on the thymus of C57BL/6 mice in vivo (van Kol et al., 

2011) and on human Jurkat T cells and PBMCs in vitro (Katika et al., 2012b). In the murine 

thymus, DON represses processes of proliferation, mitochondrial function, protein 

synthesis and ribosomal protein assembly and induces ER stress, T cell activation and 

apoptosis (van Kol et al., 2011). In Jurkat cells, DON upregulates genes involved in ER and 

oxidative stress, ribosome structure and function, calcium mediated signalling, 

mitochondrial function, T cell activation, apoptosis, RNA/protein synthesis and processing 

and NFAT and NFκB/TNF-α pathways (Katika et al., 2012b).  

TBTO is an organotin compound which has been used extensively in industry for the 

preservation of wood and as anti-fouling agent in ship paint and is therefore a widespread 

environmental contaminant (Hoch, 2001). In rats, tributyltin has been classified as an 

immunotoxic agent (Snoeij et al., 1985). The thymus is the primary target organ of TBTO 

where it causes peripheral T-cell depletion due to inhibition of proliferation and induction 

of apoptosis (Krajnc et al., 1984). Inhibition of proliferation was also reported in human 

and mouse in vitro and mouse in vivo studies (Baken et al., 2006; Baken et al., 2008; Snoeij 

et al., 1988; Van Loveren et al., 1990; Vandebriel et al., 1998; Vos et al., 1984; Whalen et 

al., 2002). A number of studies have been performed to gain more insight into the 

mechanism by which TBTO induces apoptosis. Early studies described effects of organotin 

compounds on the inhibition of oxidative phosphorylation (Aldridge, 1958; Aldridge and 

Street, 1964, 1970; Evans et al., 1979; Rosenberg et al., 1984; Rosenberg et al., 1980). In 

rats in vivo, tributyltin causes DNA damage in blood cells and elevated reactive oxygen 

species levels in the liver (Liu et al., 2006). In human and rat thymocytes in vitro, TBTO 

causes inhibition of DNA synthesis (Seinen et al., 1979; Snoeij et al., 1986). More recently, 

microarray studies on mice showed that TBTO induces oxidative stress and apoptosis in the 

thymus in vivo (Baken et al., 2008) and upregulates genes involved in ER stress, NFκB and 

TNFα pathways, DNA damage, p53 signalling and apoptosis in mouse primary thymocytes 

in vitro (van Kol et al., 2012). TBTO also induces ER stress, oxidative stress, T cell 
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activation and apoptosis in Jurkat cells as demonstrated by microarray analysis and 

biochemical experiments by Katika et al (2011). 

Here we describe experiments using DNA microarrays on mRNA of CTLL-2 cells that 

were exposed to subcytotoxic concentrations of DON and TBTO. The responses in mRNA 

expression of the CTTL-2 cells were compared to expression data obtained in previous 

studies using mice thymuses in vivo (DON and TBTO) (Baken et al., 2006; van Kol et al., 

2011), primary mouse thymocytes in vitro (TBTO) (van Kol et al., 2012) and human Jurkat 

T cells (DON and TBTO) (Katika et al., 2012b; Katika et al., 2011).  

The goal of these experiments and comparisons was to assess the usefulness of the mouse 

CTLL-2 cell line for immunotoxicity research. To our knowledge, this is the first study to 

apply transcriptomics analysis to CTLL-2 cells. 

 

Materials and methods 

 

Cell culture  

CTLL-2 cells were obtained from the American Type Culture Collection (ATCC) and 

cultured in RPMI 1640 medium, containing HEPES with 10% heat-inactivated Fetal 

Bovine Serum (FBS), 100 U/ml Penicillin, and 100 μg/ml streptomycin, 1% sodium 

pyruvate, 1% non-essential amino acids (Invitrogen Life Science, Breda, The Netherlands) 

and 10% rat IL-2 with ConA (BD Bioscience, Breda, The Netherlands). Cells were cultured 

in 75 cm
2
 flasks at a concentration of 2.0 x 10

5
 cells/mL in an incubator at 37 ºC (5% CO2, 

20% O2). Medium was refreshed three times a week.  

 

Viability assays 

Two assays were applied for determining the viability of CTLL-2 cells, based either on 

mitochondrial activity (WST-1, Roche Diagnostics GmbH, Germany) or on intracellular 

ATP content (ATPlite, Perkin Elmer). WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-

5-tetrazolio]-1,3-benzene disulfonate) is a water soluble tetrazonium salt which is cleaved 

by mitochondrial dehydrogenases to form a coloured formazan complex. The amount of 

formazan correlates to the viability of the cells. The WST-1 assay was performed as 

previously described (Katika et al., 2011), and the ATPLite assay was performed according 

to the manufacturer’s protocol. Luminescence (=590nm) and optical densities (450 and 

630 nm) were quantified as readouts for the ATPLite and WST-1 assays, respectively, by 

using a plate reader (Synergy™ HT Multi-Detection Microplate Reader, BioTek 

instruments, Winooski, VT). Viability was measured after 6 or 24 h incubation and both 

WST-1 and ATPlite assays were performed at least three times.  

 

Chemical Exposures 

CTLL-2 cells were seeded one day before the exposure at a concentration of 0.25 x 10
6
 

cells/ml in a 6-well plate with 2.7 mL of cells per well. Just prior to the exposure, stock 

solutions of 1 or 2 mM deoxynivalenol (CAS 51481-10-8, Sigma), 100 or 200 µM bis [tri-
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n-butyltin] oxide (CAS 56-35-9, 96% purity, Sigma) or pure Dimethylsulfoxide (DMSO, 

CAS 67-68-5, Merck) were diluted 100 times with medium and 300 µL of these mixtures 

were added to the cells. The final DMSO concentration did not exceed 0.1% which has no 

effect on cell viability. CTLL-2 cells were exposed for 6 h in a CO2 incubator at 37 ºC. 

CTLL-2 cells were exposed at four different passage numbers (ranging between passages 

11 to 18).  

 

RNA isolation 

After exposure the cells were centrifuged for 5 min at 1600 rpm and 4 ºC, and the pellet 

was resuspended in 600 µL RLT buffer (Qiagen, Venlo, the Netherlands) containing 1% β-

Mercaptoethanol (β-ME, Invitrogen Life Science) and stored at -80 ºC until RNA isolation. 

Samples in RLT buffer were put on QIAshredder columns (Qiagen) and centrifuged for 2 

min at 15000 g. The flow through was mixed and homogenized with 70% ethanol and put 

onto miRNeasy columns (Qiagen). RNA isolation including DNase treatment was 

performed according to manufacturer’s protocol (Qiagen). RNA was eluted with warmed 

(45 ºC) RNase free water. RNA concentration, integrity and purity were assessed 

spectrophotometrically at wavelengths of 230, 260 and 280 nm (Nanodrop, Wilmington, 

DE) and by virtual gel electrophoresis (Experion, Biorad, Veenendaal, The Netherlands). 

 

Microarray analysis 

100 ng total RNA was used to synthesize biotin-labelled cRNA (3’IVT-Express Labelling 

Kit, Affymetrix). 7.5 µg cRNA was used for fragmentation reactions and subsequently this 

cRNA was denaturized. The fragmented cRNA with a concentration of 0.0375 µg/µl was 

utilized for hybridization on Affymetrix Hy MG 430 array plates (HWS kit, Affymetrix). 

The array plates were scanned using the Affymetrix GeneTitan scanner. One sample 

(TBTO 100 nM, replicate 4) was taken out of the analysis due to technical failure. 

 

Data Analysis 

Custom CDF files were generated from the raw data by using the R package available at 

http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/14.1.0/entrezg.asp

. Robust multichip average (RMA) normalization was applied to the complete dataset 

(BioConductor). Quality control was applied to the microarray data by using BioConductor 

packages (www.arrayanalysis.org). Spot intensities were floored to 12 and 2log ratios were 

calculated versus the DMSO control of the same biological replicate. Hereby, all DMSO 

control values were set to zero.  

Limma analysis, as advocated by Jeanmougin et al. (2010), was used to assess the number 

of genes altered by each exposure condition. Gene expression changes were considered 

significant when q-value was < 0.01 and fold change > |1.4|. Hierarchical clustering was 

performed with the programs Cluster (uncentered correlation; average linkage clustering) 

and Treeview (Eisen et al., 1998). Selection of genes for hierarchical clustering was based 

on fold change > |1.6| vs. the respective control sample (0.1% DMSO) in at least 3 out of 15 
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arrays. Red and green indicate up- and down-regulation vs. average expression of control 

samples. Pathway analysis was performed on genes within clusters using Metacore 

software (GeneGo, St. Joseph, MI).  

 

Gene Set Enrichment Analysis 

Gene Set Enrichment Analysis (GSEA) is a statistical analysis tool for microarray data, 

used to detect biological processes affected and to provide insight into the affected 

molecular mechanisms. GSEA makes use of predefined gene sets that are based on 

previous experimental results and literature. GSEA ranks all the genes on their expression 

ratios and determines whether a particular gene set is significantly enriched at the top or the 

bottom of the ranked list (Subramanian et al., 2005). The following gene set collections 

were used in this study:  

- Lymphocyte database: gene sets were taken over from Shaffer et al. (2001). A 

proportion of these gene sets are based on results from expression profiling studies 

on lymphocytes. 

- Biocarta-2: publically available gene sets from (http://www.biocarta.com/). 

- Gene Ontology: publically available gene sets from 

(http://www.geneontology.org/). 

- Tox action (self-made): gene sets were selected from microarray studies on toxic 

action of compounds. 

- Cell cycle: gene sets were taken from studies Bar-Joseph et al. and Whitfield et al. 

in which cells were first synchronized at the G0 phase and then stimulated to enter 

the cell cycle. Microarray analysis was performed to detect genes upregulated 

during certain cell cycle stages. Up- or down-regulation of these gene sets is 

indicative for a higher or lower proliferation rate (Bar-Joseph et al., 2008; 

Whitfield et al., 2002). 

- DON in vivo: Genes up- or down-regulated by DON in the mouse thymus in vivo 

(van Kol et al., 2011).  

Furthermore, gene sets were created from genes affected in the present CTLL-2 study 

according to limma analysis. Using GSEA statistics, we then tested whether these gene sets 

were also affected in previous microarray studies on primary mouse thymocytes exposed in 

vitro to TBTO (van Kol et al., 2012), mouse thymuses exposed in vivo to DON (van Kol et 

al., 2011) or TBTO (Baken et al., 2006) and Jurkat cells exposed in vitro to DON or TBTO 

(Katika et al., 2012a; Katika et al., 2011). The results of these comparisons are visualized in 

heat maps of gene sets in which green and red indicate downregulation and upregulation, 

respectively. Brighter colours represent a higher significance level. A full green or red 

colour indicates p<0.0001.  
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Molecular Concept Analysis 

Molecular concept analysis enables to visualize networks in which the overlap between 

gene sets based on co-occurrence of genes is shown (Rhodes et al., 2007). This overlap was 

calculated based on the genes that were responsible for a gene set to be significantly 

affected. For this, either the top 10% of the genes upregulated or the top 10% of the genes 

downregulated was used. To reduce complexity of the figures, criteria for gene sets to be 

significant for molecular concepts mapping were more stringent than used for making heat 

maps. Gene sets were selected on a p value <0.01 in combination with an FDR value <0.1 

according to GSEA statistics. In addition, gene sets containing ˂ 7 genes were excluded 

from the analysis. The significance of overlap between the gene sets was calculated based 

on the binomial distribution using Venn-Mapper (Smid et al., 2003). Gene sets showing 

significant overlap (Z value ≥ 3 that is equal to p <0.00001) were connected in a network 

that was visualized using Cytoscape(Shannon et al., 2003). An overview of the gene sets 

used in molecular concept analysis, their gene set collection and the number of genes that 

are present in the CTLL-2 data from those gene sets is presented in Supplementary Table 1. 

 

Heat maps of effects on genes involved in Apoptosis, ER stress and T cell activation 

A set of apoptosis-related genes was taken from Gene Ontology 

(http://www.geneontology.org); a set of genes involved in ER stress was taken from 

KEGG, Biocarta and from literature mining. Genes upregulated during T cell activation 

were taken from the lymphocyte database (Feske et al., 2001; Shaffer et al., 2001). Genes 

were then filtered on ≥ 1.6-fold up- or down regulation vs. the average of the controls in ≥ 3 

of 15 arrays in our CTLL-2 experiments. Per gene set, the effects of DON and TBTO in 

both CTLL-2 and Jurkat cells were visualized in one heat map using the programs cluster 

and Treeview (Eisen et al., 1998). Some genes are present in two or three of the processes 

and are therefore present in multiple heat maps. Red and green indicate up- and down-

regulation vs. the average of the control samples. 

 

Relative expression of genes in unexposed cells 

The relative expression in CTLL-2 cells and Jurkat cells of the genes in the processes of T 

cell activation were calculated using the average intensity of unexposed cells. 

Approximately 45% of the genes that were considered not expressed and floored were put 

on 0%. The remaining 55% of the genes that are considered to be expressed were ranked on 

expression between 0 and 100%. A difference in rank of 20% or more was taken as 

threshold for much higher or lower expression level between Jurkat and CTLL-2 cells. 

Genes upregulated during T cell activation were taken from the lymphocyte database 

(Tcell_PIind4x_Fig6_4xup_by_activ_after_3h) (Feske et al., 2001; Shaffer et al., 2001).  

 

qRT-PCR 

The expression levels of six genes were measured by qRT-PCR in CTLL-2 cells. Primers 

were designed using Beacon designer 7 (Premier Biosoft International, Palo Alto, CA), 
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close to poly-A tails and intron spanning where possible. The primer sequences are given in 

Table 1. One microgram RNA was converted to cDNA using the miScript cDNA synthesis 

kit (Qiagen). A minus reverse transcriptase reaction was included as a control for genomic 

DNA contamination. qRT-PCR was performed on Bio-Rad CFX96 real time detection 

system (Veenendaal, the Netherlands). Reactions consisted of 2 µl cDNA, 8.5 µl 

SYBRgreen super mix, 2.5 µl RNase free water, 1 µl Fw and 1 µl Rv primer.qRT-PCR was 

performed as follows: 3 min at 95 ºC and 45 cycles of amplification. Settings were 10 sec at 

95 ºC, 30 sec at 60 ºC. After the last cycle the PCR reaction was extended with 10 sec at 95 

ºC. Relative expression levels were calculated using Bio-Rad CFXmanager v2.0. Three 

reference genes were used, Actb, Hprt1 and Lgals1. These reference genes were not 

regulated upon exposure to DON or TBTO, as concluded from the microarray experiments.  
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Table 1. Primer sequences for genes used in qRT-PCR verification experiments.  

Accession 

number 
Gene Gene Name Sense primer 5’-3’ 

Antisense 

primer 5’-3’ 

NM_007393 Actb Actin, beta 
TCCACACCCGCCACC

AGTTC 

CCTTCTGACC

CATTCCCACC

ATC 

NM_007498 Atf3 
Activating 

transcription factor 3 

AATTGCTGCTGCCAA

GTGTCG 

CTCCGTGCCA

CCTCTGCTTA 

NM_026929 Chac1 

Cation transport 

regulator-like 1 (E. 

coli) 

GAGACACCTTCCATA

GGG 

GAACTTGGT

ATGCCACAC 

NM_007837 Ddit3 
DNA-damage 

inducible transcript 3 

AGTCCCTGCCTTTCA

CCTTGG 

TGCTCTTCCT

CCTCTTCCTC

CTG 

NM_013556 Hprt1 

Hypoxanthine guanine 

phosphoribosyl 

transferase 

TGGGCTTACCTCACT

GCTTTCC 

CCTGGTTCAT

CATCGCTAAT

CACG 

NM_008495 Lgals 
Lectin, galactose 

binding, soluble 1 

CCCATAATCCAGCCC

TTTC 

ATGTGTTCTT

GGTCTCAGTG 

NR_029382 Mir17hg 

MIR17 host gene 1 

(non-protein coding) 

(Mir17hg), non-coding 

RNA 

ACCAGTGTTACGGAT

TGAATGCTAC 

AAGTGCGTT

GCTGCGTGA

AG 

NM_010907 Nfκbia 

Nuclear factor of 

kappa light 

polypeptide gene 

enhancer in B-cells 

inhibitor 

CTTGGTGACTTTGGG

TGCTGATG 

GGGAGTAGC

CTTGGTAGGT

TAC 

NM_175093 Trib3 
Tribbles homolog 3 

(Drosophila) 

ATCCTACTCTGGCAA

AGC 

TCGTGGAAT

GGGTATCTG 

 

Results 

 

Cell viability measurements 

Two assays were applied for determining the viability of CTLL-2 cells, based on either 

mitochondrial activity (WST-1) or intracellular ATP content (ATPlite). The most sensitive 

of the two assays is used to determine subcytotoxic concentrations of DON and TBTO in 

CTLL-2 cells. The viability of CTLL-2 cells was not affected by 6 h exposure to DON 

concentrations up to the highest dose of 5 µM (Fig. 1a). Exposure for 24 h to 1 µM DON 

induced a reduction of viability of approximately 20%. Remarkably, viability did not 

reduce much further when CTLL-2 cells were exposed for 24 h to concentrations of DON 

up to 5 µM DON according to both the ATPlite and WST-1 assay. For exposure to TBTO 

concentrations from 200 nM onwards, the ATPlite assay determined lower viabilities than 

the WST-1 assay (Fig 1b). Exposure to 100 nM TBTO did not affect the viability after 6 h 

and reduced the viability of CTLL-2 cells to approximately 80% (both WST-1 and ATPlite) 
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after 24 h. 200 nM TBTO reduced the viability to 80% after 6 h and 40% after 24 h, as 

measured with ATPlite assays. However, based on WST-1 assays, 200 nM TBTO did not 

change viability after 6 h and reduced viability to 64% after 24 h. 

Doses for exposures for microarray experiments were chosen on the same criteria as done 

in our previous experiments on Jurkat cells and primary thymocytes: the lower dose was 

selected on induction of approximately 20% decrease of viability after 24 h exposure, and a 

2-fold higher concentration was taken as second dose (Katika et al., 2011; van Kol et al., 

2011). Applying these criteria on the ATPlite and WST-1 results in CTLL-2 cells, we 

selected 1 µM DON and 100 nM TBTO as subcytotoxic concentrations (~20% decrease of 

viability). For these conditions both ATPlite and WST-1 assay determined a similar 

viability of CTLL-2 cells. 2 µM DON and 200 nM TBTO were chosen as 2-fold higher 

concentrations, which did not induce more than 20% decrease in viability after 6 h 

exposure. These four conditions were then selected for microarray analysis on 6 h exposed 

CTLL-2 cells. 
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Fig. 1. Average viability of CTLL-2 cells exposed to DON or TBTO.  

Viability of CTLL-2 cells exposed to DON (A) or TBTO (B) for 6 or 24 h, measured by ATPlite or WST-1 assay. 

The relative viability after treatment is presented as percentage compared to the vehicle control DMSO at the same 

time point. Results shown are mean ± SD  of three independent measurements. *: p < 0.05 and **: p < 0.01 

compared to control (Student’s T test). For ATPlite 6h these asterisks are blue, for WST-1 6h red, ATPlite 24 h 

green and for WST-1 24h these are purple. 
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Hierarchical clustering and pathway analysis 

Unsupervised hierarchical clustering was performed to visualize the effects of the DON and 

TBTO exposures on mRNA expression. Genes (n = 773) were selected on >1.6 fold up or 

down regulation in ≥3 arrays, and the clustering resulted in six main subclusters (Fig. 2). 

Metacore analysis was applied on the genes from the individual clusters to identify the most 

significantly represented pathways and biological processes. One main finding is that genes 

of two toxicity induced processes, the unfolded protein response and ER stress, were 

upregulated by 200 nM TBTO and not affected or downregulated by 100 nM TBTO and 

downregulated by both DON doses (Cluster 1). Genes involved in apoptosis and 

inflammation were also upregulated by 200 nM TBTO but not regulated by the other 

exposures (Cluster 2). Genes involved in positive regulation of lymphocyte activation were 

mainly upregulated by the highest dose of both DON and TBTO (Cluster 3). Genes related 

to cell cycle were downregulated by 200 nM TBTO (Cluster 4) which is in accordance with 

the impaired viability as determined by the viability assays. A main part of these cell cycle 

related genes were upregulated by 1 μM DON and 100 nM TBTO. Next to cell cycle 

related genes, 100 nM TBTO upregulates genes involved in cholesterol biosynthesis while 

these genes were downregulated by both DON doses and 200 nM TBTO (Cluster 5). Genes 

involved in lymphocyte and thymocyte migration were upregulated by 1 and 2 μM DON, 

downregulated by 100 nM TBTO and for a part up and other part downregulated by 200 

nM TBTO (Cluster 6).  
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Fig. 2. Unsupervised hierarchical clustering of genes altered by DON and TBTO exposure in CTLL-2 cells. This 

heat map represents 773 genes that were > 1.6 times up- or downregulated by DON and TBTO in CTLL-2 in at 

least 3 out of 15 arrays. Data for each array is presented as 2log ratios versus the DMSO control within the same 

experiment. For the subclusters, the corresponding biological processes are indicated at the right based on 

Metacore analysis. Scale is displayed in bottom right corner. Green represents down-regulation, red represents up-

regulation and black represents no effect. The top 10 highest up- and downregulated genes for each subcluster are 

given in Supplementary Table 1. ER: endoplasmic reticulum. 

Significantly affected genes 

Limma analysis was used to assess the number of genes affected by 1 and 2 µM DON, and 

100 and 200 nM TBTO on the transcriptome of CTLL-2 cells. A total of 866 genes were 

altered in CTLL-2 cells by DON and/or TBTO (>1.4-fold; q<0.01). No genes were 

significantly affected by 100 nM TBTO whereas the largest number of genes (N = 663) 

were affected by 200 nM TBTO. DON 1 and 2 µM affected 53 and 289 genes, respectively. 

Venn analysis was used to determine the overlap of genes affected by DON (1 and 2 µM) 

and 200 nM TBTO (Fig. 3). The majority of the genes regulated by 200 nM TBTO (576 of 

663 genes) and 2 µM DON (185 of 289 genes) were not regulated by the other exposure 

conditions. Fifty-three genes were affected by 1 µM DON and 49 of these genes were also 

affected in the same direction by 2 µM DON. Twenty-eight genes were affected by each of 

the three conditions; remarkably 26 of these genes were downregulated by DON and 

upregulated by TBTO. Metacore analysis showed that a significant part of these 26 genes 

are involved in amino acid transport and ER stress/unfolded protein response pathway. One 

gene was downregulated by all three conditions: Thioredoxin domain-containing protein 1 
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precursor, (Txndc11, alias Efp1). Eighty-three genes were affected by both 2 µM DON and 

200 nM TBTO, of which 40 in the same direction and 43 in opposite direction. Metacore 

analysis on the genes shared by 2 µM DON and 200 nM TBTO did not result in statistically 

significant pathways.  

 
Fig. 3. Venn diagram of genes significantly regulated by DON (1 or 2 µM) or TBTO (200 nM) in CTLL-2 cells.  

CTLL-2 cells were exposed to DON or TBTO for 6 h. Limma statistical analysis was used to determine the 

number of significant genes based on q<0.01 and fold change >|1.4|. In total, 53 genes were regulated by DON 1 

µM, 289 genes by DON 2 µM and 663 genes by TBTO 200 nM. No genes were found significantly affected by 

100 nM TBTO. Arrows indicate up- or downregulation; DON 2 µM is displayed in red, DON 1 µM in blue and 

TBTO 200 nM in black. 

GSEA and Molecular Concept Analysis 

GSEA was applied for each of the four treatments using the six gene set collections listed in 

Materials and Methods. Molecular Concept analysis was used to visualize the overlap in 

genes between the pathways. We applied molecular concept analysis on the two treatments 

that affected the highest number of pathways, 2 μM DON and 200 nM TBTO. Gene sets 

upregulated by 2 µM DON were mainly involved in the cell cycle (Fig. 4a). Gene sets 

downregulated by 2 µM DON were involved in T cell activation, oxidative stress, ER 

stress, transport and metabolism (Fig. 4b). Figs 4a and 4b also show a good correlation 

between the effects of DON in vitro and in vivo: Gene sets up- or downregulated by 6 h 

DON exposure in the mouse thymus in vivo were affected in the same direction in CTLL-2 

cells in vitro. Gene sets upregulated by 200 nM TBTO were involved in ER stress, T cell 

activation, NFκB activation and quiescence (Fig. 4c). Gene sets downregulated by 200 nM 

TBTO were all involved in the cell cycle and proliferation (Fig. 4d).  
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Fig. 4. Molecular concepts analysis of gene sets affected in CTLL-2 cells after 6 h exposure to 2 μM DON or 200 

nM TBTO. 

Results of molecular concepts analysis are given for gene sets that are A) upregulated by 

DON, B) downregulated by DON, C) upregulated by TBTO, and D) downregulated by 

TBTO. The size of the nodes corresponds to the number of genes of the gene set. The width 

and boldness of the connecting lines indicate the degree of overlap between the gene sets. 

The colour of the nodes corresponds to the gene set collection from which the gene sets 

were taken: green: Lymphocyte signature database; white: Cell Cycle; purple: DON in vivo 

(van Kol et al., 2011). yellow: TOX action; red: GO_biological Processes and grey: 

Biocarta. 

qRT-PCR  

Six genes were selected to assess whether the effects of DON and TBTO as measured by 

microarray analysis can be confirmed by qRT-PCR. Atf3, Chac1, Ddit3, Mir17hg, Nfκbia 

and Trib3 were selected on basis of a key role in T cell activation (Atf3, Nfκbia, and Trib3), 

ER stress response (Atf3, Chac1, Ddit3), apoptosis (Chac1, Ddit3, Nfκbia, and Trib3), 

NFκB activation (Nfκbia), unfolded protein response (Atf3 and Chac1) and the effect on 

microRNA cluster 17-92 (Mir17hg). The mRNA expression levels of these genes as 

quantified by microarray analysis and qRT-PCR are shown in Figure 5. The qRT-PCR 

analysis confirmed the microarray results for the effects of both DON and TBTO on Atf3, 
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Chac1, Mir17hg and Trib3 as well as for the effect of 200 nM TBTO on Nfκbia and Ddit3. 

qRT-PCR detected Nfκbia to be upregulated by both 1 and 2 μM DON and 100 nM TBTO 

which was not detected by the microarray analysis. qRT-PCR did not confirm the 

downregulation of Ddit3 by 1 and 2 μM DON. 

 

 
Fig. 5. Quantitative reverse transcriptase PCR confirmation of microarray data.  

qRT-PCR was performed for Atf3, Chac1, Mir17hg, Trib3, Nfκbia, and Ddit3. Expression 

levels were compared to DMSO control and calculated using Hprt1, Lgals1 and Actb as 

reference genes. White bars represent microarray results, grey bars represent qRT-PCR 

results. Exposure conditions are presented at the bottom. Y-axis represents ratios compared 

to DMSO. Values are based on four biological replicates for which qRT-PCR was done in 

technical triplicates. * indicates p-value ≤ 0.01 based on student’s T-test for the comparison 
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between DON or TBTO exposure and solvent control. Error bars represent the standard 

deviation of the gene expression calculated over the four biological replicates. 

 

Are genes affected by DON and TBTO in CTLL-2 cells also affected in mouse thymocytes in 

vitro and in vivo, and in human Jurkat T cells in vitro? 

We investigated whether the genes up- and downregulated by DON and TBTO in the 

present study, were also up- and downregulated in DON exposed mice thymus in vivo, 

DON or TBTO exposed human Jurkat T cells or mouse thymocytes in vitro. To this end we 

used microarray gene expression data from earlier studies with DON (Katika et al., 2012b; 

van Kol et al., 2011), or TBTO (Baken et al., 2006; Katika et al., 2011; van Kol et al., 

2012). Gene sets were made from the genes significantly affected in CTLL-2 cells in the 

present microarray study according to limma analysis. An overview of the number of genes 

per gene set is given in Table 2. 

As shown in figure 6a, the sets of genes up- or downregulated by 2 μM DON in CTLL-2 

cells were 1) also up- or downregulated in the thymus of mice exposed to DON for 3 or 6 h, 

and 2) up- or downregulated by 0.25 and 0.5 μM DON in Jurkat cells at most time points. 

The set of genes downregulated by 1 µM DON in CTLL-2 cells was also downregulated in 

the mouse thymus after 12h exposure to 5 an 10 mg/kg DON and in Jurkat cells after 6 h 

exposure to 0.25 and 0.5 µM DON. The gene set upregulated by 1 μM DON in CTTL-2 

cells was only upregulated in the mouse thymus exposed for 3 h to 10 mg DON. This 

limited correlation might be due to the low number of genes (11) in this gene set. 

Similar comparisons were performed for genes that were affected by 200 nM TBTO in 

CTLL-2 cells (Fig. 6b). Since 100 nM TBTO did not result in significantly affected genes, 

comparisons with this condition could not be made. The sets of genes up- or downregulated 

by 200 nM TBTO in CTLL-2 cells were also up- or downregulated by TBTO in Jurkat cells 

and by 0.5 and 1 μM TBTO in primary mouse thymocytes. The set of genes downregulated 

by 200 nM TBTO in CTLL-2 cells were also downregulated in the mouse thymus in vivo 

by 3 days exposure to 300 mg/kg TBTO. The set of genes upregulated by 200 nM TBTO in 

CTLL-2 cells was not affected by TBTO exposure for 3, 7 or 14 d in the mouse thymus in 

vivo. 
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Table 2. Number of genes affected by 6 h exposure to DON or TBTO in CTLL-2 cells 
a 

Gene set name Up Down 

CTLL-2 DON 1 µM 11 42 

CTLL-2 DON 2 µM 153 136 

CTLL-2 TBTO 100 nM 0 0 

CTLL-2 TBTO 200 nM 311 352 

a Significance was determined by limma analysis. Fold change > 1.4, q < 0.01 

 

 
Fig. 6. Genes affected by DON or TBTO in CTLL-2 cells are also affected by DON and TBTO in the mouse 

thymus and in the human Jurkat T lymphocyte cell line.  

Sets of genes up- or downregulated by DON and TBTO in CTLL-2 cells were selected from the present study. 

Thereafter, GSEA statistics was used to assess whether these gene sets were significantly affected by DON or 

TBTO in the mouse thymus in vivo or in vitro and Jurkat cells in vitro using microarray data of previous studies 

(Baken et al., 2006; Katika et al., 2011; van Kol et al., 2011; Katika et al., 2012b; van Kol et al., 2012). Scale 

indicates statistical significance (p-value) of the gene set. green represents downregulation, red upregulation and 

black no effect. 
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Genes involved in Apoptosis, ER stress and T cell activation 

Apoptosis, ER stress and T cell activation are affected by DON and TBTO in CTTL-2 cells 

in the present study and in Jurkat cells and primary thymocytes in our previous studies 

(Katika et al., 2012b; Katika et al., 2011). It is of interest to know whether 1) the same 

genes of these processes are affected in CTLL-2 cells and in Jurkat cells, and 2) whether 

DON and TBTO affect the same genes within these processes. Therefore, heat maps were 

created showing the effects of DON and TBTO on individual genes involved in apoptosis, 

ER stress and T cell activation in CTLL-2 and Jurkat cells. In concordance with results of 

hierarchical clustering and molecular concept mapping, many of the genes involved in these 

three processes are upregulated by TBTO and downregulated by DON in CTLL-2 cells 

(Fig. 7). A few genes are downregulated by TBTO and upregulated or not affected by 

DON. A comparison between the cell lines demonstrates that most of the genes upregulated 

by 200 nM TBTO in CTLL-2 are also upregulated by 0.5 μM TBTO in Jurkat cells. 

Apoptosis, ER stress and T cell activation-related genes downregulated by DON in CTLL-2 

cells are unaffected or upregulated by DON in Jurkat cells (Fig. 7). Taken together, DON 

and TBTO have opposite effects on genes involved in apoptosis, ER stress and T cell 

activation in CTLL-2 cells but mostly similar effects in Jurkat cells. 
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Fig. 7. Effects of DON and TBTO on genes involved in ER stress (A), T cell activation (B) and apoptosis (C) in 

CTLL-2 and Jurkat cells. 

Genes known to involved in T cell activation, ER stress and apoptosis were filtered for being affected by 6 h 

exposure to DON (1 or 2 µM) or TBTO (100 or 200 nM) in the present study (selection criterion: >1.6-fold up or 

downregulated in at least 3 of 12 arrays). Effects on these genes are shown for DON and TBTO on CTLL-2 cells 

in the present study and on Jurkat cells in a previous study (Katika et al., 2011; Katika et al., 2012b). Scale is 

displayed in bottom right corner; green: downregulation, red: upregulation, black: no effect, grey: gene not present 

on the array. 
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Expression of genes upregulated during T cell activation 

Since CTLL-2 cells are continuously activated by ConA and IL-2, we hypothesized that a 

subset of T-cell activation-related genes are higher expressed in CTTL-2 cells than in Jurkat 

cells. Therefore, we assessed the expression levels of genes previously been reported to be 

upregulated during the T cell activation response in human T cells (Feske et al., 2001). The 

12 genes that were not present on the CTLL-2 array were excluded. Of the genes uniquely 

expressed in either CTTL-2 or Jurkat cells, more genes are expressed in CTLL-2 than in 

Jurkat cells (15 vs. 13 genes, see Supplementary Table 2). Of the genes expressed both in 

CTLL-2 and Jurkat cells, 14 genes were much higher expressed in CTTL-2 and 7 genes 

much higher in Jurkat cells. 

Many of the genes highly expressed in CTLL-2 cells are involved in the MAP kinase 

pathway (Myc, Dusp6, Dusp2, Ier3) or in TNF activation (Mapkap2, Map3k8, TNF), both 

processes are known to be activated during T cell activation (Ashwell, 2006; Huang et al., 

2009; Tsai et al., 1996). CTTL-2 cells also highly express other genes that are known to be 

involved in T cell activation response (Lta, Cd96). Genes highly expressed in Jurkat cells 

include genes known to negatively regulate T cell receptor signalling (Sla, Nfκbia) 

(Sosinowski et al., 2000).  

 

Discussion 

For immunotoxicity testing, there is a big demand to replace animal testing by in vitro 

experiments. Whole genome mRNA expression analysis on cells exposed to test chemicals 

in vitro promises to be a valuable option for this aim. Genes of which mRNA levels are 

affected by certain compounds can be used as biomarkers. Moreover, biological 

interpretation of the expression data may provide information about the processes and 

receptors affected by compounds. The immunological response involves many different cell 

types which makes it important to assess how many different immune cell types and cell 

lines have to be included for immunotoxicity testing to cover a wide range of immunotoxic 

modes of action. In this study, the value of the mouse CTLL-2 cell line as an in vitro 

screening model for immunotoxicity was assessed using two immunotoxic model 

compounds, DON and TBTO. The transcriptome responses of CTLL-2 cells were 

compared to that of other immune cells obtained from previous in vitro and in vivo studies. 

A first interesting observation came from the viability assays which indicated that CTLL-2 

cells are much more resistant to DON than Jurkat cells and primary thymocytes 

(Supplementary Table 3). In previous studies subcytotoxic doses of DON were assessed at 

0.5 μM for primary thymocytes, 0.25 μM for Jurkat cells and 0.5 μM for the mouse 

thymoma cell line EL4(Katika et al., 2012b; Osman et al., 2010; van Kol et al., 2011). 

Exposure for 24 h to 1 µM DON reduced the viability of CTLL-2 cells to approximately 

80%. Remarkably, viability did not reduce much further when CTLL-2 cells were exposed 

for 24 h to concentrations up to 5 µM DON. Exposure for 24 h to 5 μM DON reduced the 

viability of EL4 cells to less than 35% (unpublished data) and exposure to 1 µM DON 

reduced the viability of Jurkat cells to 50% (Katika et al., 2012b). In contrast, TBTO 
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reduced the viability of CTLL-2 cells to below 80% from 100 nM onwards which is lower 

than the subcytotoxic doses determined before for primary thymocytes and Jurkat cells 

(Katika et al., 2011; van Kol et al., 2012). The relative high resistance of CTLL-2 cells to 

DON is also reflected by the lower number of genes significantly affected by 2 μM DON 

compared to 200 nM TBTO: 289 vs. 663 genes, respectively (Table 2).  

The modes of action of DON and TBTO have been investigated in several types of cells 

and tissues including primary thymocytes, Jurkat cells, the thymus in vivo, EL4 cells and 

RAW264.7 cells (Dong et al., 1994; Katika et al., 2012b; Katika et al., 2011; van Kol et al., 

2011, 2012; Wang et al., 2012). The main cellular target of DON is the ribosome. Binding 

of DON to ribosomes causes ribotoxic stress that in turn leads to ER stress, induction of 

processes related to protein synthesis (e.g. mRNA formation and translation), inhibition of 

proliferation, and eventually induces apoptosis (Iordanov et al., 1997; Katika et al., 2012b; 

Pestka, 2008; Shifrin and Anderson, 1999; van Kol et al., 2011). ER stress also induces 

leakage of calcium from the ER leading to activation of NFκB, calcineurin and NFAT that 

induces oxidative stress and T cell activation in primary thymocytes and Jurkat cells and 

ultimately leads to apoptosis as well (Katika et al., 2012b; van Kol et al., 2011). There are 

strong indications that TBTO acts directly on the endoplasmic reticulum inducing a raise of 

intracellular Ca2+ release from the ER leading to the same calcium induced responses as 

mentioned above for DON (Aw et al., 1990; Bissonnette et al., 2010; Chow et al., 1992; 

Grundler et al., 2001; Kass and Orrenius, 1999; Katika et al., 2012b; Lane et al., 2009).  

Biological interpretation of the present mRNA expression data was conducted using three 

methods: 1) Metacore analysis on groups of genes significantly affected according to 

limma, 2) Metacore analysis on clusters after hierarchical clustering, and 3) GSEA analysis 

on the entire microarray dataset followed by Molecular Concepts analysis. These analyses 

indicated that the processes of ER stress, protein synthesis, NFκB activation, oxidative 

stress, T cell activation, cell cycle and apoptosis were affected in the present study as well. 

Effects of both DON and TBTO on ER stress were supported by each of these three 

methods. A significant part of the 26 genes that according to limma analysis were 

downregulated by DON (1 and 2 µM) and upregulated by TBTO (200 nM) were involved 

in the ER stress/unfolded protein response pathway next to amino acid synthesis. The only 

gene that according to limma analysis was downregulated by 200 nM TBTO as well as 1 

and 2 µM DON is Txndc11, alias Efp1. Txndc11 is known to be upregulated during ER 

stress, binds to Par-4 and therewith inhibits Par-4 mediated apoptosis (Appel et al., 2009). 

Downregulation of ER stress-related genes by DON and upregulation by 200 nM TBTO 

was also evident from the hierarchical clustering analysis (Fig. 2, cluster 1), molecular 

concepts mapping (Figs 4b and 5c), and the heatmap of ER stress related genes (Fig. 7a). 

ER stress specific genes Herpud1 and Edem1 were downregulated by both concentrations 

of DON and upregulated by 200 nM TBTO in CTLL-2 cells (Olivari et al., 2006; Schulze 

et al., 2005). In addition, qRT-PCR confirmed elevated expression the ER stress related 

gene Atf3 and Ddit3 by 200 nM TBTO (Fig 6). Atf3 and Chac1 were downregulated by 1 
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and 2 µM DON (Fig 6). To our knowledge, this is the first study to report chemically 

induced down regulation of the ER stress response.  

The effects of DON and TBTO on T cell activation and apoptosis were like those on ER 

stress: downregulated by 1 and 2 μM DON, and upregulated by 200 nM TBTO (T cell 

activation: Fig. 2: cluster 3, Figs 4b, 4c and 7b; apoptosis: Fig. 2, cluster 2 and Fig. 7c). T 

cell activation related genes Atf3, Nfκbia and Trib3 were significantly upregulated by 200 

nM TBTO. Atf3 and Trib3 were significantly downregulated by 1 and 2 µM DON (Fig. 6). 

Nfκbia, Ddit3 and Trib3 are also related to apoptosis and were all upregulated by 200 nM 

TBTO. 

In addition, cell cycle and proliferation related genes were downregulated by 200 nM 

TBTO and upregulated by both DON doses (Figs. 2, cluster 4, 4a and 4d). Genes involved 

in quiescence and NFκB target genes are uniquely upregulated by 200 nM TBTO (Fig. 4c). 

Gene Mir17hg, downregulated by 2 µM DON and 200 nM TBTO, is host gene for 

microRNA cluster17-92 that functions on cell survival, proliferation, differentiation and 

angiogenesis (de Pontual et al., 2011; Mendell, 2008). A recent publication showed that 

Mir17hg is also downregulated in acute lymphocytic leukaemia (ALL) cells following 

glucocorticoid treatment that results into upregulation of Bim (alias Bcl2l11) and induction 

of apoptosis (Harada et al., 2012). Bim was upregulated by 200 nM TBTO in CTLL-2 but 

not regulated by DON (Fig. 7c). 

The induction of T cell activation, ER stress and apoptosis by TBTO in CTLL-2 cells 

agrees with results previously obtained by our group using Jurkat cells (shown in Fig. 7) 

and primary rat and mouse thymocytes (Baken et al., 2007; Katika et al., 2011; van Kol et 

al., 2012) and apoptosis was observed in rats and mice in vivo (Baken et al., 2006). 

However, the downregulation of genes involved in ER stress, and T cell activation by DON 

is surprising and oppose results from previous studies on the human Jurkat cells (shown in 

Fig. 7), human PBMCs, and mouse thymus in vivo (Iordanov et al., 1997; Katika et al., 

2012b; Pestka, 2008; Shifrin and Anderson, 1999; van Kol et al., 2011). 

An important difference between CTLL-2 cells and previously studied immune cells is that 

CTLL-2 cells lack the ability to produce IL-2 and are therefore cultured in the presence of 

ConA and IL-2 to maintain cell growth. The relative basal expression of unexposed CTLL-

2 cells showed that T cell activation responsive genes are constitutively activated in CTLL-

2 cells, as compared to Jurkat cells. This makes it harder to further induce a T cell 

activation response although this is succeeded by 200 nM TBTO. T cell activation also 

leads to apoptosis in mouse thymocytes in vitro and in vivo and in Jurkat cells (Katika et al., 

2012b; Pestka et al., 2005; van Kol et al., 2011). 

Since not all genes are annotated to functions, we also compared the response of CTLL-2 

cells to DON vs. the in vivo response of the mouse thymus on the level of genes instead of 

on the level of pathways. For this, GSEA statistics was used to assess whether genes 

significantly affected by 3, 6 and 24h exposure to 5, 10 and 25 mg/kg DON in the mouse 

thymus were also significantly affected by 6 h exposure to 2 μM DON in CTLL-2 cells. 

This demonstrated that gene sets that were up- or downregulated by DON exposure in vivo 
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were affected in the same direction by DON exposure in CTLL-2 cells (Fig. 4a and 4b). 

The other way around, gene sets up- or downregulated by 2 μM DON exposure in CTLL-2 

cells were significantly up- and down-regulated by DON in the mouse thymus in vivo and 

Jurkat cells in vitro (Fig. 6a). This indicates that DON affects many genes in the same 

direction (up- or downregulation) in CTLL-2 cells and the mouse thymus in vivo that are 

not annotated yet into processes or pathways. Gene sets up- or downregulated by 1 μM 

DON in CTLL-2 cells were up- or downregulated in Jurkat cells in only a few exposure 

conditions, which is likely due to the limited number of genes in these gene sets (11 and 42 

genes for up- and downregulation). 

Gene sets up- or downregulated by 200nM TBTO exposure in CTLL-2 cells were affected 

by TBTO in the same direction in human Jurkat T lymphocyte cell line and mouse 

thymocytes exposed in vitro (Fig. 6b). The same gene sets were not significantly affected in 

the mouse thymus in vivo by 3, 7 or 14 d treatment with 300 mg/kg TBTO with exception 

of genes downregulated after 3 d (Fig. 6b). This limited correlation is likely due to the long 

exposure times causing depletion of the thymocytes from the thymus in vivo. 

Exposure for 24 h to 1 μM DON impairs the viability of CTLL-2 cells with 20%, while 

concentrations up to 5 μM do not further reduce the viability. This is remarkable since 5 

μM DON is highly cytotoxic for other cell types. DON is known to bind ribosomes and this 

is expected to occur in CTLL-2 cells as well which might explain the 20% reduction of 

viability by DON concentrations from 1 μM onwards. Ribotoxic stress is known to induce 

ER stress (Iordanov et al., 1997; Katika et al., 2012b; Pestka et al., 2004; Shifrin and 

Anderson, 1999). Therefore, the most plausible explanation for the resistance of CTLL-2 

cells to higher concentrations of DON is that these cells miss the link between ribotoxic 

stress and ER stress. This agrees with the lack of induction of ER stress related genes by 

DON. In contrast to DON, TBTO, which directly affects the ER, does induce ER stress in 

CTLL-2 cells indicating that this response is functional in CTLL-2 cells. Candidate genes 

that are involved in the link between ribotoxic stress and ER stress are glucose related 

protein 78 (Grp78, alias Hspa5), hematopoietic cell kinase (Hck) and phosphor kinase (Pkr, 

alias Eif2ak2) (Bae et al., 2010; Pestka, 2010). In CTLL-2 cells, Hck is not present and 

Hspa5 and Pkr were not affected. Because Hck is present in Jurkat T cells and primary 

mouse thymocytes, the lack of this gene might contribute to the absence of ER stress in 

DON exposed CTLL-2 cells. However, at this point we cannot exclude other genes as the 

exact mechanism is not fully understood. 

In conclusion, the present findings indicate that TBTO induces ER stress, T cell activation, 

NFκB and apoptosis in the CTLL-2 cell line, which corresponds to previous findings on 

other immune cell types. DON exposure, however, downregulates the processes of ER 

stress and T cell activation which is opposite to results obtained before on other immune 

cells including Jurkat cells, PBMCs and the mouse thymus in vivo. It is relevant to be aware 

that two cell lines can give opposite responses to the same toxicant. This opposite response 

of CTLL-2 cells might be caused by 1) the lack of expression or non-functionality of genes 

involved in linking ribotoxic stress to ER stress, and 2) continuously activation of the T cell 
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activation response by ConA and IL-2. The present results are of interest for the selection 

of types of immune cells for immunotoxicity testing by transcriptomics. Based on the 

results for the model compounds TBTO and DON, the CTLL-2 cell line does not yield an 

added value for immunotoxicity compared to the human Jurkat T cell line.  
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Abstract  

Previously, we studied the effects of deoxynivalenol (DON) and tributyltin oxide (TBTO) 

on whole genome mRNA expression profiles of human T lymphocyte Jurkat cells. These 

studies indicated that DON induces ribotoxic stress and both DON and TBTO induced ER 

stress which resulted into T-cell activation and apoptosis. The first goal of the present study 

was to provide final proof for these mode of actions by comparing the effects of 6 h 

exposure to DON and TBTO on mRNA expression to those of positive controls of ribotoxic 

stress (anisomycin), ER stress (thapsigargin) and T cell activation (ionomycin). Genes 

affected by anisomycin and the majority of genes affected by thapsigargin were affected in 

the same direction by DON and TBTO respectively, confirming the expected modes of 

action. Pathway analysis further sustained that DON induces ribotoxic stress and both DON 

and TBTO induce unfolded protein response (UPR), ER stress, T cell activation and 

apoptosis. The second goal was to assess whether DON and/or TBTO affect other pathways 

above those detected before. TBTO induced groups of genes that are involved in DNA 

packaging and heat shock response that were not affected by thapsigargin. DON did not 

affect other genes than anisomycin indicating the effect of DON to be restricted to ribotoxic 

stress. This study also demonstrates that comparative gene expression analysis is a very 

promising tool for the identification of modes of action of immunotoxic compounds. 
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Introduction 

Deoxynivalenol (DON) is a mycotoxin produced by Fusarium species, which grow on 

agricultural products. Humans are primarily exposed to DON through consumption of food 

(Rotter et al., 1996). It has been proposed that DON binds to the 3′-end of the 28S 

ribosomal RNA (rRNA) and inhibiting protein synthesis and leading to the induction of 

ribotoxic stress (Iordanov et al., 1997). One target organ is the thymus in which DON 

mainly affects the early precursor thymocytes (Pestka et al., 2004; van Kol et al., 2011). 

Before, we showed that DON downregulates genes involved in mitochondria, proliferation, 

protein synthesis and ribosomal proteins in the mouse thymus in vivo (van Kol et al., 2011). 

Furthermore, DON causes apoptosis in human Jurkat T cells (Katika et al., 2012b). 

Proteomic analysis of mouse thymoma EL-4 cells showed that DON (0.5 µM) affected 

protein folding and degradation, chaperones and key metabolic enzymes (Osman et al., 

2010).  

Tributyltin oxide (TBTO) is an organotin product that has been widely used as biocide in 

agriculture, as catalyst in polyurethane industry and as antifouling agent in paints. As a 

result, TBTO is a widespread environmental contaminant (Hoch, 2001). TBTO has been 

shown to be immunotoxic by induction of depletion of thymocytes and causes thymus 

atrophy in rodents (Baken et al., 2007; Van Loveren et al., 1990). TBTO has also been 

shown to reduce macrophage and natural killer (NK) cell activity and differentiation of T-

cells (Kergosien and Rice, 1998; Van Loveren et al., 1990; Vos et al., 1990). Using gene 

expression analysis, we recently reported that TBTO induces endoplasmic reticulum (ER) 

stress, T cell activation, oxidative stress and apoptosis in mouse thymocytes (Katika et al., 

2011; van Kol et al., 2012). Proteomic analysis of mouse EL-4 cells indicated that TBTO 

affects the expression of proteins involved in energy sensor pathways and proliferation 

(Osman and van Loveren, 2012). 

In this study we compared the effects of DON and TBTO to model compounds for ER 

stress (thapsigargin), ribotoxic stress (anisomycin) and T cell activation (ionomycin). 

Thapsigargin is a non-competitive inhibitor of the protein class SERCA (sarco/endoplasmic 

reticulum Ca2+ ATPase) (Rogers et al., 1995). This compound, derived from the plant 

Thapsia garganica, is known to induce an ER stress response by triggering calcium efflux 

from the ER leading to apoptosis (Scheuner and Kaufman, 2008). Induction of ER stress 

and apoptosis by thapsigargin has been demonstrated in several cell types such as rat 

lymphocytes, thymocytes, in mouse primary T cells, and in mice in vivo (Liu et al., 2001; 

Mason et al., 1991; Pino et al., 2008). The induction of ER stress and apoptosis by 

thapsigargin was functionally assayed by using an siRNA library against apoptotic genes in 

human colorectal carcinoma cells (Futami et al., 2005). The ionophore ionomycin, 

produced by Streptomyces conglobatus, raises calcium levels via release of calcium from 

intracellular pools and subsequently acts as a T cell activator (Imboden et al., 1985). 

Ionomycin induced activation of protein kinase C and phosphorylation of target proteins 

CD4 and CD8 in human T cells thereby inducing T cell activation (Chatila et al., 1989). 

Anisomycin is produced by Streptomyces griseolus and is a well-known protein synthesis 
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inhibitor (Grollman, 1967). Anisomycin binds to the 28S rRNA, as measured by rRNA 

footprinting (Rodriguez-Fonseca et al., 1995) and triggers a ribotoxic stress response 

(Iordanov et al., 1997). The binding of anisomycin to ribosomes was also tested in a 

binding assay using ribosomes from Chinese Hamster Ovary cells (Middlebrook and 

Leatherman, 1989).  

In previous in vitro work we studied the effect of DON and TBTO on gene expression in 

the human Jurkat T cell line using whole genome microarrays. These studies revealed that 

DON upregulates ribosomal genes and genes involved in RNA/protein biosynthesis which 

indicates the induction of ribotoxic stress (Katika et al., 2011). In turn, this ribotoxic stress 

induces ER stress. TBTO induces ER stress as well but in contrast to DON likely via a 

direct effect on the ER (Katika et al., 2012b; Katika et al., 2011).  

One key event in the process of ER stress is the leakage of calcium from the ER that in turn 

leads to a larger calcium influx through calcium channels in the plasma membrane. Of 

importance, these same events also occur during a normal T cell activation response. The 

rise in intracellular calcium activates calcineurin that in turn induces nuclear translocation 

of NFATC1 leading to a T cell activation response and apoptosis in Jurkat cells (Katika et 

al., 2012a). In addition, we showed that TBTO induces oxidative stress as indicated by 

activation of NRF2 (Katika et al., 2011). 

Since it is well described that compounds with similar modes of actions induce similar 

changes in gene expression (Fielden et al., 2011; Lamb et al., 2006), we compared the 

effects of TBTO and DON on the transcriptome of Jurkat cells to those of positive controls 

for ER stress (thapsigargin), ribotoxic stress (anisomycin) and T cell activation (ionomycin) 

within one experiment. Bioinformatics analysis of the array data aimed to compare the 

effects both at the level of individual genes and at the level of biological processes. This 

approach was followed for two aims: 1) to provide final proof for the previously described 

modes of action of TBTO and DON, and 2) to assess whether DON and/or TBTO affect 

other pathways above those detected before. This study successfully confirmed the modes 

of action of DON and TBTO following comparative gene expression analyses and 

demonstrated effects of TBTO on DNA condensation and heat shock proteins that were not 

described before. To our knowledge this is the first time such a comparative method is used 

to determine modes of action of immunotoxic compounds.  

 

Materials and methods 

 

Chemicals 

Tributyltin oxide (TBTO), deoxynivalenol (DON), thapsigargin, anisomycin and ionomycin 

were purchased from Sigma Aldrich Company (Zwijndrecht, The Netherlands).  

 

Cell culture 

The human T-lymphocyte cell line (Jurkat) was obtained from the American Type Culture 

Collection (ATCC). Jurkat cells were cultured in RPMI-1640 medium supplemented with 
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10% FCS, 2 µM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin (Invitrogen 

Life Science, Breda, the Netherlands). Cells were cultured at 37 °C with 5% CO2 in a 

humidified atmosphere. The medium was refreshed three times a week. 

 

Cell viability 

The mitochondrial WST-1 assay was used to determine the viability of Jurkat cells after 

DON, TBTO, anisomycin, thapsigargin and ionomycin exposures (Roche diagnostics, 

Germany). Cell viability was determined based on the ability of viable cells to metabolize 

and convert the water soluble tetrazolium salt (WST-1) to a yellow coloured formazan by 

the mitochondrial dehydrogenases. The amount of formazan correlates to the viability of 

the cells. The assay was performed as described previously (Katika et al., 2011). As 

readout, optical density was measured at 450 nm in a colorimetric microplate reader 

(Synergy™ HT Multi-Detection Microplate Reader, BioTek instruments, Winooski, VT). 

TBTO, DON, thapsigargin and ionomycin were dissolved in DMSO. Anisomycin was 

dissolved in water. Stock solutions were diluted in RPMI-1640 medium without FCS. The 

final DMSO concentration in the medium controls was less than 0.1% which exerted no 

effect on cell viability. Relative viability was measured as a percentage of the vehicle 

controls. Concentrations were considered subcytotoxic when at least 80% of the Jurkat cells 

was viable after 24 h exposure. 

 

Exposures 

On the basis of the results of the cell viability measurements, appropriate sub-cytotoxic 

concentrations were selected for microarray experiments. Jurkat cells were cultured in six 

well plates overnight and exposed for 6 h to 0.25 µM anisomycin, 0.5 µM DON, 1 µM 

ionomycin, 0.2 µM TBTO, 0.5 µM thapsigargin or DMSO (thus a total of six treatment 

groups). Exposures were performed in triplicate in three independent experiments and 

Jurkat cells were used between passage 15 and 20. Triplicate samples from the same day 

were combined to obtain one sample per independent experiment. 

 

Total RNA isolation 

After exposure of the Jurkat cells, cells were collected by centrifugation (10 min, 1200rpm, 

4 °C) and washed with phosphate buffered saline (PBS). The cell pellets were lysed in 600 

µl RLT buffer (Qiagen, Venlo, The Netherlands) with 1% β-mercaptoethanol and stored 

immediately at -80 °C. Total RNA was isolated using the RNeasy kit (Qiagen) following 

manufacturer’s instructions. RNA concentration and purity were determined using 

Nanodrop apparatus (Nanodrop technologies, Wilmington, DE) by measuring absorption 

ratios at 260/280 and 230/280 nm. The integrity of the RNA samples was examined using 

BioRad Experion chips (Veenendaal, The Netherlands). 
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Microarray hybridization 

Gene expression profiling was performed using Affymetrix U133 Plus 2.0 Arrays 

(Affymetrix, Santa Clara, CA). For each RNA sample, complementary cDNA was 

synthesized by using 5 μg of total RNA and subsequent biotin-labelled cRNA was 

synthesized using Gene Chip One-Cycle Target Labelling and control reagents including 

the One-Cycle cDNA synthesis kit, Poly-A RNA control kit, sample clean-up module, IVT 

labelling kit, and hybridization control kit (Affymetrix) according to the manufacturer’s 

protocol. The yield of cRNA was measured spectrophotometrically (Nanodrop) and the 

integrity was determined using the Bio Analyzer (Agilent) before and after fragmentation 

of 15 μg of the labelled cRNA. Fragmented samples were hybridized on the array chips for 

16 h at 45 °C (GeneChip Hybridization Oven 640, Affymetrix), after which the chips were 

washed and stained using the GeneChip hybridization, wash and stain kit and the GeneChip 

Fluidics Station 450 (Affymetrix). Chips were then scanned using the Affymetrix 

GeneChip Scanner 3000 7G, and raw data were extracted using the GeneChip Operating 

Software (Affymetrix).  

 

Data Analysis 

Quality control of the microarray data was performed using Bioconductor packages 

(including simpleaffy and affyplm), through the R pipeline, which can be accessed via 

Gene Pattern (Reich et al., 2006). Gene pattern was used for pre-processing of the 

microarray data. The scaling factor, background, percentage present spots, and 

housekeeping controls were checked for each chip. Arrays were normalized using Robust 

Multichip Average (RMA), employing the Expression File Creator module (Grundler et al., 

2001). RMA is a common algorithm for converting raw Affymetrix data to gene expression 

values. In addition, the MBNI Custom CDF, which contains updated probe set definitions 

for Entrez Gene IDs, was 

applied(http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/11.0.1/ent

rezg.asp). After normalisation, 2log-ratios were created for each probe set, followed by 

correcting the value for each sample by the average of the DMSO control.  

 

Hierarchical clustering and pathway analysis 

Hierarchical clustering was performed using the programs Cluster (uncentered correlation; 

average linkage clustering) and Treeview (Eisen et al., 1998). For genes within the 

subclusters of the hierarchical cluster heat map, pathway analysis was done using Metacore. 

This is an online program used for functional and biological interpretation of gene 

expression data. Overrepresentation of genes from signalling and metabolic pathways is 

assessed by hypergeometric distribution (Ekins et al., 2006). Pathways with a p value ≤ 10-

5 were considered significant.  

 

  



DON shares a similar mode of action as the ribotoxic stress inducer anisomycin 

while TBTO shares ER stress patterns with the ER stress inducer thapsigargin 

based on comparative gene expression profiling in Jurkat T cells 

111 

Gene set enrichment analysis (GSEA) 

GSEA is a statistical analysis tool for microarray data that is used to detect biological 

processes affected and to provide insight into the affected molecular mechanisms. GSEA 

makes use of predefined gene sets that are based on previous experimental results and 

literature. GSEA has the advantage over other statistical tools that no initial filtering is 

applied to the dataset to select significantly differentially expressed genes. GSEA ranks all 

the genes based on their expression ratios and determines whether genes from a particular 

gene set are significantly enriched at the top or the bottom of the ranked list (Subramanian 

et al., 2005). This enables detection of significantly affected gene sets, while the fold 

change of expression of individual genes can be relatively modest. GSEA was performed 

for all treatment groups vs. controls at the same time point. Gene sets with a p value ≤ 0.05 

and a false discovery rate (FDR) ≤ 0.25 were considered being significantly affected. For 

GSEA analyses we used gene sets from various sources: 

1. Lymphocyte database: gene sets were taken from a database published by Shaffer et al. 

(2001).  

2. Tox-action (self-made). Gene sets were created from Gene Ontology, REACTOME and 

literature. For literature references see Supplementary file (Tox action references).  

3. Biocarta-2: gene sets were downloaded from Biocarta database.  

 (http://www.biocarta.com/). 

4. Transcription factor targets: Gene sets were selected from microarray studies on a) toxic 

action of compounds or b) target genes of toxicity–related transcription factors. 

5. Gene Ontology (GO): gene sets were downloaded from the Gene Ontology consortium 

(http://www.geneontology.org/) including molecular function, biological process and 

cellular components.  

 

Heat maps of gene sets 

We made selections of genes indicative for a process or pathway and visualized the 

expression of those genes using the programs Cluster and Treeview (Eisen et al., 1998). 

The genes of the gene sets involved in ribosome function, RNA transcription and apoptosis 

were taken from Gene Ontology (http://www.geneontology.org/). The genes of the gene 

sets that were involved in oxidative stress, mitochondrion function and NRF2 activation 

were taken from KEGG, Biocarta and from literature mining. The gene set of genes 

upregulated during T cell activation was taken from the lymphocyte database (Shaffer et al., 

2001). Genes involved in the different stages of the unfolded protein response (UPR) were 

taken from Civelek et al. (2009) and Kuny et al. (2012). Genes were selected for 

visualisation using the criteria ≥ 1.7-fold up-or down regulated vs. the average of the 

controls in ≥ 3 of 15 arrays. Genes that are involved in multiple processes are presented in 

multiple figures.  
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Results 

 

Cell viability 

Figure 1 shows the effects of the compounds on cell viability that were determined by 

measuring mitochondrial activity (WST-1 assay). The criterion for selecting subcytotoxic 

doses for microarray experiments was similar to that applied in our previous experiments. 

Exposure doses were selected that induce approximately 20 % reduction in cell viability 

after 24 h exposure (Katika et al., 2011; Schmeits et al., 2013; van Kol et al., 2011). Based 

on this criterion, Jurkat cells were exposed for 6 h to 0.25 µM anisomycin, 0.5 µM DON, 1 

µM ionomycin, 0.2 µM TBTO, and 0.5 µM thapsigargin.  

 
Fig. 1. Average viability of Jurkat T cells after 6 or 24h exposure to Anisomycin (A), DON (B), Ionomycin (C), 

TBTO (D) or Thapsigargin (E), based on WST-1 measurements. The relative viability after treatment is presented 

as percentage compared to the vehicle control DMSO at the same time point. Results shown are mean ± SD of 

three independent measurements. *: p < 0.05 and **: p < 0.01 compared to control (Student’s T test). 
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Hierarchical clustering and pathway analysis 

Unsupervised hierarchical clustering was performed for genes that were ≥ 1.7 fold up- or 

downregulated versus the average of the controls in at least 3 out of 15 arrays. As shown in 

Fig. 2, sixteen main gene clusters could be distinguished and were further examined for 

overrepresentation of genes involved in signalling pathways or biological processes using 

Metacore analysis. The sixteenth cluster did not result in any significant pathways and was 

therefore not assigned a letter. In all clusters, similar results were obtained for the genes 

affected by anisomycin and DON. A high proportion of the genes in clusters A-C was 

related to transcription, RNA processing and ribosomes, which were upregulated by 

anisomycin and DON, which very well suits the hypothesis that DON is a ribotoxic stress 

inducer. Other genes that were upregulated by anisomycin and DON were involved in ER 

stress (cluster F) and DNA dependent transcription, cell cycle and regulation of metabolic 

processes (cluster G). Clusters of genes that were downregulated were involved in protein 

modification, purine nucleotide biosynthesis, negative regulation of apoptosis and RNA 

splicing (cluster K), stress response, anti-apoptosis, protein folding and cell death (cluster 

L), cell-cell signalling (cluster M), sterol metabolism (cluster N) and cellular migration and 

cytokine secretion (cluster O).  

Similarities, but also some clear differences were seen when the expression profile of 

TBTO was compared to thapsigargin. Genes related to ribosome biogenesis, RNA 

metabolic process and RNA and rRNA processing (clusters A and B) were downregulated 

by TBTO, whereas they were almost unaffected by thapsigargin. Genes in cluster D were 

involved in protein folding ER and T cell activation and were upregulated by thapsigargin 

whereas they were less affected by TBTO as compared to thapsigargin. Consistent with the 

mode of action for endoplasmic reticulum stress induction, genes in clusters E and F 

(Protein folding and ER stress pathway) mostly were upregulated by both TBTO and 

thapsigargin. Genes involved in DNA dependent transcription, cell cycle and regulation of 

metabolic processes (cluster G) were upregulated by TBTO and to lesser extent also by 

thapsigargin. Genes involved in amino acid processing and tRNA amino acetylation 

(cluster H) were also upregulated by TBTO and thapsigargin, whereas genes involved in 

DNA packaging and nucleosome assembly (Cluster I) were uniquely upregulated by 

TBTO. A heat map of the 88 genes of this cluster is given in Supplementary Figure 1. This 

cluster includes eight genes encoding histones and several genes coding for heat shock 

proteins (e.g. HSPA6, HSPA1a and DNAJb14) that are co-chaperones involved in protein 

folding (Nollen et al., 1999). Genes that were downregulated by TBTO and thapsigargin 

were involved in RNA processing, protein modification and cellular migration and cytokine 

secretion (clusters J, K and O). Opposite effects for TBTO and thapsigargin was found for 

genes involved in cell-cell signalling and neurotransmitter transport (cluster M). TBTO 

upregulated and thapsigargin downregulated these genes, respectively.  

Ionomycin induced expression of genes that were related to protein folding ER and T cell 

activation (cluster D), which is in agreement with its use as positive control for T cell 

activation. Genes in this cluster were also upregulated by thapsigargin, but much less or not 
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affected by TBTO and in part downregulated by anisomycin and DON. This is the only 

cluster of genes that was convincingly affected by ionomycin. A heat map of the 95 genes 

of cluster D is given in supplementary figure 2. Some minor other effects include a slight 

upregulation of genes involved in cluster E (protein folding ER, ER induced apoptosis) and 

cluster H (amino acid processing). Genes involved in cellular migration and cytokine 

secretion (cluster O) were partly downregulated by ionomycin. Genes in the sixteenth 

cluster were not involved in a specific pathway.  

 
Fig. 2. Unsupervised hierarchical clustering of genes altered by anisomycin, DON, ionomycin, TBTO or 

thapsigargin exposure in Jurkat T cells. This heat map contains 2557 genes that were > 1.7 times (2Log ratio > 

0.8) up- or downregulated versus the average of the controls in Jurkat cells in at least 3 of 15 arrays. Data for each 

array is presented as 2Log ratios versus the average of the controls. The corresponding biological processes 

according to Metacore analysis are indicated per subcluster. Green is downregulation, red is upregulation and 

black represents no effect. 
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Gene set enrichment analysis 

Gene set enrichment analysis (GSEA) was used for the identification of gene sets affected 

by the exposures in Jurkat cells. As a first step, genes are ranked on their expression ratios 

and GSEA then determines whether genes from a particular gene set are significantly 

enriched at the top or the bottom of the ranked list. The advantage of this method over the 

method of hierarchical clustering is that no initial filtering of the data is performed. GSEA 

enabled us to compare our microarray results with data published in literature or put 

forward by other microarray studies. GSEA was performed on each of the five treatments in 

comparison to the control samples. Gene sets were taken from five different collections (see 

section 2.9). The GSEA results were visualized in a heat map, Fig. 3. 

Anisomycin upregulated expression of genes mainly involved in RNA and ribosomal 

processes and also induced ER stress and apoptosis. In total, sixteen gene sets were 

upregulated by anisomycin of which protein transport is the only one that was not also 

upregulated by DON. Anisomycin downregulated one gene set that was also downregulated 

by DON. Thus, the effect of anisomycin on these gene sets is shared by DON in sixteen out 

of seventeen gene sets which very well suits our hypothesis that DON and anisomycin have 

a similar mode of action. Gene sets that were upregulated by DON and not by anisomycin 

included genes upregulated after activation of NRF2 or NFκB, T cell activation, DNA 

repair, mitochondrion and translation.  

Thapsigargin significantly affected gene sets linked to ER stress, T cell activation and 

protein transport and processing and downregulated genes related to immune response and 

RNA. Two of the four gene sets that were upregulated by thapsigargin were also 

upregulated by TBTO, being ER stress and T cell activation. Next to these, TBTO also 

upregulated other gene sets such as apoptosis, NRF2, NFκB and mitochondrion. Similar to 

thapsigargin, TBTO also downregulated gene sets related to RNA and ribosomes, although 

more gene sets were downregulated by TBTO than by thapsigargin. 

As expected, the ionophore ionomycin upregulated calcium related processes. Ionomycin, 

DON as well as TBTO upregulated ER stress, apoptosis, T cell activation, NRF2 and 

NFκB. Gene sets related to RNA and transcription were downregulated by ionomycin. 

Based on the GSEA analysis, anisomycin and DON show more overlap in their response 

then TBTO and thapsigargin. Differences between the ribotoxic and ER stress inducers lie 

mainly in the RNA and ribosome associated processes. To assess the genes responsible for 

enrichment of the gene sets, heat maps showing the effects on the individual genes within 

the main gene sets are given in the following sections.  
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Fig. 3. Heatmap of processes significantly altered in Jurkat cells showing the overview of the effects of 

anisomycin (ANISO), deoxynivalenol (DON), ionomycin (ION), tributyltin oxide (TBTO) and thapsigargin (TG) 

on a selection of gene sets that were run in GSEA (selection; p value ≤ 0.05, FDR ≤ 0.25). Each line represents 

one gene set. Scale indicates statistical significance (p-value) of the gene set. Green represents downregulation, red 

upregulation and black no effect. 

 

Ribosome and RNA transcription  

DON and anisomycin upregulated DNAJC1, NOLC1, RSL1D1 and EXOSC2 and 

downregulated RPL27A, FNBP1 and to lesser extent EIF2S2 (Fig. 4A). Of these genes, 

NOLC1 is known to support ribosome biogenesis in unstressed cells (Krastev et al., 2011). 

Ionomycin exerted only very minor expression changes in these genes indicating very 

limited effects of raised calcium levels on ribosomal function. In contrast, TBTO and to 

lesser extent thapsigargin downregulated EXOSC7, NOLC1, GEMIN4, RSL1D1, EXOSC2 

and RPL27A. Of these, Thapsigargin downregulated NOLC1, GEMIN4 and EXOSC2. 
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Thapsigargin convincingly upregulated the expression of SERP1 and PDE4DIP and 

induced a minor upregulation of DNAJC1 and EIF2S2. TBTO also upregulated DNAJC1 

while upregulation of SERP1 and PDE4DIP was less obvious.  

Genes involved in the transcription of RNA were presented in Fig. 4B. Consistent with the 

hypothesis that anisomycin and DON have a similar mode of action, the two compounds 

induced similar effects; most of the genes were upregulated by both anisomycin and DON. 

TBTO upregulated six genes and downregulated four genes. The reason for this mixed 

response of TBTO on this set of genes is unclear. The effects of ionomycin and 

thapsigargin on this gene set were very limited. 

 
Legends for Figures 4-7: 

Sub-selection of genes involved in ribosomal function (Fig. 4A), RNA transcription (Fig. 4B), unfolded protein 

response (Fig. 5), T cell activation (Fig. 6A), NRF2 activation (Fig. 6B), apoptosis (Fig. 7A) and mitochondrion 

function (Fig. 7B). Jurkat T cells were exposed for 6 h to subcytotoxic doses of anisomycin, DON, ionomycin,  

TBTO and thapsigargin. Selection of genes is based on ≥ 1.7-fold up or downregulated in ≥ 3 out of 18 arrays. 

Values were displayed as 2Log ratios versus the average of the controls. Green represents downregulation, red is 

upregulation and black means no effect. 

Scale is as follows: 

 
 

 
Fig. 4A. Genes involved in ribosomal function. 

Anisomycin and DON upregulated genes involved in ribosomal function. TBTO and thapsigargin both 

downregulated more than half of the genes. Ionomycin has no effect on these genes. 11 out of 71 genes were 

selected. 
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Fig. 4B. Genes involved in RNA transcription.  

Genes involved in the process of transcription of RNA were upregulated by anisomycin, DON and TBTO. 

Ionomycin and thapsigargin have little to no effect on these genes. 15 out of 65 genes were selected. 

 

Endoplasmic reticulum stress involved genes 

Figure 5 shows heat maps for genes that play a role within one or more processes involved 

in the induction of ER stress. The model compound for induction of ER stress, 

thapsigargin, induces the highest proportion of genes within each of the processes except 

induction of heat shock proteins. In this latter pathway, TBTO induces the highest number 

of genes. Compared to TBTO and thapsigargin, only few genes involved in the processes 

from ER protein folding control to ER associated protein degradation (ERAD) are 

upregulated by anisomycin and DON. However, anisomycin and DON induce a higher 

proportion of genes related to ER stress related transcription factors and apoptosis. 

Ionomycin induced expression of genes that encode heat shock proteins or play a role in 

ERAD, ER related transcription factors and ER related apoptosis.  
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Fig. 5. Genes involved in different stages of Unfolded Protein Response. 

Thapsigargin and TBTO induced most of the genes in all processes of the unfolded protein response. DON and 

anisomycin downregulated genes of processes early in the unfolded protein response and upregulated genes in 

later stages (ER stress transcription factors and ER related apoptosis). Ionomycin also induced expression of genes 

particularly in later stages of the unfolded protein response. 

 

T cell activation 

Many of the genes known to be upregulated during T cell activation were also upregulated 

by anisomycin, DON, ionomycin, TBTO and thapsigargin. Remarkably, the positive 

control for T cell activation ionomycin upregulated less genes than the other compounds. 

Almost all T cell activation-induced genes upregulated by thapsigargin were also 

upregulated by TBTO. Other T cell activation-related genes were, however, uniquely 

upregulated by TBTO (Fig 6A). Five genes (CD55, CD69, PMAIP1, BACH2 and EVI2A) 

were upregulated by all compounds tested in this study. TBTO upregulated the highest 

number of the T cell activation related genes. A subset of genes upregulated by TBTO and 

thapsigargin were downregulated by DON and anisomycin (such as TNFSF9 and DUSP6) 

and vice versa (such as MYC and RHOH).  

TNFSF9 induces the proliferation of activated peripheral blood T-cells (Shuford et al., 

1997), while DUSP6 inactivates MAPK/ERK pathways (Muda et al., 1998). MYC activates 
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the transcription of proliferation related genes (Marcu et al., 1992). RHOH is a critical 

regulator of thymocyte development and T-cell antigen receptor (TCR) signalling by 

mediating recruitment and activation of ZAP70 (Gu et al., 2006). TBTO and thapsigargin 

may thus activate peripheral T cells, whereas anisomycin and DON might act on 

development of T cells in the thymus.  

 
Fig. 6A. Genes involved in T cell activation. 

TBTO induced most of the genes involved in T cell activation. Anisomycin, DON, ionomycin and thapsigargin 

induced expression of half of the gene selection and repressed the expression of a few other genes. 46 out of 70 

genes were selected. 
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Fig. 6B. Genes involved in NRF2 activation 

Genes upregulated during NRF2 activation were upregulated by ionomycin, TBTO and thapsigargin exposure. 

Anisomycin and DON upregulated some genes but also downregulated half of the genes. 97 genes out of 452 

genes were selected. 

 

NRF2 activation and oxidative stress 

NRF2 is a transcription factor that is activated by oxidative stress. From the model 

compounds, thapsigargin induced the highest number of NRF2 target genes (Fig. 6B). 

Many of the thapsigargin induced NRF2 target genes were also upregulated by TBTO while 

another smaller subset was uniquely upregulated by ionomycin and thapsigargin. 

Anisomycin and DON downregulated a relatively high proportion of NRF2 target genes. 

Two well-known target genes of NRF2 are RGS2 and CREBBP (Katoh et al., 2001; Salim 

et al., 2011). RGS2 is upregulated by ionomycin, TBTO and thapsigargin and CREBBP is 

upregulated by anisomycin, DON, TBTO and thapsigargin.  

 

Apoptosis 

Many apoptosis related genes were clearly affected by TBTO, DON, thapsigargin and 

anisomycin (Fig. 7A). The expression patterns of anisomycin and DON were almost 

identical, which again fits to the hypothesis that both compounds act via the same mode of 

action. The majority of the thapsigargin affected genes were affected in the same direction 

by TBTO. Genes that were downregulated by TBTO were also downregulated by 

thapsigargin. Differences were observed for a group of genes that were upregulated by 

TBTO but not by thapsigargin (genes GADD45B – CASP8). Ionomycin induced a 

relatively low number of genes of which might indicate that a calcium rise alone only 

slightly induces apoptosis in T cells.  
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Fig 7A. Genes involved in apoptosis  

Genes related to apoptosis were downregulated by anisomycin, DON and thapsigargin. A smaller portion of the 

genes was upregulated by these three compounds. TBTO upregulated and downregulated half of the genes. 88 

genes out of 245 genes were selected. 

 

Mitochondrion proteins 

Genes encoding for mitochondrial proteins were similarly upregulated by anisomycin and 

DON (Fig. 7B). Nearly all genes encoding for mitochondrial proteins were downregulated 

by TBTO, whereas only half of these genes was downregulated by thapsigargin. Ionomycin 

had minimal effect on this set. The upregulation of mitochondrion proteins by DON was 

shown in our previous experiments on Jurkat cells (Katika et al., 2012b). On the other hand, 

the downregulation of these proteins by TBTO is a new finding. 

 
Fig. 7B. Expression of genes involved in mitochondrion protein function.  

Most of the genes involved in mitochondrion function are upregulated by anisomycin and DON and 

downregulated by TBTO and thapsigargin. Ionomycin has no effect on these genes. In total 15 out of 63 genes 

were presented. 

 

Discussion  

Our previous gene expression studies indicated that DON, but not TBTO, affects gene sets 

related to ribosome function, RNA/protein synthesis and processing. On the other hand, 

DON and TBTO commonly affected processes such as ER stress, calcium mediated 

signalling, NFκB pathway, T cell activation, oxidative stress and apoptosis. The present 

study aimed to further substantiate the possible mechanisms underlying the immunotoxicity 

of DON and TBTO. For this, the effects of DON and TBTO on gene expression profiles in 

Jurkat cells were compared to those of model compounds for the induction of ribotoxic 

stress (anisomycin), ER stress (thapsigargin) and T cell activation (ionomycin). The 

rationale was that compounds with similar modes of action will induce similar gene 

expression profiles. Genes affected by DON and TBTO that are not affected by the model 

compounds would indicate additional effects. 

Hierarchical clustering indicated that anisomycin and DON have very similar effects in 

Jurkat cells, since the responses of gene expression to these compounds were almost 
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identical as shown in the cluster of 2557 genes in Figure 2. The similarity was also big on 

gene sets that were affected by both compounds (Fig. 3). In accordance with this, DON and 

anisomycin also affected many genes into the same direction. The biological interpretation 

of the transcriptomics data indicated that anisomycin as well as DON upregulated genes 

involved in ribosome, RNA/protein synthesis and processing, ER stress, mitochondria, 

oxidative stress, T cell activation and apoptosis. This confirms earlier findings that both 

compounds bind to and damage ribosomes and activate ribosome associated kinases leading 

to ribotoxic stress (Iordanov et al., 1997). In addition, a recent study showed that the effects 

of anisomycin on ribosomal RNA cleavage were similar as observed for DON (He et al., 

2012). Taken together, anisomycin and DON both elevated the expression of genes 

involved in the entire route of RNA and protein synthesis, which might be a compensation 

mechanism for the inhibiting action of anisomycin and DON on protein synthesis. 

Hierarchical clustering also visualized similarities and differences between the effects of 

TBTO and the model compound for ER stress, thapsigargin. Most genes affected by 

thapsigargin were also affected in the same direction by TBTO (Fig. 2) which confirms our 

previous findings that TBTO induces ER stress. Moreover, both thapsigargin and TBTO 

induce many genes involved in ER stress, mitochondria, oxidative stress, T cell activation 

and apoptosis. In general, TBTO affected more genes of these pathways or generated higher 

induction values than thapsigargin. An exception were genes known to be involved in 

unfolded protein binding or ER stress (Fig. 5) of which more genes were affected by 

thapsigargin than by TBTO. In contrast to anisomycin and DON, thapsigargin and TBTO 

downregulated most of the gene sets involved in RNA and ribosomal function (Fig. 3) 

indicating that thapsigargin and TBTO do not induce a ribotoxic stress response. 

Our data allow to compare two routes of ER stress induction, being ER stress induction via 

ribotoxic stress or via direct effects on the ER. The ribotoxic stress inducers anisomycin 

and DON induced only few genes and downregulated relatively many genes involved in the 

unfolded protein response (Fig. 5, ER protein folding, ‘unfolded and misfolded protein 

binding’, and ER associated protein degradation). In contrast, TBTO and the direct ER 

stress inducer thapsigargin induce a high proportion of genes involved in the unfolded 

protein response. This includes HERPUD1, that is well-known to be involved in the 

destruction of misfolded proteins during the unfolded protein response (Hori et al., 2004). 

This difference is likely due to that ribotoxic stress induces a stop of translation leading to 

less proteins entering the ER which tempers the unfolded protein response. TBTO (Katika 

et al., 2012a) and thapsigargin directly affect the ER which does induce the unfolded 

protein response. At the end, however, both anisomycin and DON as well as thapsigargin 

and TBTO induce ER stress related transcription factors and apoptosis inducing genes (Fig. 

5).  

Thapsigargin is known for its high affinity to bind and inhibit the ER Ca2+ ATPase 

SERCA leading to induction of ER stress, T cell activation and apoptosis (Rogers et al., 

1995; Treiman et al., 1998). It has been proposed before that also TBTO induces ER stress 

by acting on SERCA (Kass and Orrenius, 1999; Katika et al., 2012a). In that case, all genes 
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affected by thapsigargin would be expected to be affected in the same direction by TBTO 

as well. This is true for some groups of genes (Fig. 2, clusters B, C, E, F, H, J, K, O) but not 

for all genes. Particularly, the genes within Fig. 2, cluster D (also Suppl. Fig. 1), and part of 

cluster G, and Fig. 5 are uniquely affected by thapsigargin. The genes within cluster D are 

not only upregulated by thapsigargin but also by ionomycin. The induction of these genes is 

likely due to the release of calcium from intracellular storages which is a known effect of 

both thapsigargin and ionomycin (Imboden et al., 1985; Jiang et al., 1994). Therefore, the 

observation that induction of genes by thapsigargin and not by TBTO indicates that TBTO 

likely affects another target than SERCA. In addition, TBTO induces effects that are not 

induced by thapsigargin, for example increased expression of genes involved in DNA 

packaging and nucleosome assembly (Fig. 2, cluster I, Suppl. Fig 2), genes encoding for 

heat shock proteins (Fig. 5) and apoptosis inducing genes (Fig. 7A) and decreased 

expression of genes coding for mitochondrial proteins (Fig. 7B). The effect of TBTO on 

heat shock proteins is a new finding, although Hsp70 protein was increased in stingrays that 

were exposed to TBTO (Dwivedi and Trombetta, 2006). Also the downregulation of genes 

coding for mitochondrial proteins is a new finding. This indicates that TBTO induces more 

effects than those on the ER alone. 

Ionomycin was included as a reference compound that increases intracellular calcium levels 

which in turn induces a T cell activation response. In accordance to the expectations, 

ionomycin did induce genes involved in calcium binding and T cell activation (Fig. 3 and 

6A). Ionomycin had minimal effects on ribosomal genes, RNA processing and 

mitochondrial genes (Figs 3, 4 and 7B) but did induce genes involved in ER stress and 

apoptosis. This indicates that a raise of intracellular calcium levels is sufficient for 

induction of ER stress and apoptosis next to T cell activation in Jurkat cells. It is interesting 

that a group of genes (Suppl. Fig. 1) are uniquely upregulated by ionomycin and 

thapsigargin. This set of genes included genes involved in the unfolded protein response 

and T cell activation. 

During normal T cell activation, calcium release from the ER is triggered by inositol-1,4,5-

trisphosphate (IP3) that is generated as a response to antigen binding to the T-cell receptor 

(Gwack et al., 2007). DON and TBTO are not expected to activate the T cell receptor but 

the T cell activation response is likely activated by the induction of calcium release from 

the ER. Induction of calcium influx from the ER by ionomycin (Morgan and Jacob, 1994) 

induced the expression of a subset of genes involved in protein folding in the ER, ER stress 

(UPR) and T cell activation (fig. 2, cluster D and Fig. 5). The impact of ionomycin on 

overall gene expression was much less than that of anisomycin, DON, TBTO and 

thapsigargin, indicating that direct effects on ribosomes and the ER induce many more 

genes than those induced by a raise of calcium ions alone. 

The effects of DON on mitochondrial proteins are in accordance with our previous findings 

on the effect of DON on mitochondria in Jurkat cells (Katika et al., 2012b). An overview of 

genes coding for mitochondrial proteins showed that anisomycin and DON induced most of 

the mitochondrial ribosomal proteins whereas these were downregulated or not affected by 
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TBTO and thapsigargin (Fig. 7B). The downregulation of mitochondrion protein genes was 

more pronounced for TBTO than for thapsigargin. Mitochondrion related genes such as 

MRPS18A and MRPS30 were upregulated by anisomycin and DON in the present study 

and were also upregulated by DON exposure in Jurkat T cells in a previous study (Katika et 

al., 2012b). Mitochondrial damage leads to oxidative stress and genes related to oxidative 

stress response were affected by anisomycin, DON, ionomycin, thapsigargin and TBTO. A 

subset of genes related to oxidative stress and NRF2 pathway were affected by anisomycin 

and DON and approximately half of the genes were upregulated by TBTO and thapsigargin 

(Fig. 6B). Some of these latter genes, such as RORA, MAFF and USP30, are also 

upregulated by anisomycin and DON. Overall, however, anisomycin and DON induce less 

genes that are known to be involved in the NRF2 pathway than TBTO and TG. In addition, 

TBTO and, more convincingly, thapsigargin exposure upregulated SERP1 expression, a 

gene which is elevated after oxidative stress leading to the accumulation of unfolded 

proteins (Yamaguchi et al., 1999). This suggests that TBTO and thapsigargin cause more 

oxidative stress than anisomycin and DON that is not caused by their effects on 

mitochondrial proteins. Induction of oxidative stress in Jurkat cells by DON and TBTO has 

also been detected in our previous studies (Katika et al., 2012b; Katika et al., 2011). 

Induction of oxidative stress by the production of reactive oxygen species by DON and 

TBTO has also been described in HepG2 cells (Zhang et al., 2009).  

Although some of the gene sets were not significantly affected by anisomycin, ionomycin 

and thapsigargin according to GSEA analysis (Fig. 3), a number of genes that are related to 

ribosome, RNA biosynthesis, NRF2 pathway, T cell activation, apoptosis and mitochondria 

are affected by all the compounds (Fig. 4-7). This difference will be partly due to the fact 

that GSEA imply all genes for its significance testing while the heat maps only show genes 

that are at least 1.7x up or downregulated. In addition, gene sets for which a part is 

upregulated and another part downregulated will not be significantly enriched according to 

the GSEA statistics.  

An effect found uniquely for TBTO in this study was the upregulation of genes involved in 

DNA packaging and nucleosome assembly (Fig. 2 cluster I; supplementary Fig. 2). Eight of 

these TBTO induced genes encode for histones and this reveals a mode of action of TBTO 

that has not been published before. Since these genes were not regulated by thapsigargin, 

this indicates a difference in the modes of action of both compounds.  

In summary, the present study demonstrates that DON has a similar mode of action as the 

ribotoxic stress inducer anisomycin. DON did not affect other genes than anisomycin 

indicating the effect of DON to be restricted to ribotoxic stress. The similarity of gene 

expression profiles induced by TBTO and thapsigargin including effects on ER stress 

related genes confirm earlier indications that the mode of action of TBTO is induction of 

ER stress. TBTO also induced groups of genes that are involved in DNA packaging and 

heat shock response that are not affected by thapsigargin indicating an additional mode of 

action. DON, anisomycin, TBTO and thapsigargin induce ER stress that finally results in T 

cell activation, oxidative stress and apoptosis. DON and anisomycin induce ER stress via 
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ribotoxic stress while TBTO and thapsigargin induce ER stress independently of ribotoxic 

stress. Gene expression changes based on a raise in intracellular calcium alone (ionomycin) 

were less than those induced by DON, anisomycin, TBTO and thapsigargin but 

thapsigargin does induce genes involved in ER stress, T cell activation, oxidative stress and 

apoptosis either. 
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Abstract 

Previously, we identified 25 classifier genes that were able to assess immunotoxicity using 

human Jurkat T cells. The present study aimed to validate these classifiers. For that 

purpose, Jurkat cells were exposed for 6 h to subcytotoxic doses of nine immunotoxicants, 

five non-immunotoxicants, and four compounds for which human immunotoxicity has not 

yet been fully established. RNA was isolated and subjected to Fluidigm qRT–PCR analysis. 

The sensitivity, specificity and accuracy of the screening assay as based on the nine 

immunotoxicants and five non-immunotoxicants used in this study were 100 %, 80 % and 

93 %, respectively, which is better than the performance in our previous study. Only one 

compound was classified as false positive (benzo-e-pyrene). Of the four potential (non-

)immunotoxicants, chlorantraniliprole and Hidrasec were classified immunotoxic and 

sunset yellow and imidacloprid as non-immunotoxic. ToxPi analysis of the PCR data 

provided insight in the molecular pathways that were affected by the compounds. The 

immunotoxicants 2,3-dichloro-propanol and cypermethrin, although structurally different, 

affected protein metabolism and cholesterol biosynthesis and transport. In addition, four 

compounds, i.e. chlorpyrifos, aldicarb, benzo-e-pyrene and anti-CD3, affected genes in 

cholesterol metabolism and transport, protein metabolism and transcription regulation. 

qRT-PCR on eight additional genes coding for similar processes as defined in ToxPi 

analyses, supported these results. In conclusion, the 25 immunotoxic classifiers performed 

very well in a screening with new non-immunotoxic and immunotoxic compounds. 

Therefore, the Jurkat screening assay has great promise to be applied within a tiered 

approach for animal free testing of human immunotoxicity.  
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Introduction 

Direct immunotoxicity is defined as the action of a compound on components of the 

immune system that lead to either immunostimulation or immunosuppression. The 

assessment of direct immunotoxicity is an important part of the overall toxicological 

investigation of chemicals (Lankveld, et al. 2010). Several authorities including the 

European Medicines Agency (EMEA 2006) and the US Food and Drug Administration 

(FDA 2002) emphasize the need to evaluate immunotoxic effects during the preclinical 

phase of drug development. Other authorities such as the Organisation for Economic 

Cooperation and Development (OECD) (Institoris, et al. 1998) and the Environmental 

Protection Agency (EPA 2013) stress the need for safety assessment of food contaminants 

and environmental pollutants. Current immunotoxicity screening still focuses on rodent in 

vivo models. Since the implementation of REACH, that requires the evaluation of chemical 

hazards for chemicals of which the yearly production exceeds one tonne, progress has been 

made towards development of in vitro alternatives for immunotoxicity testing (EC 2006).  

In our previous work, using the in vitro Jurkat T cell model, we identified and validated 25 

biomarker genes representative for different mechanisms underlying direct immunotoxicity 

(Shao, et al. 2014, Shao, et al. 2013) (Table 1). Jurkat T cells were chosen since they are 

easy to work with, cheap, readily available and of human origin, making extrapolation to 

human hazard easier than an animal cell model. Jurkat cells have also been applied in 

assessing the effect of compounds on mitogen-induced proliferation and migration 

(Fernandez-Riejos, et al. 2008, Fischer, et al. 2004).  

On the basis of the outcome of the previous study, two important questions were raised. 

Firstly, how does the screening system perform towards new classes of immunotoxicants 

that have not been tested yet? This question is relevant because the biomarkers are based on 

a set of chemicals belonging to a variety of compound classes such as metals, mycotoxins, 

herbicides, insecticides, fungicides. Therefore, how this biomarker based system will 

perform when exposing to a compound from a class that has not been tested should be 

further investigated. Secondly, only a limited number of non-immunotoxic compounds has 

been tested, which resulted in a less satisfactory specificity. How will this screening system 

perform when more non-immunotoxicants are included? To answer these important issues, 

new compounds were searched for in literature and reports. 

In total we selected nine known immunotoxicants, five known non-immunotoxicants and 

four compounds for which it was not fully established whether they are immunotoxic or not 

(Table 2). Known immunotoxicants from new compound classes include the 

chloropropanol food contaminant 2,3-dichloro-1-propanol (2,3-DCP) (Lu, et al. 2013), the 

biological anti-CD3 (Ishiguro and Xavier 2004, Weetall, et al. 2002), the organophosphorus 

pesticide chlorpyrifos which causes immunotoxicity in T cells and NK cells (Dunier, et al. 

1991, Noworyta-Glowacka, et al. 2012), the lectin phytohaemagglutinin (PHA-L) 

(Mitsuishi, et al. 1986) and the poly-brominated flame retardant tetrabromobisphenol A 

(TBBPA) (Birnbaum and Staskal 2004, Pullen, et al. 2003). In addition, immunotoxic 

compounds from classes tested before were included: the insecticides cypermethrin and 
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aldicarb (Jin, et al. 2011), and the mycotoxin zearalenone (Abbes, et al. 2013).The 

insecticide aldicarb increased T cell populations in women drinking contaminated water 

(Mirkin, et al. 1990), however aldicarb was assessed to be non-immunotoxic in mice 

(Thomas, et al. 1987). Arsenic trioxide was already tested before in the Jurkat screening 

model and is tested again as a positive control as it showed the largest effects on the 

biomarker genes (Shao, et al. 2013). 

Since the results of compounds that have been tested as non-immunotoxic are less likely to 

be published, a publication bias exists for non-immunotoxic compounds. Therefore, 

searches for non immunotoxicants also concerned governmental reports like those from the 

European CHemicals Agency (ECHA) and the Australian Pesticides and the Veterinary 

Medicines Authority (APVMA). Known non-immunotoxicants selected in this study were 

ametoctradin (APVMA), arsenobetaine (Borak and Hosgood 2007, Sakurai, et al. 2004), 

carbon tetrachloride (CCL4) (Smialowicz, et al. 1991), diuron (ECHA 2014) and benzo-e-

pyrene (White, et al. 2012).  

A third category contains compounds of which immunotoxicity has not been definitively 

been observed. Four compounds were included being sunset yellow FCF, racecadotril 

(Hidrasec), chlorantraniliprole (trade name Rynaxypyr) and imidacloprid. Sunset yellow 

FCF is a food contaminant that was tested immunotoxic in mice (Hashem, et al. 2010, 

Yadav, et al. 2013). Sunset yellow FCF reduced the number of monocytes to 50 % in mice 

in vivo without affecting other immune cells (Hashem, et al. 2010). Hidrasec, which is used 

as treatment for diarrhoea, was assessed to be non-immotoxic in rodents (non-peer 

reviewed publications). Though, the information leaflet mentions that up to 1 % of the users 

suffered from rash and erythema, that are clinical signs of hypersensitivity of the human 

skin to chemicals. Also chlorantraniliprole was evaluated as non-immunotoxic in rodents 

(non-peer reviewed publications). However, chlorantraniliprole is suspected to act on 

release of calcium from intracellular calcium stores (Lahm, et al. 2005) which is an 

important process in T cell activation. Therefore it was decided to include this drug in the 

present study as well. Imidacloprid is a neonicotinoid insecticide and is tested immunotoxic 

in rats and mice (Badgujar, et al. 2013, Gawade, et al. 2013). Nevertheless, there is little 

known about the effects of this compound on the human immune system and on human-

derived immune cells in vitro.  

The aim of this study is twofold. The first aim is to validate the 25 biomarkers previously 

identified by screening new immunotoxic and non-immunotoxic compounds. In our 

previous study the sensitivity, specificity and accuracy were 88, 67 and 85 % (Shao, et al. 

2014). The low specificity was likely due to the fact that only three non immunotoxic 

controls were examined. Therefore, in the present work, the performance of the classifier 

genes is tested using an extended set of non-immunotoxic controls. The second aim is to 

predict the immunotoxicity of five compounds for which insufficient data is available. Next 

to the 25 marker genes identified before, we selected eight additional genes that are known 

to be biomarkers for specific processes including T cell activation, ER stress, cholesterol 

homeostasis and cell cycle (Table 4). It was envisaged that the response of these genes in 
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combination with the 25 markers for immunotoxicity will provide insight in the 

mechanisms of action of the compounds. For assessing the mRNA expression response of 

the 33 genes to the 19 compounds in Jurkat cells, we used a Fluidigm high-throughput PCR 

system, which has proven to be a fast and reliable system to study gene expression (Shao, et 

al. 2014). The set of 25 biomarkers yielded a sensitivity of 100 %, specificity of 80 % and 

accuracy of 93 %. This performance was better than that obtained in the previous validation 

experiment (Shao, et al. 2014).  

 

Table 1. Overview of 28 primers that were used as classifiers of immunotoxicity. The latter three primers (italics) 

were used as reference genes. 

Gene Symbol Description mRNA accession Taqman assay 

ABCA1 
ATP-binding cassette, sub-family A 

(ABC1), member 1 
NM_005502 Hs01059118_m1 

ABCG1 
ATP-binding cassette, sub-family G 

(WHITE), member 1 
NM_004915 Hs00245154_m1 

AK4 adenylate kinase 4 NM_001005353 Hs03405743_g1 

ALDH8A1 
aldehyde dehydrogenase 8 family, 

member A1 
NM_001193480 Hs00988965_m1 

ARRDC3 arrestin domain containing 3 NM_020801 Hs00385845_m1 

BZRAP1 
benzodiazapine receptor (peripheral) 

associated protein 1 
NM_004758 Hs00270490_m1 

CCNG2 cyclin G2 NM_004354 Hs00171119_m1 

CEBPB 
CCAAT/enhancer binding protein 

(C/EBP), beta 
NM_005194 Hs00270923_s1 

CHAC1 
ChaC, cation transport regulator 

homolog 1 (E. coli) 
NM_001142776 Hs00225520_m1 

CRIM1 
cysteine rich transmembrane BMP 

regulator 1 (chordin-like) 
NM_016441 Hs00212750_m1 

FBXO32 F-box protein 32 NM_001242463 Hs01041408_m1 

GPR18 G protein-coupled receptor 18 NM_001098200 Hs00245542_m1 

HMGCS1 
3-hydroxy-3-methylglutaryl-CoA 

synthase 1 (soluble) 
NM_001098272 Hs00940429_m1 

HSPA1B heat shock 70kDa protein 1B NM_005346 Hs01040501-sH 
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HSPA5 
heat shock 70kDa protein 5 (glucose-

regulated protein, 78kDa) 
NM_005347 Hs00946084_g1 

ID1 
inhibitor of DNA binding 1, dominant 

negative helix-loop-helix protein 
NM_002165 Hs00357821_g1 

ID2 
inhibitor of DNA binding 2, dominant 

negative helix-loop-helix protein 
NM_002166 Hs00747379_m1 

KLF2 Kruppel-like factor 2 (lung) NM_016270 Hs00360439_g1 

KLHL24 kelch-like 24 (Drosophila) NM_017644 Hs00214210_m1 

NQO1 NAD(P)H dehydrogenase, quinone 1 NM_000903 Hs01045995_m1 

SLC7A11 

solute carrier family 7 (anionic amino 

acid transporter light chain, xc- system), 

member 11 

NM_014331 Hs00921938_m1 

SRXN1 sulfiredoxin 1 NM_080725 Hs00607800_m1 

TM6SF1 transmembrane 6 superfamily member 1 NM_001144903 Hs00224823_m1 

VLDLR very low density lipoprotein receptor NM_001018056 Hs01047538_m1 

VPREB1 pre-B lymphocyte 1 NM_007128 Hs00356766_g1 

B2M 
β2 microglobulin, present on all 

nucleated cells 
NM_004048 H2000984230_m1 

GET4 Golgi To ER Traffic Protein 4 Homolog NM_015949.2 Hs00944514_m1 

PIGG 
Phosphatidylinositol Glycan Anchor 

Biosynthesis, Class G 
NM_017733.3 Hs01107608_m1 
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Table 2. Overview of the compounds, classes and concentrations used. Compounds (n=18) are divided in 

immunotoxic (n=9, top), non-immunotoxic (n=5, middle) and unknowns (n=4, bottom). 

Compound name Class 
Concentration (µM) 

CV80 

Immuno-

toxicity 

2,3-dichloro-1-

propanol 
Food contaminant, chloropropanol 6000 Yes 

Aldicarb Insecticide 1000 Yes 

Anti-CD3 Biological 2.5 ng/µl Yes 

Arsenic trioxide Metal 3 Yes 

Chlorpyrifos Organophosphorous pesticide 1000 Yes 

Cypermethrin Insecticide 1000 Yes 

Phytohaemmagluttinin Lectin 100 ng/ml Yes 

Tetrabromobisphenol A Flame retardant 75  Yes 

Zearalenone Fungal mycotoxin 50 Yes 

Ametoctradin Fungicide 25 No 

Arsenobetaine Organoarsenic compound 20 No 

Benzo[e]pyrene Polyaromatic hydrocarbon 250 No 

Carbon tetrachloride Organic compound 1000 No 

Diuron Herbicide 100 No 

Chlorantraniliprole Insecticide 100 ? 

Imidacloprid Pesticide/insecticide, endocrine disrupter 1000 ? 

Hidrasec Antidiarrheal drug 500 ? 

Sunset yellow – FCF Food additive 500 ? 

 

Materials and Methods 

 

Chemicals 

All chemicals were ordered from Sigma-Aldrich (Zwijndrecht, the Netherlands), except 

anti-CD3 and IgG isotype control (Abcam, Cambridge, UK). 

 

Cell culture 

The human T-lymphocyte cell line (Jurkat) was obtained from the American Type Culture 

Collection (ATCC). Jurkat cells were cultured in RPMI-1640 medium supplemented with 

10% Fetal Calf Serum, 2 mM glutamine, 1 mM sodium pyruvate, 1 mM nonessential amino 

acids, 100 U/ml penicillin, and 100 µg/ml streptomycin (Invitrogen Life Science, Breda, the 

Netherlands). Cells were cultured at 37 °C with 5% CO2 in a humidified atmosphere. The 

medium was refreshed three times a week. 

 



 

Chapter 6 

140 

ATPlite assay 

Cell viability was tested using the ATPlite assay (Perkin Elmer, Oosterhout, the 

Netherlands) which is based on the production of light caused by the reaction of ATP with 

luciferase and D-luciferin. The emitted light is proportional to the amount of ATP, which is 

a marker for cell viability. Jurkat cells were plated 20 h before exposure in a 96 well plate 

(220,000 cells/well). Exposure was done in triplicate in 100 μl medium in 96 well plates for 

24 hours to increasing concentrations of compounds, or to the vehicle controls. After 

exposure, the assay was performed according the manufacturer’s protocol. 

 

Exposures 

Jurkat cells (passage number between 15 and 19) were seeded in 6-well plates containing 

2.7 ml (750,000 cells/well) per well. After growing the cells for 20 hours, exposure was 

initiated by adding 0.3 ml medium containing non-cytotoxic concentration of the 

compounds or vehicle controls. Subsequently, cells were exposed to the compounds for 6 h. 

The maximum final DMSO concentration in the medium was 0.1% (v/v) for all the samples 

which had no effect on viability. For each compound, exposures were performed on three 

different days. IgG was used as a control for the anti-CD3 exposures. DMSO was not 

present in either anti-CD3 or IgG treatments.  

 

RNA isolation and quality control. 

After exposure, the culture medium was removed after centrifugation of the cell suspension 

(5 min at 300 g, 4 °C). The resulting cell pellet was homogenized in 600 μl lysis buffer 

(RLT) (Qiagen, Venlo, Netherlands) supplemented with 10% β-mercaptoethanol and stored 

at -80 °C until further processing. RNA was isolated with the QIAshredder kit (Qiagen) 

according to the manufacturer’s protocol. Subsequently, RNA was purified using the 

mRNeasy kit (Qiagen) including DNase treatment according to the manufacturer’s 

protocol. RNA yield was assessed spectrophotometrically (NanoDrop 2000, Isogen Life 

Science, De Meern, the Netherlands).  

 

Quantitative Real–Time PCR verification.  

Detection of biomarker gene expression changes was performed at ServiceXS (ServiceXS 

B.V., Leiden, The Netherlands) using the 96.96 BioMark™ Dynamic Array for Real-Time 

PCR (Fluidigm Corporation, San Francisco, CA), according to the manufacturer’s 

instructions. cDNA samples were synthesized using miScript Reverse Transcription kit 

according to the manufacturer’s protocol (Qiagen). Before use on the BioMark™ array, the 

cDNA was first subjected to 14 cycles of Specific Target Amplification (STA) using a 0.2 x 

mixture of all Taqman Gene Expression assays in combination with the Taqman PreAmp 

Master Mix (Applied Biosystems), followed by 5-fold dilution. Water was included as No 

Template Control (NTC) at the indicated positions. The No Template Controls were also 

included in the STA reaction, to serve as a true negative control for the entire procedure. 

After the 5 x dilution, thermal cycling and real-time imaging of the BioMark™ array was 
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done on the BioMark™ instrument, and threshold cycle (Ct) values were extracted using 

the BioMark™ Real-Time PCR analysis software. Ct values were used to determine 

compound effects on mRNA expression levels. Pair-wise combinations of all samples were 

made with each of the assays in duplicate on the array. The empty assay positions were 

filled with No Assay Controls, in which the 20 x assay mix was substituted with water). 

The default Taqman PCR protocol was used on the BioMark™ instrument with an 

annealing temperature of 60˚C and a total of 35 cycles of PCR. 

 

Analyses of QRT-PCR data.  

At the end of each PCR cycle, data was collected from the 9216 reaction chambers on each 

array, and Ct values were extracted using the BioMark™ Real-Time PCR analysis software 

version 3.0.2. The quality threshold was set at 0.65 (default value).  

The relative mRNA expression levels were calculated for each individual sample by 

applying the delta-delta-CT method. Three genes were selected as reference genes, based 

on the low variability of the relative mRNA expression levels quantified by the microarrays 

performed before (Shao, et al. 2013), being beta-2-macroglobulin (B2M, highly abundant), 

Golgi to ER traffic protein 4 (GET4, lowly abundant), and phosphatidylinositol glycan 

anchor biosynthesis class G1 (PIGG). Compounds are considered immunotoxic when one 

or more of the classifier genes are affected by factor ≥2 vs. the control in at least two out of 

three replicates. Clustering of genes was performed using Cluster v3.0 (uncentered 

correlation; average linkage clustering) developed by Stanford University. Treeview was 

used for visualisation of the clustering analysis. 

 

Functional interpretation based on ToxPi analysis 

The 25 classifiers were divided into eight functional classes (Table 3). The effects of each 

compound on these functional themes were visualized using ToxPi software from the US 

EPA (Reif, et al. 2013). The mRNA levels of the 25 classifier genes of the 16 compounds 

were used as the input for ToxPi software. ToxPi calculates a ToxPi score for each 

compound on each functional theme, and ranks the compounds by their overall ToxPi 

scores. The ToxPi score (between 0 to 1) is calculated by dividing the results of each 

chemical on the genes that are involved in this functional theme by the maximum results on 

the same genes from the 16 compounds. 
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Table 3. Functional themes in which the 25 classifiers are involved. 

Category Genes 

Regulation of cell cycle and apoptosis CCNG2, CRIM1, CHAC1, HSPA1B, ID1, ID2 

Metabolism and transport of cholesterol HMGCS1, ABCA1, ABCG1 

Cellular signal transduction BZRAP1, ARRDC3, CRIM1, GPR18, KLHL24, CHAC1 

Cellular stress responses 
KLF2, CHAC1, HSPA1B, HSPA5, NQO1, SRXN1, AK4, 

SLC7A11, VLDLR, TM6SF1, ABCA1, ABCG1 

Immune regulation KLF2, VPREB1, ID1, ID2, CEBPB 

Protein metabolism FBXO32, CRIM1, AK4 

Retinoic acid metabolism ALDH8A1 

Regulation of transcription ID1, ID2 

 

QRT-PCR on additional genes for functional confirmation 

Eight genes were selected for additional QRT-PCR experiments to confirm the functional 

themes that were used in ToxPi analyses. These genes were involved in processes such as T 

cell activation, apoptosis, ER stress, cholesterol homeostasis, immune regulation, cell cycle 

and regulation of transcription (Table 4). QRT-PCR procedure was identical to the methods 

described above. 

 

Hierarchical clustering 

Hierarchical clustering was performed with the programs Cluster (uncentered correlation; 

average linkage clustering) and Treeview (Eisen, et al. 1998). Red and green indicate up- 

and downregulation vs. average expression of control samples.  
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Table 4. Overview of eight gene markers for investigating possible modes of action 

Gene 

Symbol 
Description 

 

Process 
mRNA 

accession 

Taqman 

assay 

CD69 Cluster of Differentiation 69 T cell activation NM_001781 
hs00934033_

m1 

DDIT3 
DNA damage inducible 

transcript 3 

DNA damage, 

apoptosis 
NM_001195053 

Hs00358796_

g1 

DDIT4 
DNA damage inducible 

transcript 4 
Immune regulation NM_019058 

Hs01111686_

g1 

HERPUD1 

Homocysteine-responsive 

endoplasmic reticulum-resident 

ubiquitin-like domain member 

1 

ER stress / Unfolded 

protein response 
NM_001010989 

Hs01124269_

m1 

LGALS1 Galectin-1 Apoptosis, cell cycle NM_002305 
Hs00355202_

m1 

SGK1 
Serine/threonine-protein kinase 

1 

Regulation of 

transcription 
NM_001143676 

Hs00985033_

g1 

SQLE squalene epoxidase 
Cholesterol 

homeostasis 
NM_003129 

Hs01123768_

m1 

TRIB3 Tribbles homolog 3 Apoptosis, ER stress NM_021158 
hs01082394_

m1 

 

Results 

 

ATPlite assay 

The viability of Jurkat cells that were exposed to the different compounds was assessed by 

means of the ATPlite assay. Compound concentrations that lead to a decrease in viability of 

20 % or less after 24 h incubation (CV80) were selected for gene expression analysis, as 

published before (Schmeits, et al. 2013). For some compounds, the viability did not 

decrease after exposure to the highest concentration not giving rise to precipitation. In that 

case, this highest concentration was taken for further analysis. An overview of the viability 

data is presented in Figure 1. The concentrations that were selected for exposures are listed 

in Table 2. 
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Figure 1. Average viability of compounds as measured by ATPlite assay. Results are based on at least 3 biological 

replicates of Jurkat cells and viability is corrected for solvent control DMSO. Average viability is shown on Y-axis 

as percentage to DMSO, compound concentrations are present on X-axis in µM. Exceptions *Anti CD3 was dosed 

in ng/µl and was corrected for IgG control. ** PHA-L was dosed in ng/ml. 
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Biomarker characteristics 

The QRT-PCR data were subjected to hierarchical clustering analysis (the outcome is 

visualized in the heat-map in Figure 2). The results of the QRT-PCR analysis are also 

shown in Supplementary Figure 1. All nine known immunotoxicant are classified as 

immunotoxic based on the 25 gene markers. The sensitivity is therefore 100%. For the 

known non-immunotoxicants, four out of five were correctly classified as non-

immunotoxic. Benzo-e-pyrene downregulated one gene (HMGCS1) and is consequently 

classified as false positive. The specificity of this set is therefore 80%. The overall accuracy 

is 93%. The performance characteristics of the present analysis are also shown in 

supplementary table 1.  

 
Figure 2. Average expression of n=25 classifier genes in human Jurkat T cells exposed to 19 different compounds. 

Values represent the average ± SD of technical duplicates. Each compound is tested in three independent 

biological replicates. The order of the genes were determined by hierarchical clustering. Red indicates that the 

particular gene is upregulated, green indicates a downregulation, grey represents missing values. Colour scale 

represents 2log ratios vs. vehicle control. 

 

Compounds with unknown immunotoxic properties 

This study included four compounds for which the immunotoxic properties have not been 

precisely described. The reason for including these compounds was to verify whether the 

expression profiles of these 25 marker genes can provide more insight into the modes of 

action and point towards possible immunotoxic properties of these compounds. 

Chlorantraniliprole upregulates two genes (GPR18 and SLC7A11) and is classified as 

immunotoxic. Hidrasec upregulates seven genes and downregulates one and is also 
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classified as immunotoxic. Imidacloprid and Sunset yellow do not affect any of the genes 

and are therefore considered not immunotoxic 

 

ToxPi analyses 

We categorized the 25 candidate classifier genes into eight functional themes, based on the 

major GO processes and molecular functions that these genes are involved in (Table 3). The 

ToxPi tool was then used to gain insight into the modes of action of the compounds. 

Results of this analysis are shown in pie graphs in Figure 3. A first observation is that all 

compounds affected protein metabolism to an almost similar degree. Based on similarities 

in ToxPi results, the compounds could be classified into three groups. The first group was 

formed by zearalenone, Hidrasec and As2O3 which all affected genes in cellular signal 

transduction and cellular stress responses (panel A). Next to these similarities, zearalenone 

affects immune regulation and Hidrasec affects retinoic acid metabolism which are 

processes that are hardly affected by the other two compounds.  

Two compounds with almost similar pie graph, but no similarities in structure are 2,3-DCP 

and cypermethrin (panel B). Both compounds affect protein metabolism and cholesterol 

metabolism & transport. In addition, cypermethrin affects immune regulation and 

transcription regulation that are not or to a lesser extent regulated by 2,3-DCP. ToxPi 

analysis of four compounds, chlorpyrifos, benzo-e-pyrene, aldicarb and anti-CD3, resulted 

in similar pie graphs (panel C). These four compounds all affect cholesterol metabolism 

and transport, protein metabolism and transcription regulation, and to a lesser extent 

retinoic acid metabolism and immune regulation.  
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Figure 3. Visualization of the effects of example compounds on eight functional themes. The pie graphs visualize 

the effects of each compound on the functional themes as listed in the table (left side of Fig. 3A). Each pie 

represents one compound. Each piece of the pie represents one single functional theme. The eight functional 

themes were weighted equally, so the graphic widths of all slices are equal. The size of each piece (the distance to 

the centre, between 0 to 1) shows the ToxPi score that was calculated by the ToxPi software. Pie graphs are shown 

for the following compounds: A) Zearalenone, Hidrasec and As2O3. B) 2.3-DCP and cypermethrin. C) 

Chlorpyrifos, benzo-e-pyrene, aldicarb and anti-CD3. 

 

Effects on mode of action (MOA) signature genes 

In order to validate the MOAs identified with the present study, we also performed qRT-

PCR for all compounds on eight additional genes with known functions. An overview of 

the primers for these genes is given in Table 4. Seven compounds resulted in significantly 

altered expression of at least one of the eight genes. The results of the PCR experiments for 

these seven compounds are visualised as bar graphs in Figure 4. PHA-L upregulated the 

early T cell activation marker CD69 (Ziegler, et al. 1994), which corresponds to the 

mechanism of action of T cell activation. CD69 was also upregulated by TBBPA which 

indicates that this compound induces T cell activation as well. TBBPA also induced 

expression of HERPUD1, a known marker for an induced unfolded protein response that 

may lead to ER stress (Hori, et al. 2004). Other compounds that increased the expression of 

HERPUD1 and are thus likely to induce ER stress are Hidrasec and 2,3-DCP. 2,3-DCP 

downregulated SQLE, which is involved in cholesterol metabolism and transport (Bonne, et 

al. 2002). This decrease of cholesterol metabolism support the biological interpretation 

based on the 25 classifier genes for 2,3-DCP in Figure 3A. SQLE was also downregulated 

by anti-CD3 and zearalenone, and upregulated by chlorpyrifos and hidrasec which is in 

agreement with the results shown in Figures 3A and 3B. SGK1 codes for a protein that is 

involved in cell growth, survival, migration and cellular stress response (Amato, et al. 

2009). SGK1 was upregulated by anti-CD3 and chlorpyrifos. Hidrasec downregulated 

LGALS1, a gene that is involved in cell cycle and apoptosis, which also supports the 
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outcome of the ToxPi analysis. LGALS1 was also downregulated by chlorpyrifos and 

upregulated by anti-CD3, however, regulation of cell cycle and apoptosis was not obvious 

from the pie-graphs for these compounds (Fig.3).  

Of the compounds that were immunotoxic based on the classifiers, As2O3, aldicarb and 

cypermethrin did not affect any of the additional genes. Furthermore, benzo-e-pyrene, the 

false positive as based on the 25 identifiers had also no effect on these additional genes. 

Moreover, the compounds selected as non-immunotoxic did not change the expression of 

any of the eight additional genes.  

 
Figure 4. Average expression of genes indicating modes of action. Performance of eight QRT-PCR genes that are 

involved in T cell activation and proliferation (CD69 and LGALS1), DNA damage and apoptosis (DDIT3, DDIT4, 

TRIB3), ER stress induction (HERPUD1), cellular stress response (SGK1) and sterol biosynthesis (SQLE). Data is 

based on three independent biological replicates. *P < 0.05 and **P < 0.01 compared to control (Student’s T test). 

Y-axis: Fold change as corrected by DMSO and reference genes. 

 

Discussion 

The identification and validation of the 25 classifier genes was performed previously on a 

training set of 36 immunotoxic and 8 non-immunotoxic compounds, and an external 

verification set of 17 immunotoxic and 3 non-immunotoxic compounds (Shao, et al. 2014). 
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The classifiers were chosen in such a way that they covered a broad range of molecular 

mechanisms of action.  

The present study was designed for two purposes, being 1) further validation of the 25 

classifiers with additional immunotoxicants and non-immunotoxic control compounds, and 

2) application of the classifiers to screen a group of compounds for which human 

immunotoxicity has not yet been fully established. For the first purpose, we exposed Jurkat 

cells to nine known immunotoxicants and five known non-immunotoxicants. These 

compounds included new compound classes that were not tested before, such as the 

polybrominated flame retardant TBBPA and the biological anti-CD3. The four compounds 

selected for the second purpose were the neonicotinoid imidacloprid, the insecticide 

chlorantraniliprole, the antidiarrheal drug hidrasec and the food additive sunset yellow FCF. 

In this second round of validation, the 25 classifiers generated a higher sensitivity (100 vs. 

88 %), specificity (80 vs. 67 %) and overall accuracy (93 vs. 85 %) than obtained in our 

previous validation (Shao, et al. 2014). When results of our present study were combined 

with those of Shao et. al. (2014), the sensitivity, specificity and accuracy would be 91 %, 71 

% and 85 %, respectively. In addition, we show that the 25 classifiers correctly predicted 

the immunotoxicity of compounds from classes not tested before in the Jurkat assay 

including TBBPA, anti CD3, chlorpyrifos, PHA-L and 2,3-DCP. 

This current exercise resulted in only one false positive (benzo-e-pyrene). Benzo-e-pyrene 

is a structural analogue of benzo-a-pyrene which is a known immunotoxicant (Boorman, et 

al. 1982). Although benzo-e-pyrene is used as a non-immunosuppressive control for 

polyaromatic hydrocarbon (PAH) exposure (Davila, et al. 1999), some studies indicate 

slight immunotoxic effects of benzo-e-pyrene (Davila, et al. 1996, Krieger, et al. 1995). The 

only gene that was regulated by benzo-e-pyrene was HMGCS1, which is regulated in 

cholesterol metabolism and transport (Horton, et al. 2002).  

We investigated possible mode of actions of the test compounds by using ToxPi analysis 

based on the expression of the 25 classifier genes. In addition, we performed PCR on eight 

additional genes, in order to support the putative MOAs we identified with the 25 

classifiers. None of the non-immunotoxic compounds in the present study affected the 

expression of the eight additional genes tested. We determined the fold changes in 

expression of these eight additional genes regarding the 31 compounds of the previous 

study (Shao, et al. 2014). Also in this study the non-immunotoxic compounds didn’t alter 

the expression of any of the eight additional genes (results not shown).  

TBBPA is known to induce oxidative stress followed by DNA damage (Choi, et al. 2011) 

and stimulate immune cells (Koike, et al. 2013). In our study, TBBPA induced expression 

of T cell activation marker CD69, which corresponds to the results of Koike et. al., but also 

upregulates ER stress/UPR gene HERPUD1 (Hori, et al. 2004), which is a new finding 

(Fig. 4). In addition, TBBPA upregulated the pro-apoptosis marker CHAC1 (Mungrue, et 

al. 2009) almost 4 times. Furthermore, TBBPA is known to induce cell death (in Sertoli 

cells) by affecting calcium homeostasis (Ogunbayo, et al. 2008). Disruption of calcium 
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homeostasis in T cells may lead to ER stress (Gwack, et al. 2007, Katika, et al. 2012). Cells 

that do not recover from ER stress will undergo apoptotic events. 

Induction of ER stress is not limited to immune cells, however, immune cells are more 

sensitive to ER stress inducing compounds such as deoxynivalenol and tributyltin oxide. 

Previously we demonstrated that T cells are more sensitive because of the fact that ER 

stress leads to a leakage of calcium ions from the ER, leading to a calcium signal that in 

turn generates a T cell activation response, which is a measure for immunotoxicity (Katika, 

et al. 2012, Katika, et al. 2012, Schmeits, et al. 2013). Although ER stress may occur in 

other cells as well (at higher concentrations than in immune cells), in those cells this will 

not lead to a T cell activation response. 

Currently, the mechanism by which the mycotoxin zearalenone exerts its immunotoxicity is 

not clear. We show that zearalenone affects genes in cellular stress responses, cholesterol 

metabolism/transport, immune regulation, cellular signal transduction, cell cycle and 

apoptosis and transcription. In addition, zearalenone downregulated one of the eight 

additional genes tested, SQLE, which is involved in cholesterol metabolism. The fact that 

some of the immunotoxic compounds affect genes involved in cholesterol metabolism 

might very well reflect the cellular response to disruption of cholesterol homeostasis. 

Based on our results obtained with the 25 classifier genes, 2,3-DCP mainly affects 

cholesterol metabolism and transport and protein metabolism. PCR analysis of additional 

genes, such as HERPUD1 and SQLE, supported these findings. A previous study indicated 

that 2,3-DCP inhibits T cell activation and downregulates activation of transduction 

pathways in vitro (mouse T cells purified from splenocytes) and mice in vivo (Lu, et al. 

2013). However, 2,3-DCP did not significantly affect expression of the T cell activation 

marker CD69 in the present study. This is most likely caused by the fact that Jurkat cells 

generally were cultured without stimulus (PHA/LPS). An inhibition of T cell activation is 

therefore hard to detect.  

In the present study chlorpyrifos induces cellular stress responses and cholesterol 

biosynthesis in Jurkat T cells. Previous studies found that chlorpyrifos induced oxidative 

stress (Ambali, et al. 2007, Gultekin, et al. 2001). Also, chlorpyrifos induces 

hyperlipidaemia, a state in which cholesterol synthesis is elevated in rats (Acker and 

Nogueira 2012) which is in line with the results obtained in our study.  

Of the four compounds that might be immunotoxic, chlorantraniliprole and Hidrasec were 

classified as immunotoxic, and the other two (imidacloprid and sunset yellow) as non 

immunotoxic, as based on the genetic markers used in this Jurkat study. Imidacloprid has 

been tested immunotoxic in rats and mice in vivo (Badgujar, et al. 2013, Gawade, et al. 

2013). No data was available on human immune cells. Imidacloprid does not affect any of 

the 25 classifiers or eight additional genes tested in this study. Sunset yellow is known to 

affect monocytes but no other blood cells in mice in vivo (Hashem, et al. 2010). Apparently, 

sunset yellow is also not toxic for human Jurkat T cells. This result points to the limitation 

of the current assay that compounds targeting types of immune cells other than T cells 

might be not detected. Both chlorantraniliprole and Hidrasec were assessed non-
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immunotoxic in rodent immunotoxicity studies. The discrepancy between the outcome of 

the animal studies and the current Jurkat study with these compounds might be due to inter-

species differences. It is generally recognised that the predictability of rodent studies for 

human toxicity is rather low (Shanks, et al. 2009). For this reason, the US National 

Research Council (2007), and other organisations, developed a future vision in which 

animal models are being replaced by human in vitro models. Chlorantraniliprole is 

suspected to act on release of calcium from intracellular calcium stores (Lahm, et al. 2005) 

that is known to lead to T cell activation in T cells (Gwack, et al. 2007, Katika, et al. 2012). 

Chlorantraniliprole mainly affects cellular stress and signal response pathways in our 

present experiments. One of the genes upregulated by chlorantraniliprole is SLC7A11 (alias 

XCT). SLC7A11 represents the rate limiting step of glutathione synthesis, and 

overexpression of SLC7A11 reduces the need for calcium for early cell cycle progression in 

early cell cycle (Lastro, et al. 2008).  

In conclusion we have proven the good prediction performance of Jurkat T cell screening 

system based on 25 classifiers when challenged by new classes of immunotoxicants. The 

sensitivity, specificity and accuracy were even slightly higher in the present study as 

compared to the previous study. In addition to its use for predicting direct immunotoxicity, 

this set of genes can be exploited to give indications for the modes of action of compounds. 

This system however may not detect compounds that exert immunotoxic action on other 

immune cells than T cells, which likely is the case for sunset yellow. Therefore, the Jurkat 

T cell line is a valuable model for immunotoxicity screening not on itself but as part of an 

integrated testing strategy. 
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Two main objectives were addressed in this thesis, being (1) to assess the usefulness of two 

mouse cell lines (EL-4 and CTLL-2) and one human cell line (Jurkat) for immunotoxicity 

testing, and (2) to validate genomic biomarkers for human immunotoxicity using a high 

throughput set up. An overview of the immune system, current methods for testing 

immunotoxicity and an explanation of ‘omics’ technologies is given in Chapter 1. Over the 

past decade, the focus within toxicity testing has been moving slowly towards the use of 

less animals. This is emphasized in a number of American and European guidelines and 

regulations (EC 2006; Firestone et al. 2010; Krewski et al. 2010; Krewski et al. 2009). 

Parallel to the introduction of these regulations and guidelines was the rise of 

toxicogenomics techniques, such as whole genome mRNA expression analysis, for 

generating a larger amount of data out of smaller sample volumes. These techniques aided 

in the understanding of modes of actions of marketed and newly synthesized chemicals. 

Although progress has been made towards animal free immunotoxicity screening, the 

contribution of genomics techniques to the development of these alternative tests was 

limited so far. In this thesis, a toxicogenomics approach was used to assess the suitability of 

various mouse cell models, i.e. the CTLL-2 and EL-4 cell lines and murine primary cells, 

for immunotoxicity testing. In addition, work was performed with the human Jurkat T cell 

line. This thesis studied the performance of omics-based classifiers of immunotoxicity in 

the Jurkat cell line and verified the mechanisms of action of the immunotoxicants TBTO 

and DON previously identified in transcriptomics studies using latter cell line (Katika et al. 

2012a; Katika et al. 2012b; Shao et al. 2014).  

 

Standardisation of exposure  

To optimise a testing strategy for screening immunotoxicity of compounds, one of the first 

requirements is to define an exposure set up that is similar in all experiments. Since toxicity 

is achieved for every compound as long as the dose is high enough, conditions were 

selected to assure that compound specific effects can be investigated rather than the general 

cytotoxicity response leading to cell death via necrosis (as a loss of membrane integrity 

resulting in cell lysis) or apoptosis (controlled or programmed cell death). occurring at 

higher doses. For each compound tested in this thesis, viability data were generated by 

exposing cells for 24 h. Many assays are available to test cellular viability or cytotoxicity. 

Two assays were extensively used in this thesis, being the Water-Soluble Tetrazolium assay 

(WST-1) and the ATPlite assay. The WST-1 assay is a colorimetric assay in which the 

tetrazolium salt WST-1 that is added to the cells will be converted by mitochondrial 

dehydrogenases resulting in a change of colour of the medium. The change in colour can be 

quantified measuring the absorbance using a microplate spectrophotometer. The ATPlite 

assay is luminescence bases and this assay the cells are first lysed and then a substrate 

containing luciferase and d-luciferin is added. ATP that is present will react with d-

luciferin, oxygen and luciferase and converted to AMP. With this reaction, light is emitted 

and the emitted light is proportional to the ATP concentration in the sample. For both the 



 

Summary, general discussion and future perspectives 

157 

WST-1 and the ATPlite assay, a concentration range of (non-)immunotoxic compound is 

tested, and the viability (in %) is calculated against the solvent control DMSO.  

The concentrations for microarray exposure were selected in such a way that they induced a 

decrease in cell viability of maximally 20 % after 24 h. This threshold was chosen to ensure 

that effects observed would not be the result of general toxicity events leading to cell death. 

These concentrations were then applied in 6 h exposures that were used for microarray 

hybridisations or high-throughput PCR reactions. For primary mouse cells (thymocytes, 

splenocytes) the dose optimisation was a little different. Since the viability of these primary 

cells declines from the moment of isolation, the doses for exposure of these primary cells 

were based on viability results obtained with the mouse EL-4 or CTLL-2 cell lines. The 

viability of primary cells was determined after 6 h of exposure. This method for assessing 

an optimal test concentration and the method for exposure was used for each chemical 

described in this thesis, making comparisons between different experiments valid. 

 

Suitability of mouse cell models in detecting the mode of action of immunotoxic compounds 

To examine the suitability of two mouse cell line models for immunotoxicity testing, these 

were exposed to three model immunotoxic/immunosuppressive compounds and subjected 

to DNA microarray analysis. The first compound concerns Cyclosporine A (CsA) which is 

an immunosuppressive drug used in organ transplant patients to prevent organ rejection and 

prevents graft-versus-host disease in bone marrow recipients. This drug was used as the 

mode of action is clear and the effect on the immune system is evident. CsA inhibits the T 

cell activation response and induces ER stress and oxidative stress leading to apoptosis in T 

cells (Hama et al. 2013; Ho et al. 1996; O'Connell et al. 2012; Stepkowski and Kirken 

2000). The experiments performed with CsA are described in Chapter 2 of this thesis. 

Transcriptomics was used to compare the effects of CsA in mouse CTLL-2 cells, mouse 

EL-4 cells, primary mouse splenocytes (in vitro) and mouse spleens in vivo. The objective 

was to find the model that best represented the mode of action of CsA. In addition, 

comparisons were made with CsA exposures in human T lymphocyte (Jurkat), human liver 

(HepG2) and human kidney (RPTEC/TERT1) cell lines. The effects on pathway level as 

well as on individual gene expression level were quite similar for CTLL-2 and EL-4 cells. 

Both cell lines upregulated genes in oxidative stress, ER stress and XBP1 target genes, and 

downregulated genes involved in apoptosis. Genes upregulated by CsA in human Jurkat T 

cell, HepG2 cells and renal proximal tubular cells were also upregulated in EL-4, CTLL-2 

and primary mouse splenocytes cells, but this was not the case for genes downregulated by 

CsA in those human cell lines. Spleens of mice exposed in vivo did not result in a high 

number of genes affected, except a set of genes that were downregulated and linked to cell 

cycle. This was probably caused by the fact that T cells are removed from the site of action 

when affected in vivo. This was shown by the higher number of genes expressed in 

monocytes and NK cells in the in vivo mouse spleen samples as compared to the in vitro 

models. After analysis of the different pathways and comparisons to various data sets, 

CTLL-2 cells appeared to reflect the known CsA affected pathways best, although T cell 
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activation was not clearly downregulated in CTLL-2 cells. EL-4 cells were even less 

suitable in detecting inhibition of T cell activation. One of the characteristics of the CTLL-2 

cell line is that it has to be cultured in the presence of a T cell stimulant, such as IL-2. Due 

to this, CTLL-2 cells were able to detect the T cell inhibition that is caused by CsA after 

exposure to T cells (Chapter 2), while EL-4 cells were not. Standard procedures of the 

other models do not include culturing in the presence of a T cell stimulant. 

The two immunotoxicants deoxynivalenol (DON) and tributyltin-oxide (TBTO) were used 

in Chapters 3 and 4. DON is a mycotoxin that is produced by Fusarium species that grows 

on agricultural products such as wheat and corn. As DON is stable during heating and 

cooking processes, humans are continuously exposed to low levels of this mycotoxin 

(Bimczok et al. 2007; Rasmussen et al. 2003; Severino et al. 2006). DON is known to cause 

a process of ribotoxic stress leading to ER stress and T cell activation and specifically 

affects the thymus and bone marrow, as these are rapid dividing cells (Iordanov et al. 1997; 

Pestka et al. 2005). TBTO is an organotin compound that was used in a variety of industrial 

processes. TBTO was applied in ship paints to prevent the growth of molluscs species at the 

outside of vessels, but also employed in plastic floor tiles and as a wood preservative, 

making it a wide spread contaminant of the environment (Hoch 2001). The mode of action 

of TBTO is quite similar to that of DON; TBTO induces an ER stress response leading to T 

cell activation (Katika et al. 2011; van Kol et al. 2012) and in vivo also specifically affects 

the thymus (van Kol et al. 2011). TBTO, in contrast to DON, does not cause a ribotoxic 

stress response. Since both DON and TBTO were extensively studied before in in vitro and 

in vivo immunotoxicity studies, they were used as model compounds to further test the 

suitability of mouse EL-4 cells (Chapter 3) and CTLL-2 cells (Chapter 4) in this thesis. 

Results of the exposures of EL-4 cells to DON were compared to mouse CTLL-2 cells (in 

vitro), mouse thymocytes (in vitro), mouse thymuses (in vivo) and human Jurkat T cells (in 

vitro). Gene sets and individual genes important in the modes of action of DON that were 

compared included ribosomes, ER stress, T cell activation and apoptosis. Although EL-4 

cells induced genes in ribosome biogenesis and assembly and RNA processing, the 

induction values were lower than observed in human Jurkat T cells. CTLL-2 cells also 

upregulated some genes involved in ribosome biogenesis, though the induction values were 

less convincing than for EL-4 cells. Next to the ribotoxic action of DON, the induction of 

genes in ER stress, T cell activation and apoptosis could not be detected in EL-4 cells or in 

CTLL-2 cells. Genes in those processes were upregulated in human Jurkat T cells, as 

expected. It is conceivable that the lack of induction of ER stress, T cell activation and 

apoptosis might be caused by a lack of genes or non-functionality of genes involved in the 

link between ribotoxic and ER stress in both the EL-4 cell line and the CTLL-2 cell line. 

The mode of action of TBTO (induction of ER stress, T cell activation and apoptosis) could 

only partly be detected for EL-4 cells exposed to TBTO. ER stress was induced in EL-4 

cells but this did not result in subsequent T cell activation and apoptosis. Due to a mutation 

in a calcineurin gene EL-4 cells have a constitutively activated T cell activation response 

(Fruman et al. 1995), which makes it more difficult to detect further induction of the T cell 
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activation response on top of the genetically driven activation. The upregulation of genes in 

ER stress, T cell activation and apoptosis was however clearly detected in CTLL-2 cells 

exposed to TBTO. The comparisons on gene sets and processes that are important in the 

immunotoxic action of TBTO made clear that these were better reflected in CTLL-2, Jurkat 

or mice primary thymocytes than in EL-4 cells. For DON, these processes were best 

reflected in Jurkat or mice thymus in vivo rather than in EL-4 cells or CTLL-2 cells. As 

neither EL-4 cells nor CTLL-2 cells were able to detect the modes of action of all three 

tested compounds (CsA, TBTO and DON), it was concluded not to use these cell lines for 

follow-up immunotoxicity experiments. 

 

Direct comparison of the modes of action of DON and TBTO in human Jurkat T cells 

Since previous transcriptomics experiments on the effects of DON and TBTO in the human 

T cell line Jurkat pointed towards the mechanisms of action of these compounds, a 

comparative microarray study was set up. To verify the results obtained with DON and 

TBTO, compounds with suspected similar modes of action were used, i.e. anisomycin, 

ionomycin and thapsigargin (Chapter 5). The rationale for this study was that compounds 

which have similar mode of action will have a similar gene expression profile. These direct 

comparisons on microarray level result in clear insights in the similarities and differences of 

suspected similar acting compounds. These types of read-across experiments are also 

performed on a larger scale. The connectivity map (cmap), for instance, is a systematic 

approach to connect the effects of compounds in human cells (Lamb et al. 2006). Using 

standardised culture and exposure procedures within the same cell line, microarray data of 

different compounds generated in labs throughout the world can be compared to each other. 

The outcome of such comparison is a list of compounds that generated similar microarray 

expression profiles as the study compound. In addition, a list is generated including 

compounds that generate opposite effects. The more data stored in the cmap database, the 

more powerful the approach of comparing microarray data (Toyoshiba et al. 2009).  

Thapsigargin was used as a positive control for ER stress induction by calcium efflux from 

the ER eventually leading to apoptosis (Rogers et al. 1995; Scheuner and Kaufman 2008). 

Ionomycin is known to raise calcium levels via release of calcium from intracellular pools 

and subsequently acts as a T cell activator (Imboden et al. 1985). Anisomycin is a well-

known protein synthesis inhibitor (Grollman 1967). It binds to the 28S rRNA and induces a 

ribotoxic stress response (Iordanov et al. 1997). Based on the microarray comparisons 

described in Chapter 5 it became apparent that anisomycin and DON generated gene 

expression profiles that almost exactly matched. Therefore, we can state that these 

compounds have a similar mode of action. TBTO induced effects in processes similar to the 

processes effected by thapsigargin and ionomycin, such as T cell activation, ER stress 

induction and apoptosis. In addition, a set of genes involved in DNA packaging and 

nucleosome assembly was affected by TBTO that was not shared by the other study 

compounds. Also, this study showed that toxicogenomics can aid in detecting similarities 

and differences in modes of action of compounds.  
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Progress towards animal free in vitro immunotoxicity testing 

Parallel to the experiments described above and in Chapters 2-5, larger microarray 

exposure studies were performed by Shao et al using Jurkat T cells and sets of 

immunotoxic, non-immunotoxic and vehicle compounds (Shao et al. 2014; Shao et al. 

2013). The goal of these experiments was to identify possible modes of action underlying 

immunotoxicity and classifier genes that can serve as in vitro biomarkers for direct human 

immunotoxicity. In these studies, Jurkat cells were exposed to 44 different compounds 

resulting in 28 genes that were selected as potential classifiers of immunotoxicity. A high-

throughput PCR method (Fluigidm) was used to validate the expression of these genes. 

Pearson's correlation (R ≥ 0.69) that was found for 27 out of the 28 genes. A redundancy 

analysis was performed resulting in a final set of 25 classifiers. The performance of these 

genes was externally validated by exposing Jurkat cells to an additional set of 20 

compounds followed by high-throughput PCR (Fluidigm). This gave a good sensitivity 

(88%), specificity (67%) and accuracy (85%). Although the performance characteristics 

were promising, several questions and issues remained unanswered. One such question 

concerns: “How does this screening system perform with compounds of classes that have 

not been tested before?” Another issue is the low number of non-immunotoxic controls that 

were included in the studies of Shao et al. Therefore, in Chapter 6 Jurkat T cells were 

exposed to a new set of 14 chemicals of which some belong to classes that were not tested 

before. Five of these compounds were known non-immunotoxicants. The imbalance 

between tested immunotoxicants and non immunotoxicants will always be present as the 

search for known non immunotoxicants is difficult. This is because immunotoxicity studies 

on compounds that are suspected to be not immunotoxic are not often performed and the 

fact that microarray studies on compounds not leading to immunotoxicity are less likely to 

be published (publication bias). Since a limited set of genes was identified by Shao et al as 

classifiers of human immunotoxicity, we opted for the use of Fluidigm analysis over 

microarray analysis, ensuring quick results that are easier to analyse as compared to whole 

genome microarrays. Of the 14 compounds used in the Fluidigm study, 13 were correctly 

classified and sensitivity, specificity and accuracy of 100%, 80% and 93%, respectively. 

Combining the results obtained in Chapter 6 with previous studies of Shao et al. generated 

91% sensitivity, 71% specificity and 83% accuracy. 

The US EPA ToxPi (Toxicological Priority Index) tool that was used in Chapter 6, 

provides additional information on compounds affecting genes from a similar process or 

pathway. In this way, it becomes clear that chemicals that are structurally very different can 

have similar effects, whereas chemicals that are quite similar in structure might not. Since 

this tool can be used combining multiple domains of knowledge, the EPA has proposed to 

apply this tool for chemical priority setting in the framework of the ToxCast program (Reif 

et al. 2010). 
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Towards changing guidelines 

The research performed in the present thesis yields a set of biomarkers with high 

sensitivity, specificity and accuracy to predict immunotoxicity. As convincing as the results 

may be, this does not mean animal experiments for immunotoxicity are quickly going to be 

replaced by in vitro screening of chemicals using Jurkat cells. When submitting our work to 

journals, reviewers often ask to validate our findings by performing animal experiments as 

it is clear that the current in vitro tests for immunotoxicity lack the structures of a complete 

organ and the cooperation between different (immune) cells and different (immune) organs. 

The aim of (immuno)toxicity testing, including testing using in vitro technologies, is to 

protect humans from adverse effects associated with chemical exposure and animal 

experiments should not be seen as golden standard for effects that occur in humans. For that 

reason validating the extrapolation step from human in vitro to in vivo effects in humans 

using animal studies may not be ideal. Yet animal experiments will serve as a proxy for 

humans if no suitable human alternative is available. In 2011, Archibald et. al. conjured the 

UK prime minister and health secretary of the government to “initiate a comparison of a set 

of human-biology-based tests with those currently used” to find out which models are more 

predictive for human endpoints (Archibald et al. 2011a; Archibald et al. 2011b). Some 

initiatives, such as ASAT (Assuring Safety without Animal Testing), aim to make use of 

human databases that allow to compare newly generated data with gene expression data 

related to particular diseases in humans. The ASAT initiative focuses on the search for 

disease pathways that will aid putting findings generated with in vitro testing in their proper 

context and thus help to validate such in vitro test systems for assessing the risk of adverse 

effects associated with exposure to chemical substances. In that sense the ASAT approach 

is different from more classical approaches for validation, as it does not rely on effects in 

laboratory animals for the purpose of validation. Because of issues of validation and the 

urge for confidence in the validity of (immuno)toxicity testing by regulators, as in the end 

they will be held liable for any consequence the assessments may have, the process of 

amending regulatory guidelines and laws to implement new in vitro alternatives for 

(immuno)toxicity testing is long and can take several years before universally acceptance 

has been achieved (Schiffelers et al. 2012). Until that moment, producers of new chemicals 

and drugs will have to apply to the current laws that include animal experiments to screen 

for immunotoxic effects.  

To speed up the process for in vitro tests to be generally accepted, several institutes in the 

US gathered their plans in a vision document entitled “Toxicity Testing in the 21st Century:  

A Vision and a Strategy” which was published by the National Academic Press in 2007 

(2007). This vision states that research should shift towards using predictive high-

throughput assays based on cells or cell lines, preferably of human origin. In addition, the 

document “envisions a new toxicity-testing system that evaluates biologically significant 

perturbations in key toxicity pathways by using new methods in computational biology and 

a comprehensive array of in vitro tests based on human biology.” These two points (using 

human in vitro cells and biological interpretation of toxicity pathways) are clearly covered 
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in this thesis as we performed experiments on human Jurkat T cells and used whole genome 

microarrays in combination with tools such as gene set enrichment analysis or MetaCore to 

study effects on biological processes. 

 

Limitations and future research perspectives 

The results presented in Chapter 6 of this thesis point out that the set of 25 classifiers can 

be used as a screening model for direct immunotoxicity. However, as is the case in any 

model, the T cell based screening model has some limitations. First of all, because the 

human immune system consists of many different organs and cells, screenings in T cells 

might miss some of the compounds whose action is only detectable in cells other than T 

cells. One such case was sunset yellow (Chapter 6), but other cases cannot be excluded. To 

solve this issue, similar exercises as performed in this thesis should be executed for B cells 

and monocytes and be combined in a battery of screening assays with the human Jurkat T 

cells. 

It is expected that the understanding of the effects of chemicals on human organs will 

accelerate in the coming years with the introduction of organ-on-a-chip methods (Huh et al. 

2010). These methods can use human cells to grow miniature organs such as lungs, gut or 

heart. Unfortunately, as the immune system is a complex cooperation of multiple organs 

and cells, this progress does not include immunotoxicity (yet). A second concern is the 

relatively low amount of negative controls that has been tested. Far more immunotoxic 

compounds have been used in this thesis as compared to the number of non immunotoxic 

controls. In future experiments the search for these true non-immunotoxic controls should 

be extended and the overall ratio between immunotoxicants and non immunotoxic controls 

should be more balanced. Third, the Jurkat screening method described in this thesis 

focuses on the direct effects in T cell, as the effects on the gene level were measured 6 

hours after exposure in vitro. Different from the in vivo situation is the lack of a memory T 

cell immune response in cell cultures. This is a point of concern that could be solved when 

further improvements can be made in co culturing different human immune cells with other 

cell types, for instance in an organ-on-a-chip setting. 

 

Conclusion 

This thesis focused on testing the suitability of two mouse cell lines and one human cell 

line for their applicability in immunotoxicity screenings. Our data clearly indicate some 

disadvantages of the EL-4 and CTLL-2 cells, as important immunotoxicological processes 

such as ribotoxic stress and ER stress could not be detected well. The suspected lack of 

genes or non-functionality of genes important in the pathway interconnecting ribotoxic 

stress, ER stress and T cell activation makes these cell lines less suitable for 

immunotoxicity testing as compared to the human Jurkat T cell line. Previous studies in the 

human Jurkat cell line resulted in a set of immunotoxic biomarkers that were further 

validated in this thesis showing high sensitivity, specificity and accuracy. Altogether, the 
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results in this thesis provided a suitable set of genetic markers that can be used to predict 

immunotoxicity in humans of new chemicals.  
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In dit proefschrift staan twee hoofdonderwerpen centraal. Ten eerste, het bepalen van de 

geschiktheid van twee muizen cellijnen (EL-4 en CTLL-2) en één humane cellijn (Jurkat) 

voor detectie van mechanismes van immunotoxiciteit. Ten tweede, het uitvoeren van een 

(pre)validatie van biomerkers voor detectie van humane immunotoxiciteit. Daarnaast werd 

met behulp van microarrays meer inzicht verschaft in het werkingsmechanisme van 

immunotoxische stoffen. Een overzicht van het immuunsysteem, de huidige testmethoden 

voor immunotoxiciteit, het werkingsmechanisme van de immunotoxische modelstoffen en 

een uitleg van verschillende ‘omics’ technologieën wordt gegeven in Hoofdstuk 1 van dit 

proefschrift. Het afgelopen decennium verschoof de aandacht met betrekking tot 

immunotoxiciteitstesten langzaam richting het gebruik van minder proefdieren. Dit komt 

onder andere tot uitdrukking in diverse Amerikaanse en Europese richtlijnen en 

regelgevingen. Parallel aan de introductie van deze richtlijnen en regelgevingen was de 

opkomst van toxicogenomics technieken, zoals microarrays. Hiermee wordt de respons in 

boodschapper RNA (mRNA) van het gehele genoom gemeten. Op deze wijze kunnen grote 

hoeveelheden data verkregen worden uit relatief kleine samples. Deze technieken geven 

meer inzicht in de werkingsmechanismen van nieuwe en bestaande stoffen en dragen bij 

aan de identificatie van biomerkers. Ondanks de geboekte vooruitgang met de ontwikkeling 

van proefdiervrije immunotoxiciteitstesten zoals de lymfocyt proliferatie test en cytokine 

release test, was de bijdrage van genomics technieken bij de totstandkoming van 

alternatieve testen beperkt. In dit proefschrift wordt een toxicogenomics benadering 

gevolgd voor het bepalen van de geschiktheid van verschillende cel modellen als 

alternatieve testen voor directe immunotoxiciteit. Cel modellen die gebruikt werden 

betroffen de muizen CTLL-2, muizen EL-4 en humane Jurkat T cellijnen. Verder beschrijft 

dit proefschrift onderzoek naar het werkingsmechanisme van de immunotoxische stoffen 

TBTO en DON in de Jurkat cellijn en de geschiktheid van eerder geïdentificeerde 

biomerkers voor het opsporen van  immunotoxiciteit in deze cellijn.   

Standaardisering van blootstellingsexperimenten 

Een eerste voorwaarde voor een optimale teststrategie is het gebruiken van een methode die 

in elk experiment hetzelfde is. Omdat elke stof toxiciteit kan veroorzaken zolang de dosis 

hoog genoeg is, werden in de experimenten in dit proefschrift condities geselecteerd die het 

mogelijk maken  om stof-specifieke effecten te detecteren. Hoge concentraties induceren  

een algemene cytotoxiciteitsrespons, leidend tot celdood via necrose (door verlies van 

membraan integriteit resulterend in cel lysis) of apoptose (gecontroleerde celdood). De stof 

specifieke effecten van een stof zijn dan niet meer te detecteren. Voor elke stof getest in dit 

proefschrift werden viabiliteitsdata gegenereerd na 24 uur blootstellingen. De criteria voor 

het selecteren van de concentraties voor microarray blootstellingen werd bepaald op een 

afname van maximaal 20% in cel viabiliteit na 24 uur. De gekozen concentraties werden 

vervolgens gebruikt in 6 uur blootstellingen voor microarray of high-throughput PCR 

reacties. Voor primaire muizencellen (thymus- en miltcellen) werd een iets andere 

doseringsbepaling gevolgd. Omdat de viabiliteit van deze primaire cellen afneemt vanaf het 

moment van isolatie, werden de doseringen van deze cellen gebaseerd op de 
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viabiliteitsexperimenten van muizen EL-4 en CTLL-2 cellijnen. De viabiliteit van primaire 

cellen werd bepaald na 6 uur in plaats van 24 uur blootstelling. Deze methodes voor het 

bepalen van een optimale testconcentratie werden bij elke stof gebruikt, waardoor de 

vergelijking tussen verschillende experimenten valide is.  

 

Geschiktheid van muizen cellijnen in het detecteren van de werkingsmechanismes van 

immunotoxische stoffen 

Om de geschiktheid van de CTLL-2 en EL-4 cellijnen voor immunotoxiciteitstesten te 

bestuderen werden beide muizencellijnen blootgesteld aan drie model immunotoxische of 

immunosuppressieve stoffen en werden de effecten van deze stoffen op genexpressie 

geanalyseerd met behulp van  microarrays (transcriptomics). Daarnaast werd gebruik 

gemaakt van primaire muizen cellen (milt/thymus) en muizenorganen van in vivo 

experimenten. Transcriptomics werd gebruikt om de verschillen tussen muizen CTLL-2 

cellen, muizen EL-4 cellen, primaire cellen (in vitro) en muizen milt (in vivo) te 

vergelijken. De uitdaging was om te bepalen welke van de cellijnen een transcriptomics 

respons geeft die het beste overeenkomt met het verwachte werkmechanisme. Voor de 

blootstelling werden stoffen geselecteerd waarvan het werkingsmechanisme al bekend was. 

De eerste stof betrof Ciclosporine A (CsA), een immunosuppressief medicament welke bij 

orgaantransplantaties gebruikt wordt om afstoting te voorkomen en beschermt tegen graft-

versus-host ziekte. CsA verlaagt de T cel activatie respons en induceert Endoplasmatisch 

Reticulum (ER) stress en oxidatieve stress, wat uiteindelijk leidt tot apoptose in T cellen. 

De experimenten uitgevoerd met CsA staan beschreven in Hoofdstuk 2 van dit 

proefschrift. Ook werden soort-overstijgende (muis – mens) vergelijkingen gemaakt met 

transcriptomics responsen op CsA blootstellingen in de humane T cellijn (Jurkat), humane 

lever cellijn (HepG2) en humane nier (RPTEC/TERT1) cellijn, gepubliceerd door anderen. 

De effecten op procesniveau en op individuele genexpressie waren bijna gelijk voor CTLL-

2 en EL-4 cellen. CsA induceerde in beide cellijnen een verhoogde mRNA expressie van 

genen betrokken bij oxidatieve stress, ER stress en apoptose. Genen waarvan CsA de 

expressie in de humane cellijnen Jurkat, HepG2 en RPTEC/TERT1 cellen verhoogt, werden 

ook door CsA in de muizen cellen (EL-4, CTLL-2 en primaire miltcellen) verhoogd tot 

expressie gebracht. Genen waarvan de expressie in humane cellen verlaagd werd door CsA, 

werden daarentegen niet  in muizencellen verlaagd.  

Milten van muizen die in vivo blootgesteld werden aan CsA lieten slechts weinig 

verandering in genexpressie zien, met uitzondering van een groepje celcyclus-gerelateerde 

genen waarvan de expressie verlaagd werd. De oorzaak van deze geringe respons ligt 

waarschijnlijk in het feit dat apoptotische T cellen uit de milt verwijderd worden door 

monocyten en Natural Killer cellen. Dit was in overeenstemming met de verhoogde 

expressie van monocyt en Natural Killer cel specifieke genen in met CsA blootgestelde 

milten. Na analyse van verschillende mechanismen en vergelijkingen tussen bestaande 

datasets bleken CTLL-2 cellen het beste de effecten op de voor CsA relevante processen 

weer te geven. T cel activatie was verminderd in CTLL-2 cellen, echter, deze vermindering 
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was niet overtuigend. EL-4 cellen waren nog minder geschikt om de remming van T cel 

activatie te detecteren. Eén van de karakteristieken van de CTLL-2 cellijn is dat deze 

gekweekt moet worden in de aanwezigheid van een T cel stimulans, zoals IL-2, waarmee T 

cel activatie wordt gestimuleerd. Hierdoor zijn CTLL-2 cellen beter in het detecteren van 

door CsA veroorzaakte T cel inhibitie (Hoofdstuk 2) dan EL-4 cellen. In de andere 

gebruikte cellijnen werd geen T cel activatie tijdens kweek gebruikt. 

Twee immunotoxische stoffen deoxynivalenol (DON) en tributyltin oxide (TBTO) werden 

gebruikt in Hoofdstuk 3 en 4. DON is een schimmeltoxine (mycotoxine) dat op 

landbouwproducten zoals mais en tarwe gevonden kan worden. Omdat DON stabiel blijft 

tijdens verhitting en koken, worden mensen continu blootgesteld aan lage hoeveelheden 

van dit mycotoxine. Het is bekend dat DON ribotoxische stress induceert, wat leidt tot ER 

stress en T cel activatie en specifiek aangrijpt op cellen in de thymus en beenmerg. TBTO 

is een organotin verbinding die gebruikt werd in verschillende industriële processen. TBTO 

werd verwerkt in scheepsverf om de groei van weekdieren aan de buitenkant van schepen 

tegen te gaan, maar TBTO werd ook gebruikt in plastic vloertegels en als houtbeschermer, 

waardoor TBTO wereldwijd in het milieu verspreid werd. Het werkingsmechanisme van 

TBTO heeft overeenkomsten met dat van DON. TBTO induceert een ER stress respons 

leidend tot T cel activatie en grijpt daarnaast in vivo ook specifiek aan op de thymus. Een 

verschil tussen DON en TBTO is dat DON ER stress induceert via ribotoxische stress 

inductie, waar TBTO een direct effect heeft op het ER. Omdat zowel DON als TBTO reeds 

uitgebreid bestudeerd zijn in in vitro en in vivo immunotoxiciteitsstudies, werden beide als 

modelstoffen gebruikt om de geschiktheid van muizen EL-4 cellen (Hoofdstuk 3) en 

CTLL-2 cellen (Hoofdstuk 4) te testen. Resultaten van de blootstellingen van EL-4 cellen 

aan DON werden vergeleken met muizen CTLL-2 cellen (in vitro), muizen thymocyten (in 

vitro), muizen thymocyten (in vivo) en humane Jurkat T cellen (in vitro). DON blootstelling 

in EL-4 cellen zorgde voor een verhoging van genexpressie in genen uit ribosoom 

biogenese en RNA processing. Deze verhoging van expressie was echter lager dan in 

humane Jurkat T cellen. DON induceerde ook een verhoogde expressie van genen 

betrokken bij ribosoom biogenese in CTLL-2 cellen, maar deze inductie werd 

overtuigender waargenomen in EL-4 cellen. Zowel CTLL-2 cellen als EL-4 cellen 

veroorzaakten geen verhoging van de overige processen behorende tot het 

werkingsmechanisme van DON (ER stress, T cel activatie en apoptose). Zoals verwacht 

werd de expressie van genen in deze processen wel verhoogd in Jurkat T cellen. De EL-4  

en CTLL-2 cellijn zijn mogelijk niet in staat om ER stress, T cel activatie en apoptose te 

induceren door het ontbreken van genen (of functionaliteit van genen) die betrokken zijn in 

de link tussen ribotoxische stress en ER stress. 

Het werkingsmechanisme van TBTO (inductie van ER stress, T cel activatie en apoptose) 

werd slechts gedeeltelijk gerepresenteerd  in EL-4 cellen. ER stress werd geïnduceerd in 

EL-4 cellen, maar dit leidde niet tot een daarop volgende T cel activatie en apoptose. Door 

een mutatie in het calcineurine-gen is de T cel activatie respons al continu in  EL-4 cellen 

geactiveerd, en kan mogelijk niet nog verder geactiveerd worden. De expressie van genen 
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betrokken bij de processen ER stress, T cel activatie en apoptose werden wel duidelijk door 

TBTO verhoogd in CTLL-2. De vergelijkingen op basis van genen en processen, welke 

belangrijk zijn in de immunotoxische actie van TBTO, maakten duidelijk dat deze beter 

gedetecteerd werden in CTLL-2 cellen, Jurkat T cellen en muis primaire thymocyten dan in 

EL-4 cellen. De processen behorende bij het werkingsmechanisme van DON werden beter 

gerepresenteerd in Jurkat T cellen en muis thymus in vivo dan in CTLL-2 cellen of EL-4 

cellen. Omdat zowel EL-4 cellen als CTLL-2 cellen niet in staat waren om de 

werkingsmechanismen van elk van  de drie de geteste stoffen (CsA, TBTO en DON) op te 

pikken, werd besloten deze cellijnen niet meer te gebruiken in toekomstige 

immunotoxische experimenten.  

 

Directe vergelijking van de werkingsmechanismen van DON en TBTO in humane Jurkat T 

cellen 

Omdat eerdere transcriptomics experimenten naar de effecten van DON en TBTO in de 

humane T cellijn Jurkat het werkingsmechanisme van beide stoffen verhelderden, werden 

deze stoffen in een microarray vergelijkingsexperiment gebruikt. Om de resultaten die 

verkregen zijn met DON en TBTO te verifiëren werden modelstoffen met een verwacht 

(deels) gelijk werkingsmechanisme gebruikt, zoals anisomycin, ionomycin en thapsigargin 

(Hoofdstuk 5). De rationale achter deze studie is dat stoffen welke werken volgens 

eenzelfde mechanisme ook eenzelfde genexpressie profiel zullen veroorzaken. 

Thapsigargin werd gebruikt als positieve controle voor ER stress inductie geïnduceerd door 

vrijgifte van calcium ionen vanuit het ER naar het cytoplasma leidend tot apoptose. 

Ionomycin staat bekend om zijn calcium verhogend effect door het vrijmaken van calcium 

uit intracellulaire opslag en werkt vervolgens als T cel activator. Van anisomycin is bekend 

dat het de eiwit synthese remt. Anisomycin  hecht aan 28s rRNA en veroorzaakt een 

ribotoxische stress respons. Op basis van de microarray data beschreven in Hoofdstuk 5 

werd duidelijk dat anisomycin en DON genexpressie profielen veroorzaakten, welke bijna 

identiek aan elkaar waren. Daardoor kunnen we stellen dat deze stoffen een gelijk 

werkingsmechanisme hebben. TBTO verhoogde de genen in T cel activatie, ER stress 

inductie en apoptose, welke ook verhoogd werden door thapsigargin en ionomycin. 

Daarnaast werd een set genen geïdentificeerd waar alleen TBTO op aangreep. Deze genen 

waren betrokken bij efficiënte vouwing van DNA rondom histonen. Deze studie liet 

nogmaals zien dat toxicogenomics een toegevoegde waarde heeft bij het detecteren van 

overeenkomsten en verschillen in de werkingsmechanismen van verschillende stoffen.  

 

Voortgang richting proefdiervrije immunotoxiciteitstesten 

Parallel aan de experimenten beschreven in Hoofdstuk 2-5 werden grootschalige 

microarray blootstellingsstudies uitgevoerd door Shao et. al., gebruikmakend van Jurkat T 

cellen en sets van immunotoxische en niet-immunotoxische stoffen. Het doel van deze 

experimenten was het identificeren van mogelijke immunotoxische werkingsmechanismen 

en identificatie van classificatiegenen die als in vitro biomerkers voor humane 



 

Chapter 8 

172 

immunotoxiciteit kunnen dienen. De uitkomst van de studies van Shao et. al. was een set 

van 25 genen die met hoge sensitiviteit (88%), specificiteit (67%) en nauwkeurigheid 

(85%) de immunotoxiciteit van stoffen kunnen voorspellen. Ondanks deze veelbelovende 

resultaten bleven een aantal vragen en kwesties onbeantwoord. Eén van deze vragen is: 

“Hoe zijn de prestaties van dit screeningsmodel wanneer stoffen worden getest van klassen 

die nog niet eerder getest zijn?”. Een andere kwestie is het geringe aantal niet-

immunotoxische stoffen in de studies van Shao et. al. Daarom werden Jurkat T cellen in 

Hoofdstuk 6 blootgesteld aan een nieuwe set van 14 stoffen waarvan enkele tot klassen 

behoren welke nog niet eerder zijn getest. Vijf van de 14 stoffen waren bekende niet 

immunotoxische stoffen. De onbalans tussen geteste immunotoxische en niet 

immunotoxische stoffen zal altijd aanwezig zijn omdat er van weinig stoffen beschreven is 

dat ze bewezen niet-immunotoxische stoffen zijn. Dit komt doordat 

immunotoxiciteitsstudies in het algemeen niet worden uitgevoerd op stoffen waarvan geen 

immunotoxiciteit wordt verwacht. Een tweede reden is dat richtlijnen doorgaans weinig of 

geen informatie verlangen over mogelijke immunotoxiciteit van stoffen. Omdat een 

gelimiteerde set genen reeds was geïdentificeerd als classificatie genen voor humane 

immunotoxiciteit door Shao et al., werd gekozen voor een Fluidigm analyse in plaats van 

microarray analyse. Dit zorgde voor snelle resultaten die gemakkelijker te analyseren zijn 

in vergelijking met microarray data analyse. Van de 14 stoffen die gebruikt zijn in de 

Fluidigm studie werden er 13 correct geclassificeerd. Sensitiviteit, specificiteit en 

nauwkeurigheid waren respectievelijk 100%, 80% en 93%. Wanneer deze resultaten 

gecombineerd worden met de resultaten van de studies van Shao et. al. komt men tot 91% 

sensitiviteit, 71% specificiteit en 83% nauwkeurigheid voor de 25 biomerkers.  

 

Toekomstige verandering in richtlijnen 

Het onderzoek dat uitgevoerd werd in dit proefschrift leverde uiteindelijk een set 

biomerkers op met hoge specificiteit, sensitiviteit en nauwkeurigheid voor immunotoxische 

voorspellingen. Hoe overtuigend de resultaten ook mogen zijn, dit betekent niet dat 

dierproeven voor immunotoxiciteitstesten snel vervangen zullen worden door in vitro 

screenings met chemicaliën in Jurkat T cellen. Dierproeven zouden echter niet als gouden 

standaard gezien moeten worden voor de effecten die optreden in mensen. Om die reden is 

de validatie van de extrapolatie van effecten op mens in vitro naar mens in vivo door middel 

van dierproeven niet ideaal. Gebruik maken van humane cellijnen en weefsels blootgesteld 

aan dezelfde stof en identificatie van de werkingsmechanismen in humane systemen zou 

een betere opzet zijn. Echter, de complexiteit van het immuunsysteem (meerdere organen, 

weefsels en cellen) is beperkend om deze strategie toe te passen voor immunotoxiciteit. 

Sommige initiatieven, zoals ASAT (Assuring Safety without Animal Testing), doelen op 

het gebruik van humane data van blootstellingsexperimenten, gerelateerd aan specifieke 

menselijke ziektes, om vergelijkingen mogelijk te maken. In die zin is de ASAT benadering 

anders dan de meeste klassieke validatie benaderingen omdat het niet berust op de 

resultaten van dierproeven voor de validatie. Het veranderproces in de richtlijnen en wetten 
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om nieuwe in vitro alternatieven voor immunotoxiciteitstesten te implementeren is een 

lange weg. Dit komt door de behoefte aan betrouwbare en gevalideerde 

(immuno)toxiciteitstesten door de overkoepelende organisaties. Het kan meerdere jaren 

duren voordat een bewezen alternatief algemeen geaccepteerd wordt. Tot dat moment 

zullen producenten van nieuwe stoffen en medicijnen zich moeten conformeren aan de 

huidige wetten die voorschrijven dat de stoffen in dierproeven getest moeten zijn op 

immunotoxiciteit. 

Om sneller tot algemene acceptatie voor in vitro testen te komen, verzamelden 

verscheidene instituten in de VS hun plannen in een visiedocument getiteld “Toxicity 

Testing in the 21st Century: A Vision and a Strategy”, welke gepubliceerd werd door de 

National Academic Press in 2007. Deze visie behelst het verplaatsen van onderzoek 

richting het gebruik van meer high-throughput methoden gebaseerd op cellen of cellijnen, 

bij voorkeur van humane oorsprong. Daarnaast meldt het document dat nieuwe toxiciteit 

testsystemen gebruikt moeten worden om de biologisch relevante veranderingen in de 

belangrijkste toxiciteit pathways te evalueren gefocust op humane biologie. Deze twee 

punten (gebruik maken van humane in vitro celsystemen en kennis m.b.t. toxiciteit 

pathways) zijn duidelijk behandeld in dit proefschrift daar experimenten zijn uitgevoerd in 

humane Jurkat T cellen en gebruik werd gemaakt van microarrays in combinatie met tools 

zoals GSEA of MetaCore om de biologische respons te bestuderen.  

 

Conclusie 

Dit proefschrift richtte zich op het testen van de bruikbaarheid van twee muizen cellijnen en 

één humane cellijn voor toepassing in immunoxiciteitstesten. De experimenten toonden  

enkele duidelijke nadelen van de muizen EL-4 en CTLL-2 cellijnen aan. Beide cellijnen 

waren, in tegenstelling tot de Jurkat cellijn, niet in staat om de belangrijke immunotoxische 

processen van CsA, DON en TBTO te detecteren. Enerzijds is de  T cel activatie respons 

maximaal geactiveerd in zowel de CTLL-2 cellijn (door standaard kweek procedures) als 

de EL-4 cellijn (door genetische activatie van calcineurine gen). Anderzijds is de verwachte 

afwezigheid van (functionele) genen die belangrijk zijn in de link tussen ribotoxische stress, 

ER stress en T cel activatie. Beide redenen maken de CTLL-2 en EL-4 cellen minder 

geschikt voor immunotoxiciteitsstudies in vergelijking met humane Jurkat cellen. De 

progressie die geboekt werd met Jurkat cellen resulteerde in een set op mechanisme 

gebaseerde immunotoxische biomerkers welke verder gevalideerd werden in dit 

proefschrift. Dit resulteerde in een hoge sensitiviteit, specificiteit en nauwkeurigheid. Alles 

bij elkaar leverde de resultaten van dit proefschrift een bruikbare set genetische merkers op, 

welke gebruikt kunnen worden in in vitro onderzoek met bestaande en nieuwe stoffen om 

voorspellingen te doen over de immunotoxiciteit en werkingsmechanismen in mensen.
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Introduction 

Chemicals with direct immunotoxic characteristics may cause a risk to human health, as 

humans can be exposed to these chemicals via food, drinking water, and the environment. 

These direct immunotoxic properties are evaluated in the safety assessment of new and 

existing chemicals and food additives (EPA 1998; Institóris et al. 1998), and during the 

preclinical phase of pharmaceutical development (EMA 2000; FDA 2002). Currently, 

immunotoxicity tests are mainly based on changes in organ weights in animal experiments, 

histopathology of those organs (spleen, thymus, bone marrow, lymph nodes) or by 

measuring serum parameters (FDA 2002). Disadvantages of animal tests are related to the 

high costs and long time needed as well as to ethical issues (Corsini and Roggen 2009). In 

addition, animal studies rely mostly on apical endpoints, do not sufficiently yield insights 

into the molecular mechanisms of direct immunotoxicity and often have limited prediction 

towards the human situation. Thus, animal free alternatives are urgently needed. The latter 

is a key element in a report from the National Research Council (NRC) of the U.S. National 

Academy of Science entitled “Toxicity testing in the 21st Century: A Vision and A 

Strategy”(2007). In this report, the NRC supports the shifts from animal testing to 

(preferably human-based) in vitro testing and from single endpoint studies to studies 

addressing toxicity pathways. This support for omics approaches in defining new endpoints 

was also shared by the European Centre for the Validation of Alternative Methods 

(ECVAM) (Bouvier d'Yvoire et al. 2012). The application of transcriptomics provides 

mechanistic insights into the mode of action of the chemical and can also yield biomarkers 

that represent a specific toxicological endpoint.  

Innovation and social relevance of the research results 

Recently, in vitro transcriptomics studies using human and rodent T cell lines and primary 

cells have led to a better insight into the mechanism of action of a limited set of 

immunotoxicants. The question which of the available models would be most suitable to 

screen compounds for immunotoxicity was however not yet answered. Therefore, the work 

described in the present thesis started with a comparative assessment of several models 

using three different model immunotoxicants (CsA, TBTO and DON). As it became 

apparent that the in vitro mouse models (CTLL-2 and EL-4 cell lines) as compared to the 

human Jurkat T cell line lacked some important features to detect the immunotoxicity of 

these immunotoxicants, a larger set of chemicals was studied by using the human Jurkat T 

cell line. These studies were performed by colleagues and resulted in the identification of a 

set of mechanism-based biomarkers that allowed to distinguish immunotoxicants from non 

immunotoxicants with a relatively high accuracy 85%. As some questions remained 

unanswered, such as: “How does this model perform when challenged with chemicals that 

were not tested before?” the set of biomarkers was further tested with a new set of 

compounds in this thesis. This additional pre-validation of the biomarkers resulted in 

excellent sensitivity (100%), specificity (80%) and accuracy (93%). In addition, the 

immunotoxicity of chemicals originating from classes that were not tested before could also 

be confirmed. It was concluded that the Jurkat T cell model in combination with the 
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biomarker gene set promises to be a useful module within a battery of tests to screen new 

and existing chemicals for immunotoxicity. Besides assessments on immunotoxicity of 

chemicals, one study was set up using known immunotoxicants in one microarray 

experiments. This allowed a direct comparison between the gene expression profiles of 

compounds with suspected similar modes of action.  

Taken together, the results of this thesis showed that of the models assessed, the Jurkat T 

cell line gave the best prediction for immunotoxicity testing. Using this cell line in a 

toxicogenomics setting resulted in valuable mechanistic information and biomarkers for 

immunotoxicity were pre validated in a second experiment with another set of 

immunotoxicants and non-immunotoxicants. The research performed was in line of the 

framework of US NRC, US FDA and ECVAM contributing to the development of animal 

free screening models. 

Concrete product 

The set of biomarkers that were pre-validated in this thesis can be used in a high-throughput 

setting allowing screening of large sets of chemicals in a short time. In the present thesis a 

Fluidigm high-throughput PCR system was used, however, other possibilities exist. 

Biomarkers could also be tested using a Luminex setting, which has the advantage that the 

quantification of mRNA is done directly on  lysates of cultured cells, so no RNA isolation 

and purification steps are required (Zheng et al. 2006). Though this makes the Luminex 

system more high throughput, the Fluidigm setting is fast, cheaper than the Luminex 

system, and has already proven itself in Jurkat immunotoxicity experiments.  

Potential applications 

An assay that is created on the basis of the outcome of this thesis can be used for several 

purposes. First, it can be used within drug development to screen for potential immunotoxic 

properties of newly developed pharmaceuticals. Second, within the framework of REACH, 

an assay could be used in the safety evaluation of existing chemicals and the presence of 

immunotoxicants in food, feed and water.  

 

Implementation schedule 

The present thesis proved the value of the identified biomarkers, however, some 

improvements are still to be investigated. To generate a more powerful validation, more 

non-immunotoxicants need to be used in this screening set up to balance the large number 

of known immunotoxicants with the low number of known non-immunotoxicants. A next 

step will be the submission of the results of the Jurkat screening assay to ECVAM for 

independent further validation. Because the cell line (Jurkat T cell line) and the primers in 

RT-PCR (Taqman) are both commercially available, this will shorten the time for 

validation by ECVAM. Parallel to this, similar exercises as done in this thesis could be 

performed for other immune cell lines, such as a macrophage cell line or a Natural Killer 

cell line. When compounds can be screened in three cell lines (T cell, NK and macrophage) 
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with the same set of biomarkers, this will increase the power of the assay, as immunotoxic 

chemicals might specifically affect NK cells or macrophages and do not affect T cells.  
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Op de kaft van een proefschrift pronkt altijd alleen de naam van de promovendus. Gelukkig 

stond ik er tijdens mijn promotietraject niet alleen voor. Dit (waarschijnlijk) meest gelezen 

deel van mijn proefschrift biedt dan ook ruimte om eenieder te bedanken die op welke 

wijze dan ook een bijdrage heeft geleverd aan de in- of ontspanningen tijdens mijn 

promotietraject.  

Henk, ondanks de fysieke afstand tussen Wageningen en Bilthoven (of Maastricht) stond 

dit een uitstekende begeleiding niet in de weg. In regelmatige besprekingen wist je steeds 

de nadruk te leggen op de hoofdlijn en me kritisch na te laten denken over gemaakte 

keuzes. Jouw bijdrage aan met name de structuur in mijn proefschrift is onmiskenbaar. 

Bedankt voor je waardevolle begeleiding en advies de afgelopen jaren.  

 

Ad, de fysieke afstand tot jou bleef beperkt tot één verdieping en omdat je deur altijd open 

stond was je te allen tijden bereikbaar voor korte discussies. Jij hield de uitgezette lijn in 

wekelijkse besprekingen in het oog en stuurde bij waar noodzakelijk. Ook buiten het werk 

om was je beschikbaar voor een praatje. Dank voor de goede begeleiding.  

 

Peter Hendriksen, jij zat nog dichter op het vuur dan Ad en Henk. De volledige vier jaar 

van mijn RIKILT-tijd was ik je kamergenoot en mocht ik je storen voor alle vragen. Met 

name je gestructureerde manier van microarray data analyse was erg prettig. Ook had je een 

belangrijke stem(pel) in het reviewen van mijn schrijfwerk. Ik wil je bedanken voor de 

nuttige discussies en alle tijd die je hebt gestoken in mijn begeleiding.  

 

Oscar, jij was degene die mijn experimenten in gang zette in mijn begintijd. Ik bewonder je 

kracht om altijd alternatieve mogelijkheden aan te dragen, waardoor voor elk probleem al 

snel meerdere oplossingen gevonden werden.  

 

Jia, you started your PhD a month or two earlier than I did and therefore you took me by 

the hand in the world of Jurkat cell cultures and all relevant techniques on the RIKILT labs. 

Together we shared knowledge, experiences, two journal papers and two book chapters. I 

admire your passion for research and I think you can be very proud of your work. I was 

very happy to have you as a colleague and I wish you all the best in your career. 

 

Danique, je kwam binnen als voluntair op een project van Geert, maar draaide in de vrije 

uurtjes mee op onderzoeksprojecten van anderen. Ik heb daar gelukkig dankbaar gebruik 

van mogen maken wat resulteerde in een prettige samenwerking en een mooi artikel. Ik ben 

blij dat je een leuke baan hebt gevonden en dat we nog regelmatig contact hebben en voel 

me vereerd met jou als mijn paranimf. 

Meike, met name onze gezamenlijke interesse in films en series zorgden voor genoeg 

gespreksstof tijdens de pauzes. Je bood regelmatig hulp bij de opmaak van figuren of 
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posters en daarnaast zorgde je voor een mooi ontwerp voor dit boekje, waar ik je erg 

dankbaar voor ben. Ik ben blij dat jij me wilt bijstaan als paranimf.  

Een speciaal woord van dank aan Evelien en Geert. Jullie stonden altijd klaar voor hulp op 

het lab of voor een praatje. Onze CD collecties werden regelmatig uitgewisseld en na enig 

aandringen waren jullie overtuigd om mee te gaan naar een concert van Jonathan Jeremiah, 

waar jullie hopelijk net zo van hebben genoten als ik. 

Toine, ik waardeer enorm je betrokkenheid bij mijn onderzoek, terwijl je daar niet eens 

verplicht toe was. In pauzes wist je altijd het gesprek aan de gang te houden, desnoods door 

iets een keer te herhalen. Ook was ik blij verrast met jou in het beachvolleybalteam op de 

RIKILT-dag, waar we pas in de finale moesten buigen.  

Ook een groot dankjewel aan alle overige collega’s van RIKILT: Hendrik, Richard, Gerlof, 

Liza, Astrid, Si, Ewa, Agata, Lonneke, Hans, Jeroen R, Marleen, Jeroen van D, Madhu, 

Corina, Marcia, Jonathan. 

Als promovendus heb je ook het voorrecht zo af en toe een student te mogen begeleiden. Ik 

wil zowel Tanisha Guy als Tamara Zandvliet bedanken voor hun inzet en bijdrage aan de 

validatie van mijn eerste resultaten. 

Jean Conemans en ook Mirjam Hermans, jullie bijdrage aan dit proefschrift is beperkt, 

maar ik ben er van overtuigd dat het de stage bij de ZANOB en JBZ is geweest die er voor 

heeft gezorgd dat ik ben aangenomen op het promotietraject bij RIKILT. Jean en Mirjam, 

jullie waren topbegeleiders tijdens mijn studie en stonden na afloop van mijn 

promotietraject nog steeds voor me klaar. Ontzettend bedankt voor alle steun. 

Vincent en Jorn, mijn beste vrienden stonden altijd klaar voor de nodige ontspanning, zoals 

een filmavondje of een weekendje “Center Parcs”. Ik ben blij dat we dezelfde humor 

hebben al is het voor anderen soms minder leuk als we ons met zijn drieën in dezelfde 

ruimte bevinden. Ook een dankjewel aan Pim, omdat je altijd beschikbaar was voor een 

afleidend “koffiepraatje”. 

Anita en Hanneke, ik leerde jullie kennen tijdens de masterfase van onze studie 

Biomedische wetenschappen en we zijn sindsdien met onregelmatige tussenpozen te vinden 

in de restaurants in Uden, Oss of Nijmegen. Deze avonden zijn altijd gezellig en moeten we 

zeker blijven doen. Ik kon mooi profiteren van alle kennis van de randzaken rondom een 

promotietraject die jullie opdeden en deelden en daar ben ik jullie dankbaar voor.  

Met ouders die werkzaam waren in het geneesmiddelenonderzoek en op een 

röntgenafdeling, werd mijn interesse voor de medische en biologische wereld al vroeg 

aangezwengeld. Ik ben er zeker van dat de vele korte gesprekjes (colleges) tijdens de afwas 

bij hebben gedragen aan mijn nieuwsgierigheid voor het menselijk lichaam en ik mede 
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daardoor de juiste keuzes heb gemaakt. Ondanks dat mijn moeder het begin van mijn 

promotieonderzoek niet meer mee heeft mogen maken, weet ik zeker dat ze trots zou zijn 

geweest. Pa en ma, ontzettend bedankt voor de goede zorgen. 

Bart, er kan nooit genoeg over volleybal gezegd worden! En daarom hebben we ook altijd 

wat te vertellen. Ik bewonder enorm dat je doet wat je leuk vindt en dat je daarin ook nog 

eens ontzettend georganiseerd en gestructureerd bent. Kwaliteiten die wel eens goed van 

pas kunnen komen als je nog eens een promotieonderzoek zou gaan doen. 

Mieke, als jongste met twee oudere broers had je het niet altijd makkelijk. Je wist je echter 

toch succesvol door je opleiding heen te manoeuvreren. Net als bij een promotieonderzoek 

weet je tegenslagen te overwinnen en je uiteindelijke doel te behalen. Ik hoop echter dat je 

over je nieuwste uitdaging niet zo lang doet als ik deed over mijn promotieonderzoek  

Ook een woord van dank aan mijn schoonfamilie voor de interesse tijdens en de zoektocht 

naar werk na afloop van mijn promotieonderzoek. Ton en Betsie, Imke, Sanne en Michel: 

Bedankt voor jullie betrokkenheid.  

Naast de drukke dagen op het lab of achter de pc was er gelukkig tijd genoeg voor 

ontspanning. De afgelopen jaren vond ik die ontspanning met name bij mijn volleybalteams 

(TFC en Nuvoc), actief als speler, maar ook als assistent bij een damesteam van TFC. 

Iedereen waar ik mee heb samengespeeld of samengewerkt: Dank jullie voor de 

gezelligheid! 

Ko, dank dat je me een kans geeft om bij Deventer Ziekenhuis in een werkveld te werken 

dat niet direct aansluit op mijn vooropleiding. Bedankt voor het vertrouwen. 

Ook de voormalig collega’s van Ross Health, Inge, Dedmer, Hendrik, Leonie, Rob, Iris, 

Manon, Erik, Edwin, Saide, Niek en Stephanie: dank voor de gezellige werksfeer in Soest. 

Dit laatste plekje is gereserveerd voor de belangrijkste persoon in mijn leven. Lieve 

Maartje, bedankt voor alle steun in de afgelopen jaren. Je was er voor me als het even tegen 

zat met mijn onderzoek of schrijfwerk. Je stond me bij in de zoektocht naar een nieuwe 

baan en zorgde voor de nodige ontspanning tijdens filmavondjes of concerten. Ik ben 

ontzettend gelukkig met jou in mijn leven en ben iedere dag dankbaar die we samen door 

kunnen brengen. 
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