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Summary 

Asthma belongs to the most prevalent chronic airway diseases and is caused by an 

inadequately Th2-biased immune response to environmental allergens. Evidence has been 

accumulated that delayed apoptosis induction in Th2-lymphocytes occurs in asthma and 

potentially plays an important role in the persistent inflammatory process associated with the 

disease. Therefore, selective induction of apoptosis in activated Th2 lymphocytes may prove a 

valuable therapeutic approach in the future. 

In our laboratory it was shown that D-43787, initially identified as a binding partner of 

cyclophilin A, inhibits Th2 cytokines selectively and triggers apoptosis in human primary 

CD4+ T cells. The aim of the thesis was to elucidate the mechanism of D-43787-induced 

apoptosis and to elucidate the Th2 selectivity of this compound. Using caspase activity assays 

a simultaneous activation of caspase-3, -6 and -8 in D-43787-treated CD4+ T cells was 

determined after 8 hours, whereas only caspase-6 activity increased thereafter. Further 

investigations with specific caspase inhibitors revealed that a caspase-6 inhibitor was able to 

abolish D-43787-induced caspase activation. Moreover, in vitro differentiated mouse T helper 

cells showed significantly elevated caspase-6 mRNA level in the Th2 subset concomitant with 

enhanced susceptibility of these cells to apoptosis induction by D-43787. Knock-down of 

caspase-6 and cyclophilin A in JURKAT cells by RNAi lead to a significant reduction of 

apoptotic cells after D-43787-treatment compared to the control. Furthermore, analysis of a 

potential complex of procaspase-6, cylophilin A and D-43787 revealed that caspase-6 was not 

activated, whereas prolyl-endopeptidase and serine protease activity of this complex was 

detectable. These results indicate a direct interaction of caspase-6, cyclophilin A and D-43787 

leading to a Th2-selective apoptosis induction which may serve as a novel anti-asthmatic 

therapy approach in the future. 

A second part of this thesis was the analysis of 20 apoptosis inducing substances with regard 

to their potential anti-inflammatory and anti-tumor properties. Of these arctigenin, 

camptothecin, embelin, imperatorin and resveratrol appeared to be anti-inflammatory agents. 

Arctigenin and resveratrol inhibited TNF-α and IFN-γ production of PBMC without apoptosis 

induction and caspase activation. Resveratrol exerted also anti-cancer activities by triggering 

apoptosis in JURKAT cells via caspase activation. Camptothecin showed similar actions to 

resveratrol, whereas IFN-γ was more affected than TNF-α. Embelin and imperatorin 
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selectively inhibited IFN-γ production without influencing TNF-α. However, embelin 

potentially induces apoptosis in JURKAT cells while normal PBMC were not affected 

rendering this substance suitable for cancer therapy. 
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Zusammenfassung 

Asthma bronchiale ist eine der häufigsten chronischen Atemwegserkrankungen weltweit. Die 

Hauptursache der Pathogenese ist eine inadäquate Th2-vermittelte Immunantwort auf 

Umweltallergene. Möglicherweise spielt eine verminderte Apoptoseinduktion in Th2-

Lymphozyten eine wichtige Rolle bei der Persistenz der chronischen Entzündung bei Asthma 

bronchiale. Daher könnte eine selektive Induktion der Apoptose in Th2-Zellen einen 

innovativen Therapieansatz darstellen. 

In unserem Labor konnte gezeigt werden, dass D-43787, zunächst als Bindungspartner von 

Cyclophilin A identifiziert, selektiv Th2-Zytokine inhibiert und Apoptose in humanen 

primären CD4+ T-Zellen auslöst. Die Untersuchung der beteiligten Komponenten und des 

Signalweges waren das Hauptziel der vorliegenden Arbeit. Durch Caspase-Aktivitätsassays 

konnte nach 8 Stunden eine gleichzeitige Aktivierung der Caspasen-3, -6 und -8 in D-43787-

behandelten CD4+ T-Zellen detektiert werden, wobei im Verlauf von 24 Stunden nur die 

Caspase-6 Aktivität deutlich weiter anstieg. Darüber hinaus zeigten Untersuchungen mit 

spezifischen Caspase-Inhibitoren, dass lediglich der Caspase-6 Inhibitor Z-VEID-FMK in der 

Lage war die D-43787-induzierte Caspaseaktivierung zu inhibieren. In Versuchen mit in 

vitro-differenzierten Maus-T-Helferzellen konnte festgestellt werden, dass Th2-Zellen 

signifikant mehr Caspase-6 mRNA exprimierten als die Th1-Subpopulation. Gleichzeitig 

waren die Th2-Lymphozyten auch sensitiver gegenüber D-43787-induzierter Apoptose. Im 

Vergleich dazu führte die Herunterregulation von Caspase-6 und Cyclophilin A mittels RNA-

Interferenz zu einer signifikanten Reduktion der D-43787-induzierten Apoptose in JURKAT-

Zellen. Während Cyclophilin A und D-43787 nicht in der Lage waren die proteolytische 

Aktivität der Caspase-6 zu induzieren, zeigte der Komplex jedoch Prolyl-Endopeptidase und 

Serinprotease-Aktivität. Diese Ergebnisse führen zu der Hypothese, dass eine direkte 

Interaktion von Caspase-6, Cyclophilin A und D-43787 stattfindet, die zu einer selektiven 

Apoptoseinduktion in Th2-Zellen führt und somit einen neuen Ansatz zur Asthma-Therapie 

darstellen könnte. 

Als zweites Ziel dieser Arbeit wurden 20 Apoptose-induzierende Substanzen hinsichtlich 

ihrer potentiell anti-entzündlichen und anti-tumoralen Eigenschaften untersucht. Von diesen 

Substanzen wiesen vor allem Arctigenin, Camptothecin, Embelin, Imperatorin und 

Resveratrol eine entzündungshemmende Wirkung auf. Arctigenin und Resveratrol inhibierten 
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dabei die TNF-α und IFN-γ Produktion in PBMCs ohne gleichzeitige Aktivierung der 

Apoptose oder Caspasen. Resveratrol zeigte darüber hinaus auch antiproliferative 

Eigenschaften, indem die Substanz Apoptose ausschließlich in JURKAT-Zellen auslöste. 

Campthothecin wirkte ähnlich wie Resveratrol, wobei hier die IFN-γ Sezernierung stärker 

beeinträchtigt wurde als die von TNF-α. Embelin und Imperatorin hemmten selektiv die 

IFN-γ Produktion ohne TNF-α zu beeinflussen. Embelin induzierte darüber hinaus Apoptose 

in JURKAT-Zellen während primäre Lymphozyten nicht beeinträchtigt wurden. Diese 

Eigenschaft macht Embelin zu einem geeigneten Wirkstoff in der Krebs-Therapie. 
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1. Introduction 

1.1   Cytokines and Chronic Allergic Inflammation 

Cytokines are pleiotropic molecules exhibiting a lot of biological functions on various cells 

and tissues. They both mediate and control immunological and inflammatory responses. 

However, besides being beneficial, cytokines can also be detrimental to the host. Common 

human diseases such as atopy/allergy, autoimmunity, chronic infection and sepsis are 

characterized by a dysregulation of the Th1 and Th2 cytokine balance (Elenkov et al. 2005). 

CD4+ T cells differentiate into Th1 or Th2 cells; each of these subsets is responsible for 

activating immune responses adapted to the type of infectious agent. Th1 cells produce IFN-γ 

and induce B cells to release antibodies, which are responsible for phagocyte activation, 

antibody-dependent cellular cytotoxicity and important for defense against intracellular 

pathogens. Th2 cells secrete IL-4, IL-5 and IL-10 and induce production of immunoglobulin 

(Ig) E antibodies, which are crucial for immunity against parasitic infections (Street et al. 

1991; Jankovic et al. 2001). 

Allergic diseases and asthma are caused by an inadequately Th2-biased immune response to 

environmental allergens in genetically predisposed individuals. CD4+ T cells polarized to a 

Th2 phenotype orchestrate the allergic inflammation by secretion of high levels of IL-4, IL-5, 

IL-9 and IL-13 (Figure 1.1).  

 

Figure 1.1 Pleiotropic activity of Th2-type cytokines in allergic asthma (Renauld 2001) 
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IL-4, originally identified as a B cell growth factor (Rabin et al. 1986), mediates important 

pro-inflammatory functions in allergic disorders. In addition to promoting IgE production by 

B lymphocytes, IL-4 contributes to the development of Th2 responses by modulating the 

differentiation of T cells (Seder 1994). Another potentially important role of IL-4 in allergic 

inflammation is its ability to induce the expression of vascular cell adhesion molecule 1 

(VCAM 1) on endothelial cells. The upregulation of this integrin leads to enhanced 

adhesiveness of the endothelium for T cells, eosinophils, basophils and monocytes, which is 

characteristic of allergic reactions (Moser et al. 1992).  

IL-5 is considered the most important cytokine involved in the regulation of eosinophilia, a 

characteristic feature of chronic allergic diseases. The biological activity of IL-5 is largely 

restricted to the development, differentiation, recruitment, activation and survival of 

eosinophils (Sanderson 1990). These are thought to contribute to the development of airway 

hyper reactivity (AHR), a cardinal feature of asthma (Jacoby et al. 1993). 

IL-9, initially discovered as a mouse T cell (Uyttenhove et al. 1988) and mast cell growth 

factor (Hultner et al. 1990), is assumed to also play a role in allergic asthma. This surmise is 

corroborated by the finding that this typical Th2 cytokine (Gessner et al. 1993) acts on mast 

cells and eosinophils (Godfraind et al. 1998; Gounni et al. 2000; Louahed et al. 2001) as well 

as stimulates IL-4-triggered IgE production in vitro (Dugas et al. 1993). Furthermore, IL-9 

activity also extends to non-haematopoietic cells implicated in asthmatic reactions, such as 

lung epithelial and smooth muscle cells (Temann et al. 1998; Little et al. 2001). 

IL-13 is a Th2-derived pleiotropic cytokine and also a key contributor to the asthmatic 

phenotype. It mediates different effects on various cell types including B cells, monocytes, 

natural killer cells, endothelial cells and fibroblasts (Wills-Karp 2004). IL-13, which shares its 

receptor with IL-4, is necessary for allergen-induced AHR in mouse models of allergic airway 

responses (Wills-Karp et al. 1998). 

1.2   Cytokine-directed Strategies in Asthma Therapy 

Current asthma therapy with corticosteroids plus bronchodilators and oral leukotriene receptor 

antagonists is aimed at controlling airway inflammation and relieving disease symptoms. 

However, a subset of asthma patients remains symptomatic despite therapy, showing the need 

for different therapeutic approaches. Therefore, a suitable target for the treatment of allergic 

diseases might be the suppression of allergic inflammation. 
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Th2 specific cytokines play a pivotal role in atopic asthma by orchestrating the eosinophilic 

inflammatory response, suggesting that blocking the release or effects of these cytokines may 

have therapeutic potential. Recent advances in understanding the immunology of Th2 cells 

have opened up the possibility of specific immunomodulation to control allergic diseases. 

There are several possibilities to block specific cytokines. They range from drugs that inhibit 

cytokine synthesis (glucocorticoids, cyclosporin A, tacrolimus, rapamycin, mycophenolate, 

Th2 selective inhibitors), humanized blocking antibodies to cytokines or their receptors, 

soluble receptors to neutralize secreted cytokines, small molecule receptor antagonists or 

drugs that block the signal transduction pathways activated by cytokine receptors (Barnes 

2003). 

Neutralization of IL-4 with a soluble IL-4 receptor was shown to be a save and effective 

treatment in asthma patients who require daily inhaled corticosteroids (Borish et al. 1999; 

Borish et al. 2001). On the contrary, IL-4 receptor antagonists have not been curative in 

clinical trials (Woodfolk 2006). 

More promising are IL-5 antagonists, such as IL-5 muteins, soluble IL-5 receptors, antisense 

oligonucleotides and monoclonal antibodies (Weltman et al. 2000). Mepolizumab, a 

humanized monoclonal antibody against IL-5, was shown to be safe in non-human primates, 

where it reduced circulating and tissue-resident eosinophils (Hart et al. 2001). But, studies 

using Mepolizumab in asthma patients revealed that this IL-5 blocking antibody was unable 

to affect early or late responses to allergen or to reduce airway reactivity to methacholine in 

patients with asthma (Barnes 2001). 

A blocking antibody to IL-9 inhibits airway inflammation and AHR in ovalbumin-sensitized 

Balb/c mice by reducing eosinophils, lymphocytes and IL-4 levels (Cheng et al. 2002). 

Strategies to neutralize IL-9, including blocking humanized antibodies are currently being 

developed (Zhou et al. 2001). 

Neutralization of IL-13 with soluble IL-13 receptor reduced AHR, eosinophil recruitment and 

mucus overproduction in a mouse model of asthma (Grunig et al. 1998). Studies in our 

laboratory also revealed that the blockade of IL-13 induction by selective inhibitors decreases 

lung eosinophilia (Pahl et al. 2002). Humanized specific IL-13 receptor is at a preliminary 

stage in clinical trials as a therapeutic approach for asthma (Barnes 2003). 
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Although there have been several attempts to block specific cytokines, this may not be 

sufficient to block chronic allergic inflammation. As many cytokines are involved in allergy 

and asthma, drugs that inhibit the synthesis of multiple cytokines may prove more successful. 

Immunosuppressive drugs like cylclosporin A (CsA) and tacrolimus block NF-κB activation 

indirectly, regulating the expression of many cytokines, via inhibition of the calcium-

calmodulin dependent phosphatase calcineurin (Liu et al. 1991; Lee et al. 1998). The 

beneficial effect of cyclosporin A in the treatment of asthma may be related to its inhibitory 

effect on the late asthmatic reaction via induction of T-cell apoptosis (Ying et al. 2003). But 

unacceptable side effects limit its broad application. In parallel, Glucocorticoids (GC) - the 

most widely used anti-inflammatory asthma treatment - exert their effects via induction of 

T lymphocyte apoptosis mediated through the glucocorticoid receptor (Tuckermann et al. 

2005). 

1.3   Apoptosis and Cell Survival in Airway Inflammation 

Apoptosis is defined by a series of molecular and morphological changes including the loss of 

mitochondrial membrane potential, chromatin condensation, DNA fragmentation, membrane 

blebbing and the generation of apoptotic vesicles. Programmed cell death is essential in 

development, homeostasis and host defence. 

Two major pathways of apoptosis signaling which trigger cell death have been described 

(Figure 1.2). The extrinsic (death receptor) pathway is activated by members of the death 

receptor superfamily, such as Fas ligand (FasL) binding to its receptor (Fas). The intrinsic 

(mitochondrial) pathway is triggered in response to chemical and physical stress, leading to 

the release of cytochrome-c from the mitochondria and activation of the death signals. Both 

the pathways converge in a final common pathway involving the activation of specific 

proteases that cleave regulatory and structural molecules and culminate in the death of the cell 

(Degterev et al. 2003). 
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Figure 1.2 Two main pathways of apoptosis induction (Ghobrial et al. 2005) 

These specific proteases are key players in both pathways and belong to the cysteinyl 

aspartate-specific proteases (caspases), which are activated during apoptosis by proteolysis 

and cleave selected target proteins (Strasser et al. 2000). Synthesized as latent precursors or 

procaspases, cysteine proteases are converted to active caspases during apoptosis through an 

intricately regulated proteolytic process. Caspases often function in cascades characterized by 

activation of upstream caspases (initiator caspases) via interaction with caspase adaptors 

followed by activation of downstream caspases (effector or executioner caspases). 

Subsequently, the activated effector caspases cleave various cellular proteins, leading to 

apoptotic cell death (Chang et al. 2000). The human caspase family currently consists of 11 

members, whereby several of them are also involved in cytokine maturation and belong to the 

group of inflammatory caspases (caspase-1, -4, -5, -11, -12 and -14). Caspase-2, -8, -9 and -10 

are among the group of initator caspases, whereas caspase-3, -6 and -7 are executioner 

caspases (Earnshaw et al. 1999). 

Dysregulation of apoptosis has been implicated in the pathogenesis of a range of diseases 

including neoplasia, neurogenerative disorders and autoimmune diseases. Recent studies 

implicate both the induction and inhibition of apoptosis in acute lung injury/acute respiratory 

distress syndrome, emphysema associated with chronic obstructive pulmonary disease 

(COPD), asthma and pulmonary fibrosis (Henson 2003; Matute-Bello et al. 2003; Tuder et al. 
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2003). More evidence has been accumulated showing that changes in programmed cell death 

mechanisms of both the mobile and resident cells of the airways may directly contribute to the 

development of asthma as well as to its clinical severity. The accumulation of T lymphocytes 

in the airways of asthmatic subjects likely depends upon an increased survival of these cells. 

In bronchial biopsies taken from asthma patients, most of the T lymphocytes displayed 

enhanced survival and expressed B-cell lymphoma leukemia-2 (Bcl-2), an anti-apoptotic 

protein (Vignola et al. 1999). This was also confirmed by Hamzaoui et al. (Hamzaoui et al. 

1999) reporting that basal levels of lymphocyte apoptosis were decreased in asthmatics 

compared to normal controls and COPD patients. Investigation of the mechanisms underlying 

defective T lymphocyte apoptosis in asthma indicates decreased efficacy of Ag-driven T cell 

activation, an event that is required for Fas-dependent programmed cell death (Jayaraman et 

al. 1999). However, delayed apoptosis induction in asthmatic patients is restricted to 

lymphocytes of the Th2 subset. The IFN-γ-producing Th1 compartment of activated effector 

T cells shows increased activation-induced cell death, skewing the immune response towards 

surviving Th2 cells in allergic asthma (Meiler et al. 2006). Consequently, apoptosis 

dysregulation of T lymphocytes may occur in asthma and potentially play an important role in 

the persistent inflammatory process associated with the disease. Taking all these observations 

together, the induction of apoptosis in activated Th2 lymphocytes may prove a valuable 

therapeutic approach in the future. 

1.4   The Pro-apoptotic Substance D-43787 

Immunosuppressive agents including GCs and CsA have been repeatedly reported to induce 

apoptosis in T cell hybridomas, thymocytes and peripheral blood T cells (Wyllie et al. 1980; 

Zacharchuk et al. 1990; Cohen 1992; Brunetti et al. 1995; Huss et al. 1995). However, these 

agents possess a wide range of pharmacological actions not only on the immune system, but 

also on various tissues and organs leading to multiple side effects including metabolic, 

musculoskeletal, dermatologic, haematologic and ophthalmologic effects (Nootheti et al. 

2006) as well as infections due to over-immunosuppression (Wallemacq 2004). Thus, 

immunosuppressive drugs which inhibit Th2 cytokines specifically via induction of selective 

apoptosis in T lymphocytes of the Th2 lineage would provide an ideal treatment against 

asthma without severe adverse effects. 

In a general screening for compounds binding to the CsA receptor cyclophilin, D-43787 

(Figure 1.3) has been identified (Pahl et al. 2002). 
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Figure 1.3 Structure of D-43787 

This compound inhibits T-cell proliferation similar to CsA but contrary to the established 

immunosuppressive drug, D-43787 does not inhibit calcineurin. Further characterization of 

D-43787 in our laboratory revealed that D-43787 is able to inhibit Th2 key interleukins 

selectively, such as IL-4, IL-5 and IL-13 in T cells and pro-inflammatory cytokines IL-6 and 

TNF-α in monocytes (Zhang, 2003). Additionally, this new substance was shown to induce 

apoptosis in human primary CD4+ T cells in a dose and time dependent manner. The EC50 for 

apoptosis induction correlates with the IC50 values for the inhibition of different cytokines, 

indicating a direct link between these mechanisms. The induction of apoptosis by D-43787 

was independent of the activation state of CD4+ T cells, involved mitochondrial membrane 

depolarization and caspases. The activity of caspase-6 was enhanced during CD4+ T cell 

apoptosis induced by D-43787. The exclusive caspase-6 inhibitor Z-VEID-FMK was able to 

block the apoptotic effect of this new compound, indicating a major role of caspase-6 in this 

process. This effect was also confirmed in vivo. Pre-treatment with a caspase-6 inhibitor 

abolished the inhibition of late phase eosinophilia caused by D-43787 in an animal model of 

asthma. 

1.5   Thesis Objectives 

D-43787 was shown to selectively inhibit Th2 cytokines playing a crucial role in maintaining 

the airway inflammation in atopic asthma. Additionally, it induces apoptosis via caspase-6 

activation in human primary T cells. Delayed apoptosis induction in T lymphocytes is 

suggested to contribute to the pathogenesis of allergic inflammation. Therefore, an 

immunosuppressive drug blocking airway inflammation by inducing apoptosis in 

Th2-cytokine producing cells may be beneficial for the therapy of asthma. 
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The aim of this work was to elucidate the mechanism of D-43787 to induce apoptosis 

selectively. As a first step, specific caspase expression and activation in response to D-43787 

was measured. Additionally, selective caspase inhibitors were used to analyze the dependence 

of D-43787 on specific caspases for apoptosis induction. Furthermore, purified Th1 and Th2 

cells were utilized to confirm the hypothesis that D-43787 induces apoptosis selectively in 

Th2 cells resulting in an inhibition of Th2 cytokines. To determine the role of caspase-6 and 

cyclophilin in the mode of action of D-43787, one or both of these proteins were down-

regulated by using interfering oligonucleotides. A further step was to examine a potential 

direct interaction of D-43787, cyclophilin and caspase-6. Hence, the proteolytic activity of 

recombinant caspase-6 and cyclophilin was analyzed in various combinations with D-43787 

in a cell free system. 

A second part of this doctoral thesis was to investigate 20 known apoptosis inducing 

substances regarding their anti-inflammatory and anti-cancer effects. PBMC and JURKAT 

cells were used for cytokine inhibition, apoptosis induction and caspase activity tests after 

treatment with these 20 compounds. 
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2. Materials and Methods 

2.1.   Materials 

2.1.1. Cytokines and Stimulants 

Murine IL-2 for cell culture, isolated from supernatants of X63Ag8-653 cells transfected with 

respective cDNAs, was provided by Prof. André Gessner (Erlangen, Germany). Recombinant 

mIL-4 and mIL-12 for cell stimulation studies were purchased from ImmunoTools. LPS from 

Escherichia coli 026:B6, TPA and ionomycin were obtained from Sigma-Aldrich. 

Dynabeads® CD3/CD28 for activation and expansion of T cells were purchased from 

Invitrogen. 

2.1.2. Commercial systems 

Unless stated otherwise, all kits were used according to manufacturer’s instructions. 

Kit Manufacturer 

Carboxyfluorescein FLICA Apoptosis Detection Kit 

CD4+ T Cell Isolation Kit II (human) 

CRTH2+ T cell Isolation Kit (human) 

CD4+ CD62L+ T Cell Isolation Kit (mouse) 

Cell Line Nucleofector™ Kit V 

EndoFree™ Plasmid Midi Kit 

OptEIA Sets Human IFN-γ, IL-2 and TNF-α 

QuantiTect™ Probe RT-PCR Kit 

QuantiTect™ SYBR®Green RT-PCR Kit 

RNeasy™ Mini Kit 

Serotec 

Miltenyi Biotec 

Miltenyi Biotec 

Miltenyi Biotec 

Amaxa Biosystems 

BD Biosciences 

BD Biosciences 

Qiagen 

Qiagen 

Qiagen 
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2.1.3. Primers and Probes 

Primers and probes were purchased from Qiagen (mouse caspase 6; sequence was not 

provided), Applied Biosystems (human caspase 6, human PPIA, mouse IL-4; sequence was 

not provided) and Biomers.net (human and mouse β-actin, mouse IFN-γ). Oligonucleotides 

were stored at -20°C and used at a final concentration of 2 pM for PCR reactions. 

Target Forward Primer Reverse Primer Probe 

h β-actin TCA CCC ACA CTG 
TGC CCA TCT ACG 
A 

CAG CGG AAC CGC 
TCA TTG CCA ATG 
G 

6FAM-Atg CCC XT 
CCC CCA TgC CAT 
CCT gCg T p 

m β-actin TCA CCC ACA CTG 
TGC CCA TCT ACG

GGA TGC CAC AGG 
ATT CCA TAC CCA 

TAT GCT CTC CCT 
CAC GCC ATC CTG 
CGT 

m IFN-γ AGC GGC TGA CTG 
AAC CTC AGA TTG 
TAG 

GTC ACA GTT TTC 
AGC TGT ATA GGG 

TCA GAG C(TAMRA) 
TG CAG TGA CCC 
CGG GAA G 

2.1.4. Substances 

All substances were dissolved in DMSO (Applichem), excepted colchicine and daunorubicin 

hydrochloride solved in H2O. Solutions were stored at -20°C. 

Substance Manufacturer 

2,3-DCPE-HCl 

3-O-Acetyl-11-keto-β-boswellic acid 

Apoptosis Activator 2 

Arctigenin 

Aristoforin 

Betulinic acid 

Camptothecin 

Cerulenin 

Colchicine 

Biomol 

Alexis 

Alexis 

Sigma-Aldrich 

Alexis 

Alexis 

Sigma-Aldrich 

LKT Laboratories, Inc. 

Sigma-Aldrich 
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D-43787 

Daunorubicin hydrochloride 

Embelin 

Epigallocatechin gallate (EGCG) 

Gambogic acid 

Gossypol 

Heraclenin 

Imperatorin 

PETCM 

Resveratrol 

Triptolide 

Xanthohumol 

Asta Medica, AG 

Sigma-Aldrich 

Tocris Bioscience 

Cayman Chemicals 

Biomol 

Alexis 

Alexis 

Alexis 

Tocris Bioscience 

Cayman Chemicals 

Merck 

Alexis 

2.1.5. Antibodies 

Antibodies were stored at 4°C and were diluted to the appropriate working concentration 

shortly prior to use. Purified antibodies used for stimulation or neutralization in cell culture 

were purchased sterile-filtered and azide-free. 

Antibody Application Manufacturer 

anti human CD4 FITC Flow cytometry Miltenyi 

purified anti mouse CD3 Cell stimulation provided by Prof. André Gessner, 
(Erlangen, Germany) 

anti mouse CD4 FITC 

purified anti mouse CD28 

anti mouse CD62L PE 

Flow cytometry 

Cell stimulation 

Flow cytometry 

Biolegend 

BD Biosciences 

Biolegend 

purified anti mouse IL-4 
(11B11) 

Neutralization provided by Prof. André Gessner, 
(Erlangen, Germany) 

purified anti mouse INF-γ Neutralization Biolegend 

2.1.6. Substrates and Inhibitors 

CaspACE™ FITC-VAD-FMK In Situ Marker was purchased ready to use. Ac-VEID-AFC 

was reconstituted in 1 ml DMSO to yield a concentration of 1 mg/ml. Z-Gly-Pro-pNA was 
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solved in 40% 1,4-dioxane. The other substrates and inhibitors were dissolved to the 

appropriate concentration in DMSO. Solutions were stored at -20°C. 

Substrate/Inhibitor Specificity Manufacturer 

Ac-VEID-AFC 

Bz-Arg-pNA 

CaspACE™ FITC-VAD-FMK In Situ 
Marker 

Z-AAD-CMK 

Z-DEVD-FMK 

Z-Gly-Pro-pNA 

Z-IETD-FMK 

Z-VEID-FMK 

Caspase 6 

Trypsin, plasmin, papain 

Pan caspase 

Granzyme B 

Caspase 3 

Prolyl endopeptidase 

Caspase 8 

Caspase 6 

BD Biosciences 

Bachem 

Promega 

Biomol 

R&D Systems 

Bachem 

R&D Systems 

R&D Systems 

2.1.7. Small Interfering and Short Hairpin RNAs 

Human caspase 6 siRNA was ordered from Qiagen and dissolved according to manufacturer’s 

instructions to obtain a 20 µM solution. siRNA against human PPIA was purchased from 

Ambion ready to use at a concentration of 50 µM. SureSilencing™ shRNA plasmids for 

human caspase 6 and the corresponding negative control were obtained from Superarray 

Bioscience Corporation including an hMGFP marker for selection and enrichment of 

transfected cells. Transformation-grade plasmids were amplified in E. coli DH5α (provided 

by Prof. Hans-Ulrich Zeilhofer, Erlangen, Germany) to achieve transfection-grade shRNAs 

described below. Plasmids and siRNA were stored at -20°C. 

siRNA Target Sequence 

validated human caspase 6 

validated human PPIA 

not available 

not available 

shRNA Insert Sequence 

pre-designed human caspase 6 clone ID1 

pre-designed human caspase 6 clone ID2 

pre-designed human caspase 6 clone ID3 

pre-designed human caspase 6 clone ID4 

GGC TCA TGG TAC ATT CAA GAT 

ACA CTG GTG AAC AGG AAA GTT 

CTG ACT TCC TCA TGT GTT ACT 

TCA GAC ATT AAC TGG CTT GTT 



Materials and Methods 
 

 17

Reagents Manufacturer 

Lipofectamine™ 2000 

OptiMEM® I 

Invitrogen 

Gibco 

2.1.8. Media and Cell Lines 

Medium for propagation of cell lines or primary cells was purchased from Gibco ready to use 

and was stored at 4°C. Culture medium for E. coli was prepared from powder and autoclaved 

prior to use. 

• E. coli was grown in LB medium (10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl). For 

selection 50 µg/ml (final concentration) ampicillin was added. 15 g/l agar was added 

for LB agar plates. 

• JURKAT cells (human T cell leukemia cell line) were provided by Prof. André 

Gessner (Erlangen, Germany). Cells were cultured in RPMI 1640 medium with 

GlutaMAX™ I (Gibco) supplemented with 10% FCS (Pan Biotech), 40 units/ml 

penicillin G and 40 µg/ml streptomycin (Invitrogen). 

• Primary cells were cultured in RPMI 1640 medium with GlutaMAX™ I without FCS 

and antibiotics. 

• Murine CD4+CD62L+ cells were cultured in D-MEM (with 4500 mg/l glucose, 

GlutaMAX™I and pyruvate from Gibco) with 10% FCS, 40 units/ml penicillin G and 

40 µg/ml streptomycin. 
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2.2.   Methods 

2.2.1. Preparation of PBMC 

Peripheral blood mononuclear cells (PBMC) were isolated from EDTA blood samples by 

density gradient centrifugation. An equal volume of Hanks buffer (Pharmacy, Erlangen, 

Germany) was added. 15 ml Histopaque-1077 (Sigma-Aldrich) were overlaid with 35 ml of 

blood/Hanks mixture and centrifuged (742xg) for 30 minutes at room temperature without 

brake. A visible band containing PBMCs were transferred to a fresh tube and washed twice 

with Hanks buffer. Finally, cells were seeded in RPMI 1640 Medium containing GlutaMAX™ 

I at 37°C and 5% CO2 overnight. 

2.2.2. Preparation of Monocytes 

PBMC were cultured in RPMI 1640 medium with GlutaMAX™ I at 37°C and 5% CO2 

overnight. Monocytes were isolated from other cells by adherence method, non-adherent cells 

were removed by changing the medium. 

2.2.3. Preparation of CD4+ T Cells 

PBMC were isolated from EDTA blood samples as described before. Subsequently, CD4+ T 

cells were separated using magnetic cell sorting (MACS) and CD4+ T Cell Isolation Kit II 

according to manufacturer’s instructions. Briefly, cells were incubated with a biotin-antibody 

cocktail (containing monoclonal biotin-conjugated CD8, CD14, CD16, CD19, CD36, CD56, 

CD123, TCRγ/δ and Glycophorin A antibodies) and anti-biotin microbeads. CD4+ T cells 

were isolated by negative selection on LS columns using a high gradient magnetic cell 

separation system. Purity of CD4+ T cells labeled with anti human CD4 FITC was assessed by 

flow cytometry (FACScan, BD Biosciences) and was 90-95%. Purified CD4+ T cells were 

resuspended in RPMI 1640 medium with GlutaMAX™ I. 

2.2.4. Preparation of CD4+CRTH2+ and CD4+CRTH2- T Cells 

CRTH2 (chemo-attractant receptor-homologous molecule expressed on Th2 cells) is a 

receptor for prostaglandin D2. It is selectively expressed on Th2 type effectors among human 



Materials and Methods 
 

 19

T cells. CRTH2 is reported to serve as a reliable marker for the detection of circulating human 

Th2 cells (Cosmi et al. 2000). 

CD4+ T cells were isolated from PBMC as described above. Afterwards, CRTH2+ cells were 

indirectly magnetically labeled with CRTH2-PE and anti-PE microbeads for positive selection 

according to manufacturer’s instruction. The magnetically labeled CD4+CRTH2+ cells were 

retained on the MACS column and the flow through was collected (CD4+CRTH2- T cells). 

After removing the column from the magnetic field, CD4+CRTH2+ T cells were eluted. Purity 

of CD4+CRTH2+ T cells labeled with anti human CD4 FITC and CRTH2-PE was assessed by 

flow cytometry and was >95%. Purified CD4+CRTH2+ and CD4+CRTH2- T cells were 

re-suspended in RPMI 1640 medium with GlutaMAX™ I. 

2.2.5. Cell Culture and Treatment 

Cells were re-suspended at 1 x 106 cells/ml and incubated in 500 µl volumes in 24-well tissue 

culture plates at 37° C and 5% CO2. After pre-incubation with test substances for 30 minutes, 

cells were stimulated with α-CD3/α-CD28 Dynabeads® (2 µl/well) or TPA (25 ng/ml) and 

ionomycin (1 µM). LPS (1 µg/ml) was used to stimulate monocytes. At indicated times cells 

were sedimented by centrifugation and the supernatants were harvested and kept frozen at 

-20°C until cytokine protein determination. The cells were lysed by RLT lysis buffer and 

frozen at -20°C until RNA isolation. 

2.2.6. Quantification of mRNA Using Real-time Reverse Transcription 
PCR 

The reverse transcription polymerase chain reaction (RT-PCR) is the most sensitive method 

for the detection of low-abundance mRNA. Briefly, RNA was prepared from frozen lysates 

using the RNeasy kit according to manufacturer’s instructions. One-tube RT-PCR was 

performed using QuantiTect Probe or QuantiTect SYBR Green RT-PCR Kits. Expression of 

cytokines was determined in relation to β-actin by real time PCR using TaqMan and SYBR 

Green assays on an ABI Prism 7900 (Applied Biosystems). Quantity of mRNA was 

calculated using ∆∆Ct method. Actin was used as a housekeeping gene to normalize mRNA 

levels: Ct (parameter) - Ct (actin) = ∆Ct. This value was set in relation to the vehicle control 

representing mRNA levels of reference samples: ∆Ct - ∆Ct (reference) = ∆∆Ct (according 

Applied Biosystems User Bulletin 2; ABI PRISM 7700 Sequence Detection System, 1997). 
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2.2.7. Enzyme-linked Immunosorbent Assay 

Enzyme-linked immunosorbent assays (ELISA) were carried out to determine the amount of 

protein released by cultured cells. Cytokine measurements (IFN-γ, IL-2 and TNF-α) in culture 

supernatants were performed by sandwich ELISA using matched antibody pairs. Briefly, 

96-well flat bottom ELISA plates were coated with the corresponding capture antibody in 

0.1 M carbonate buffer, pH 9.5 overnight at 4°C. Plates were washed (PBS (8 g NaCl, 

2 g KCl, 14.4 g Na2HPO4, 2.4 g KH2PO4 adjusted to pH 7.4 with HCl for 1 l solution) with 

0.05% Tween-20) and unspecific binding sites were blocked with Assay Diluent (BD 

Biosciences) at room temperature for one hour. Appropriately diluted supernatant samples 

and standards were distributed in duplicates and the plates were incubated at room 

temperature for two hours or overnight at 4°C. After washing, the biotinylated detection 

antibody and Avidin-horseradish peroxidase conjugate were added at appropriate 

concentrations at room temperature for one hour. Plates were washed and substrate (TMB and 

hydrogen peroxide, BD Biosciences) was added. The reaction was stopped by adding 1 M 

H3PO4. Absorbance was read at 450 nm (reference 570 nm) in a microplate reader 

(Dynatech). Samples were analyzed by using a 7-point standard curve for each measurement. 

2.2.8. Caspase Measurement by CaspACE FITC-VAD-FMK In Situ 
Marker 

Activated caspases were detected by using the inhibitor peptide CaspACE FITC-VAD-FMK 

In Situ Marker bound with varying affinities by most caspases. The fluorescent 

cell-permeable peptide was added directly to the cell culture at a final concentration of 5 µM. 

After incubation at room temperature for 20 minutes, the cells were centrifuged, washed in 

1 ml PBS and fixed in 1 ml of 0.5% formaldehyde at room temperature for 30 minutes. The 

cells were centrifuged again and suspended in 0.5 ml PBS prior to flow cytometry analysis. 

2.2.9. Specific Caspase Detection by Carboxyfluorescein FLICA 

The FLICA (Fluorochrome inhibitor of caspases) Apoptosis Detection Kits detect active 

caspases in living cells through the use of a carboxyflourescein (FAM) labeled caspase 

inhibitor. Cells were incubated with 5 µM and 10 µM D-43787 respectively in the presence or 

absence of different caspase inhibitors. After 8 hours of incubation 300 µl of each cell 



Materials and Methods 
 

 21

suspension containing 1 x 106 cells were transferred to sterile tubes. 10 µl of 30x caspase 

specific FLICA solution was added directly to the cell suspension. The cells were incubated 

for one hour at 37°C and 5% CO2. Thereafter, cells were washed twice and fixed. Caspase 

activity was analyzed by flow cytometry. 

2.2.10. Apoptosis Detection by Annexin V and Propidium Iodide Assay 

Cells (1 x 106 cells/ml) were incubated with different concentrations of test substances. 

Apoptosis was analyzed by Annexin V binding and PI permeability. After indicated time 

points cells were washed twice with ice-cold PBS and re-suspended in 1x binding buffer 

(10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) at a concentration of 1 x 106 

cells/ml. 100 µl of the solution (1 x 105 cells) was transferred to 5 ml polystyrene tubes. 5 µl 

Annexin-V FITC (BD Biosciences) was added and the cells were incubated at room 

temperature in the dark for 15 minutes. 400 µl 1x binding buffer and 1 µl PI (50 µg/ml) were 

added and subsequently analyzed by flow cytometry. Viable cells are defined as double-

negative for PI and Annexin V, while early apoptotic cells are Annexin V positive and PI 

negative. Double-positive cells are late apoptotic or necrotic. 

2.2.11. In vitro Differentiation of Murine CD4+ T Cells 

Pooled single cell suspensions were prepared from spleens of Balb/c mice. The isolation of 

CD4+CD62L+ T cells was performed in a two-step procedure. Firstly, CD4+ T cells were 

isolated by negative selection using a cocktail of biotin-conjugated antibodies (CD8a, 

CD45R, CD11b, CD49b and Ter-119 mAb) and anti-biotin microbeads according to the 

manufacturer’s instructions (mouse CD4+ CD62L+ T Cell Isolation Kit). Secondly, 

CD4+CD62L+ T cells were directly labeled with CD62L (L-selectin) microbeads and isolated 

by positive selection from the pre-enriched CD4+ T cell fraction. The purified cell preparation 

contained >95% CD4+CD62L+ T cells, referred to as "naive T cells". In vitro differentiation 

was performed as described previously (Lohoff et al. 2000) with some modifications. Purified 

T cells were plated at 106 in 1 ml D-MEM with 10% FCS, antibiotics and 10 ng/ml IL-2 in 

24-well plates previously coated with 5 µg/ml anti-CD3 mAb and 5 µg/ml anti-CD28 mAb in 

coating buffer (50 mM Tris HCl, ph 9.5) and incubated at 37°C for one hour. Th1 

differentiation was induced by the addition of 2 ng/ml IL-12 plus 4 µg/ml anti IL-4 (11B11), 

whereas Th2 differentiation was triggered with 20 ng/ml IL-4 plus neutralizing 5 µg/ml anti 
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IFN-γ. After 96 hours, cells were washed twice in PBS, re-suspended in fresh medium 

containing 5 ng/ml IL-2 and transferred to wells without anti-CD3 and anti-CD28. After 

additional 48 hours, the cells were harvested, washed and plated (5 x 105/well) in 500 µl 

medium in 24-well plates with or without anti-CD3 plus anti-CD28 and indicated 

concentration of D-43787. After 4 hours, cells were lysed in RLT buffer and kept frozen at 

-20°C until RNA isolation. Apoptosis induction by D-43787 was measured after 6 hours. 

2.2.12. Transformation and Purification of SureSilencing™ shRNA 
Plasmids for Human Caspase 6 

Each of four pre-designed SureSilencing™ shRNA plasmids for human caspase 6 expresses a 

short hairpin RNA (shRNA) under control of the U1 promoter to knock down the expression 

of specific genes by RNA interference and the GFP gene for selection of transfected cells. To 

obtain transfection-grade plasmids, purchased stock plasmids have to be amplified in bacteria 

first. Therefore, Escherichia coli (E. coli) DH5α were induced to become permeable to 

plasmid DNA by using the CaCl2 method. Briefly, cells were grown in 3 ml LB-medium 

overnight at 37°C, 5% CO2 and 200 rpm overnight. The following day, cells were inoculated 

in fresh LB medium at a 1:100 dilution at 37°C and 200 rpm until they reached an OD600 of 

0.6. Subsequently, cells were chilled on ice for 10 minutes. After centrifugation (3220xg, 4°C, 

5 minutes) the supernatant was discarded and cells were re-suspended in a half volume of 

sterile, ice-cold (4°C) 0.1 M CaCl2. E. coli were left on ice for 30 minutes. Cells were 

centrifuged again, gently re-suspended in 1/50 of the original culture volume in ice-cold, 

sterile 0.1 M CaCl2 with 15% glycerin and frozen at -80°C. 2 µl of each four pre-designed and 

one negative control shRNA stock plasmid solutions were separately transformed into 

competent E. coli cells and purified using EndoFree Plasmid Kit following manufacturer’s 

instructions. Quality and quantity of purified plasmids were assessed by photometry (ratio 

260 nm/280 nm at 1.8) and gel electrophoresis. 

2.2.13. Transfection of Plasmid DNA by Electroporation 

Amaxa Nucleofector™ system was used for electroporation of JURKAT cells according to 

manufacturer’s instruction. Briefly, 2 x 106 JURKAT cells were centrifuged (10 minutes; 

200xg) and the pellet was resuspended in 100 µl Cell Line Nucleofector™ Solution V at room 

temperature. Subsequently, 2 µg pmaxGFP or shRNA were added and transferred to an 
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amaxa cuvette. The cuvette was inserted into the Nucleofector™ and program X-01 was 

selected. After nucleofection, 500 µl of pre-warmed growth medium without FCS and 

antibiotics was added to the cuvette. Afterwards, the nucleofected cells were transferred to a 

24-well plate with 1 ml pre-warmed culture medium and incubated at 37°C and 5% CO2 for 

indicated time points. 

2.2.14. Lipid-mediated Transfection of siRNA and Plasmid DNA 

For transfection of siRNA or plasmid DNA 8 x 105 JURKAT cells were plated in 500 µl of 

growth medium without FCS and antibiotics. 20 pmol validated cyclophilin siRNA, caspase-6 

siRNA and 1 µg of purified SureSilencing™ shRNA plasmid respectively were diluted in 

50 µl Opti-MEM® I. 1 µl Lipofectamine™ 2000 for siRNA transfection or 2 µl in case of 

shRNA plasmid transfection were diluted in 50 µl of Opti-MEM® I and incubated at room 

temperature. After 5 minutes of incubation the diluted siRNA or shRNA plasmid was 

combined with diluted Lipofectamine™ 2000 and incubated at room temperature for 

20 minutes. 100 µl of Lipofectamine-oligonucleotide complexes were added to each well and 

the cells were incubated at 37°C and 5% CO2 for indicated time points. JURKAT cells treated 

with Lipofectamine™ 2000 alone served as a control. 

2.2.15. Purification of Recombinant Human Caspase-6 

Expression and purification of caspase-6 was performed as described previously (Stennicke et 

al. 1999; Kang et al. 2002). Briefly, E.coli M15 (pREP4), transformed with pQE6M 

(provided by Kwan Yong Choi, Pohang, South Korea), were grown in LB medium with 

50 mg/ml ampicillin. When the absorbance of the culture media reached 0.6-0.8 at 600 nm, 

IPTG was added to a final concentration of 0.02 mM to induce the expression of the 

caspase-6 for 18 hours at 25°C. Bacterial cells were harvested by centrifugation (3000xg, 

10 minutes at 4°C) and lysed by sonication in buffer A (100 mM Tris/HCl, pH 8.0, 100 mM 

NaCl, 10 mM imidazole). Cell debris and insoluble materials were removed by centrifugation 

at 12000xg for 30 minutes at 4°C. The soluble fraction was mixed with nickel-nitrilotriacetic 

acid agarose resin (Qiagen) and poured into an empty column. Proteins bound to the resin 

were washed with washing buffer (100 mM Tris/HCl, pH 8.0, 500 mM NaCl, 50 mM 

imidazole) and subsequently eluted with elution buffer (100 mM Tris/HCl, pH 8.0, 100 mM 

NaCl, 200 mM imidazole). Afterwards, the buffer of eluted fractions was exchanged with an 
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equilibration buffer (20 mM Tris/HCl, pH 8.0, 100 mM NaCl, 1 mM DTT, 1 mM EDTA) and 

the protein was concentrated using iCON™ Concentrator (Pierce). Protein concentration was 

determined by the Bradford method using the Protein Assay Reagent (Bio-Rad) and BSA as a 

standard. 

2.2.16. Ac-VEID-AFC Protease Assay 

The catalytic activity of caspase-6 was determined by spectrophotometry using a fluorogenic 

substrate Ac-VEID-AFC. Caspase-6 (50 ng) was incubated at 37°C in 1 ml protease assay 

buffer (20 mM PIPES, 100 mM NaCl, 10 mM DTT, 1 mM EDTA, 0.1% (w/v) CHAPS, 

10% sucrose, pH 7.2) with 10 µl of Ac-VEID-AFC and several concentrations of D-43787 

and/or recombinant cyclophilin A. After indicated time points the amount of AFC released 

from the hydrolysis of the peptide substrate was measured using a spectrofluorometer 

(Bio-Tek Instruments) with an excitation wavelength of 400 nm and an emission wavelength 

of 505 nm. 

2.2.17. Proteolytic Activity Assay 

Substrates for trypsin-like proteases (Bz-Arg-pNA) and prolyl endopeptidases 

(Z-Gly-Pro-pNA) were used to analyze unusual caspase-6 and cyclophilin protease activity 

after treatment with D-43787. Several concentrations of caspase-6 and/or cyclophilin A with 

D-43787 were incubated in 100 µl of protease buffer A (0.2 M Tris-HCl, 5 mM CaCl2, 

pH 8.0) and 1 mM Bz-Arg-pNA or protease buffer B (0.05 M Na3PO4, 1 mM DTT, 1 mM 

EDTA, pH 7.0) and 50 µM Z-Gly-Pro-pNA in 96-well plates. After indicated time points 

substrate-pNA hydrolysis was detected at 410 nm in a microplate reader. 
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3. Results 

3.1.   Caspase Activation by D-43787 

3.1.1. Time Course of Caspase Induction in Human CD4+ T Cells 

D-43787 was shown to induce apoptosis in human PBMC through activation of caspases 

(Zhang, 2003). These cysteinyl aspartate-specific proteases play a central role in apoptosis 

and inflammation mainly due to their proteolytic activity to cleave a wide variety of substrates 

specifically. The activation and function of caspases, involved in the caspase-cascade system, 

are regulated by various kinds of molecules. To clarify the role of D-43787 in activation of 

caspases, the first aim was to analyze the time course of caspase induction by D-43787 in 

human CD4+ T cells. 

Caspase activity was measured by utilization of the inhibitor peptide CaspACE 

FITC-VAD-FMK given directly to the cell suspension. This pan-caspase inhibitor is cell 

permeable and binds to active caspases covalently. The green fluorescent signal is a direct 

measure of the number of active caspase enzymes present in the cell and detectable via flow 

cytometry. Based on the effector concentration 50% (EC50) of D-43787 with 2.23 µM to 

induce apoptosis in human PBMC (Zhang, 2003), 10 µM of this substance was used to 

determine caspase activation. 

After 4 hours of treatment with D-43787 two populations of cells were visible and defined as 

negative and low fluorescent (Figure 3.1). The peak of the low FITC-positive population was 

nearly twofold diminished compared to the fluorescence-negative one, but increased slightly 

within the next two hours. 8 hours after addition of D-43787 a third peak of high fluorescent 

cells was observed. The population without fluorescence abated in such a way that all three 

populations were equally sized. During the next 16 hours the high fluorescent population 

extended progressively, whereas F-VAD-negative and low fluorescent cells were hardly 

detectable. 
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Figure 3.1: Caspase activation by D-43787. Human CD4+ T cells were incubated with 10 µM D-43787. After 
indicated time points cells were stained with 5 µM CaspACE FITC-VAD-FMK in situ marker for 20 min. The 
cells were then fixed with 0.5% formaldehyde and analyzed by flow cytometry. 

Caspases are divided into initiator and effector caspases acting in cascades. Accordingly, the 

gene activation of prevalent initiator caspases (caspase-2 and -8) and effector caspases 

(caspases-3 and -6) was investigated at the genetic level in CD4+ T cells following treatment 

with D-43787. 

Quantification of mRNA expression showed a significant upregulation of caspase-6 in cells 

treated with D-43787 after 8 hours ascending during the analyzed period with a peak up to 

6-fold at 24 hours (Figure 3.2). All other tested caspases were not induced significantly by 

this substance at any time point compared to the control. 

F-VAD F-VAD 

F-VAD F-VAD 

4h 6h 

8h 24h 
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Figure 3.2: Time course of caspase expression. Human CD4+ cells were treated with DMSO and 10 µM 
D-43787 respectively and harvested at different time points. mRNA level of caspase-2 (A), caspase-3 (B), 
caspase-6 (C) and caspase-8 (D) were determined using real-time RT-PCR. Expression was normalized 
to β-actin and unstimulated cells were set to 1. Each point represents mean ± SEM of five different donors. 
* p≤0.05 vs. DMSO control. 

3.1.2. Time Course of Caspase-3, -6 and -8 Induction 

After analyzing the expression of relevant initiator and effector caspases in response to 

D-43787 by quantification of mRNA level, the next objective was to determine the activation 

of already available caspases in human CD4+ T cells. Specific cell-permeable 

carboxyfluorescein-labeled FMK-peptide inhibitors were used to detect active caspases. The 

quantity of caspase activation was determined as median fluorescence intensity (MFI). 

A time-dependent increase of active caspase-3, -6 and -8 within 8 hours was detected by 

achieving an MFI around 350 after addition of D-43787 (Figure 3.3). Subsequently, the 

activity of caspase-3 increased just slightly over the analyzed period reaching an MFI of 400 

at 24 hours. The MFI of active caspase-8 decreased steadily after 8 hours down to 100 within 

the next 16 hours. However, caspase-6 activity escalated the most to an MFI up to 800 at 

24 hours. 
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Figure 3.3: Time course of caspase3, -6 and -8 activation. Human CD4+ T cells were treated with 10 µM 
D-43787 and harvested at different time points. FLICA solution was added and the cells were incubated for one 
hour at 37°C. After washing and fixing, cells were analyzed by flow cytometry. Median fluorescence intensity 
(MFI) was normalized to vehicle treated cells. 

3.1.3. Effects of Specific Caspase Inhibitors on D-43787 Induced 
Caspase Activation 

To clarify the importance of relevant initiator and effector caspases in the mode of action of 

D-43787 further on, specific inhibitor peptides were used to block the function of these 

proteases. Afterwards, D-43787 was added and 8 hours later caspase activity was measured 

using FLICA™ (fluorochrome inhibitor of caspases). These inhibitors bind activated caspases 

specifically and were detected by flow cytomenty. 

Hardly caspase activity was observed in untreated cells for all tested caspases with an average 

MFI of 10 (Figure 3.4). D-43787 induced a strong activation of all caspases, especially of 

caspase-8 reaching an MFI of around 90. Pre-incubation with caspase-3 (Z-DEVD-FMK) or 

caspase-8 inhibitor (Z-LETD-FMK) peptides did not reduce the effect of D-43787 clearly. 

Solely caspase-6 inhibitor (Z-VEID-FMK) was capable to diminish significantly the induction 

of caspase-3, -6 and -8 by D-43787 to an MFI comparable with untreated cells. 
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Figure 3.4: Effect of specific caspase inhibitors on D-43787 induced caspase activation. Human CD4+ 
T cells were pre-incubated with 30 µM caspase-3 inhibitor (Z-DEVD-FMK), caspase-6 inhibitor (Z-VEID-
FMK) and caspase-8 inhibitor (Z-LETD-FMK) respectively for 30 min. Then cells were treated with 7.5 µM 
D-43787 and harvested at 8 hours. FLICA solution was added and the cells were incubated for one hour at 37°C. 
After washing and fixing, cells were analyzed by flow cytometry. Each bar represents mean ± SEM of three 
different donors. * p≤0.05 vs. positive control (D-43787). 

3.2   Effect of D-43787 on Human Th1 and Th2 Cells 

3.2.1 Cytokine Profile and Selectivity of D-43787 

CRTH2 (chemo-attractant receptor of Th2 cells, CD294) is expressed on Th2 cells, a 

subpopulation of CD4+ T cells, but is not present on Th1 cells (Nagata et al. 1999). CD294 is 

a receptor for prostaglandin D2 and is involved in leukocyte migration. It is highly expressed 

on peripheral blood basophils and eosinophils. Furthermore, CRTH2 is present on a small 

population of CD8+ T cells as well as on a subpopulation of dendritic cells. Therefore, this 

marker was used to separate Th1 and Th2 cells from the CD4+ T cell population enriched by 

negative selection using MACS™ of PBMC. 

D-43787 was shown to inhibit Th2 cytokines specifically such as IL-4, IL-5 and IL-13, 

whereas Th1 cytokines like IFN-γ were not affected (Zhang, 2003). Based on these results, 

CRTH2+CD4+ and CRTH2-CD4+ T cells were used to render the selectivity of D-43787 more 

precisely. Initially, the affiliation of CRTH2+CD4+ and CRTH2-CD4+ T cells to the Th1 or 

Th2 subset of T cells was analyzed by measuring IFN-γ as a Th1 key cytokine and IL-4 as a 

Th2 specific cytokine. 
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The quantification of cytokine mRNA revealed a significantly elevated production of IFN-γ 

(10-fold) compared to IL-4 (0.1 fold) of CRTH2-CD4+ T cells after stimulation with TPA and 

ionomycin (Figure 3.5). Surprisingly, CRTH2+CD4+ T cells produced high significantly more 

IFN-γ (1-fold) than IL-4 (0.1-fold). Addition of 5 µM and 10 µM of D-43787 respectively did 

not result in a distinct reduction of IFN-γ or IL-4 in both the CD4+ T cell subsets. 
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Figure 3.5: Effect of D-43787 on cytokine expression of human Th1 and Th2 cells. Human CD4+CRTH2- 
cells (A) and CD4+CRTH2+ cells (B) were pre-incubated with different doses of D-43787 for 30 min. 
Subsequently, cells were stimulated with TPA and ionomycin (T/I) for 6 hours. Cytokine mRNA level were 
determined using real-time RT-PCR and were normalized to β-actin. Each bar represents mean ± SEM of three 
different donors. * p≤0.05; ** p≤0.01 vs. IL-4. 

3.2.2 Apoptosis Induction by D-43787 

We hypothesized that the specific inhibition of Th2 cytokine production by D-43787 is 

attributed to a selective induction of apoptosis in Th2 cells. Hence, the apoptosis triggering by 

D-43787 in CRTH2+CD4+ and CRTH2-CD4+ T cells was analyzed. 

The viability of CRTH2-CD4+ T cells treated with vehicle control was under 45% and notably 

reduced compared to CRTH2+CD4+ T cells with approximately 60% viable cells (Figure 3.6). 

Treatment with 5 µM D-43787 decreased the viability of both the subsets about 10% but not 

significantly. 
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Figure 3.6: Apoptosis induction by D-43787 in human Th1 and Th2 cells. Human CD4+CRTH2- and 
CD4+CRTH2+ cells were treated with 5 µM D-43787 for 24 hours. Percentage of viable cells was determined by 
Annexin-V and PI assay as described in materials and methods. Viable cells were defined as double-negative 
cells for Annexin-V and PI. Each bar represents mean ± SEM of nine different donors. ns = not significant. 

3.3   Effect of D-43787 on in vitro Differentiated Mouse Th1 and 
Th2 Cells 

3.3.1 Selective Cytokine Inhibition by D-43787 

Naïve T cells defined as CD4+CD62L+ can differentiate into Th1 or Th2 cells, depending on 

the cytokine milieu present during antigen stimulation (Seder et al. 1992; Abbas et al. 1996). 

Th2 differentiation takes place in the presence of IL-4 and can be facilitated by neutralizing 

anti-IFN-γ antibodies. The development of Th1 cells is dependent on IL-12 and enhanced by 

anti-IL-4 antibodies (Lohoff et al. 2002). 

By reason of the results stated above, it was assumed that CRTH2 is not a reliable marker for 

separating human Th1 and Th2 cells. Therefore, the analysis of D-43787 was expanded on 

in vitro differentiated mouse T cells. 

Cytokine mRNA quantification of murine Th1 cells revealed an increase of IFN-γ up to 

0.5-fold after stimulation with plate-bound αCD3/αCD28, whereas IL-4 was hardly 

detectable (Figure 3.7). In contrast, the expression of IL-4 of stimulated Th2 cells was notably 

higher (0.45-fold) then IFN-γ  mRNA expression (0.02-fold). Addition of 5 µM D-43787 

resulted in a significant decrease of IL-4 production back to baseline level (0.05-fold), 
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contrary to IFN-γ, which expression was only reduced to 0.25-fold. 10 µM of D-43787 was 

able to diminish the production of IFN-γ significantly. 
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Figure 3.7: Effect of D-43787 on cytokine expression of mouse Th1 and Th2 cells. In vitro differentiated 
mouse Th1 (A) and Th2 cells (B) were pre-incubated with different doses of D-43787 for 30 min. Then cells 
were stimulated with αCD3/αCD28 for four hours. Cytokine mRNA level were determined using real-time 
RT-PCR and were normalized to β-actin. Each bar represents mean ± SEM of four independent experiments. 
* p≤0.05; *** p≤0.001 vs. positive control (αCD3/αCD28). 

3.3.2 Caspase-6 Expression 

Mouse Th1 and Th2 cells do not only differ in their cytokine profile but also in their gene 

expression level of molecules involved in numerous signaling pathways. Lu et al. (Lu et al. 

2004) reported that caspase-6 is highly expressed in Th2 cells versus Th1 cells. This is 

consistent with recent data (Schroder et al. 2002) suggesting that IL-4 regulates caspase-6 

expression. 

Based on these facts and our findings that caspase-6 is activated by D-43787, it was necessary 

to analyze the expression of caspase-6 in both the T cell subsets with and without D-43787. 

Determination of relative caspase-6 expression revealed a significant higher amount of 

caspase-6 in Th2 cells even in non-stimulated cells (0.03-fold) compared to caspase-6 

expression of Th1 cells (0.008-fold) (Figure 3.8). The most intense expression of caspase-6 

was measured in Th2 cells stimulated with αCD3/αCD28 up to 0.05-fold. Treatment of Th2 

cells with 5 µM or 10 µM D-43787 decreased the expression of caspase-6 dose-dependently 

but not significantly. Stimulation of Th1 cells with αCD3/αCD28 increased the amount of 
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caspase-6, but only up to 0.01-fold. Th1 cells treated with 5 µM or 10 µM D-43787 showed a 

dose-dependent but not significant increase of caspase-6 expression (0.017-fold). 
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Figure 3.8: Effect of D-43787 on caspase-6 expression in murine Th1 and Th2 cells. In vitro differentiated 
mouse Th1 and Th2 cells were pre-incubated with different doses of D-43787 for 30 min. Then cells were 
stimulated with αCD3/αCD28 for four hours. Caspase-6 mRNA level were determined using real-time RT-PCR 
and were normalized to β-actin. Each bar represents mean ± SEM of four independent experiments. *** p≤0.001 
vs. Th1. 

3.3.3 Apoptosis Induction by D-43787 

Based on the observations shown above, the next aim was to investigate the apoptosis 

induction of D-43787 in both the in vitro differentiated mouse CD4+ T cell subsets. 

Th1 cells are reported to be more susceptible to activation-induced cell death (AICD) than 

Th2 cells because of their higher expression of pro-death genes like FasL, TNF receptor alpha 

and programmed death-1 (PD-1) (Lu et al. 2004). AICD is triggered by T cell receptor (TCR) 

challenges or withdrawal of survival factors. Therefore, it was difficult to cultivate Th1 cells 

in medium without FCS and IL-2. The viability of these cells was limited severely when they 

were analyzed by flow cytometry (data not shown). 

Apoptosis induction was measured using Annexin-V and PI assay. D-43787 dose-dependently 

reduced the amount of viable cells in both the subsets, whereas Th1 cells were less affected 

than Th2 cells (Figure 3.9). 5 µM of D-43787 induced apoptosis in approximately 35% of 
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Th1 cells and in 45% of Th2 cells. The viability of Th1 cells was diminished about 65% after 

addition of 10 µM D-43787 in contrast to Th2 cells with 75% apoptotic cells. 

DMSO 5 µM D-43787 10 µM D-43787 
0

10

20

30

40

50

60

70

80

90

100 Th1
Th2

vi
ab

le
 c

el
ls

 [%
]

 

Figure 3.9: Apoptosis induction by D-43787 in murine Th1 and Th2 cells. In vitro differentiated mouse Th1 
and Th2 cells were treated with different doses of D-43787 for 6 hours. Percentage of viable cells was 
determined by Annexin-V and PI assay as described in materials and methods. Viable cells were defined as 
double-negative cells for Annexin-V and PI. DMSO treated cells were set to 100%. Each bar represents mean ± 
SEM of two independent experiments done in duplicates. 

3.3.4   Effect of Granzyme B on the Mode of Action of D-43787 

“Granule enzymes” or granzymes, a family of serine proteases, are expressed by cytotoxic 

T lymphocytes and natural killer (NK) cells, components of the immune system that protect 

higher organisms against viral infection and cellular transformation (Jenne et al. 1988). 

Following receptor-mediated conjugate formation between a granzyme-containing cell and an 

infected or transformed target cell, granzymes enter the target cell via endocytosis and induce 

apoptosis. Granzyme B (GrB) is the most powerful pro-apoptotic member of the granzyme 

family, as a result of its caspase-like ability to cleave substrates at key aspartic acid residues 

(Trapani 2001). Recent studies revealed that GrB is also expressed in noncytotoxic CD4+ 

T cells (Sharma et al. 2006) playing a critical role in T cell receptor (TCR)-induced cell death 

(TCR-ICD) of Th2 cells (Devadas et al. 2006). 

To analyze to role of GrB in the Th2 selective mode of action of D-43787, human CD4+ 

T cells were pre-incubated with 100 µM GrB inhibitor (Z-AAD-CMK) for indicated hours 

followed by treatment with 5 µM or 10 µM D-43787. 
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Pre-treatment with GrB inhibitor resulted in a clear pre-incubation time-dependent increase of 

viable cells between 5 and 10% compared to the vehicle control (Figure 3.10). However, 

subsequently given D-43787 diminished the viability of GrB treated cells remarkably versus 

DMSO control. 
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Figure 3.10: Effect of a specific granzyme B inhibitor on D-43787 induced apoptosis. Human CD4+ T cells 
were pre-incubated with DMSO and 100 µM GrB inhibitor (Z-AAD-CMK) respectively for one or two hours. 
Subsequently, cells were treated with different concentrations of D-43787 and harvested at 8 hours. Percentage 
of viable cells was determined by Annexin-V and PI assay as described in materials and methods. Viable cells 
were defined as double-negative cells for Annexin-V and PI. 

3.4   Effect of Caspase-6 and PPIA Knock-down on the Mode of 
Action of D-43787 

Based on the results above caspase-6 is involved in the mode of action of D-43787 to induce 

apoptosis. Furthermore, cyclophilin A (Peptidyl-prolyl isomerase A, PPIA) was identified as a 

binding partner of D-43787 (Zhang, 2003). Due to these facts, the aim was to investigate the 

effect of D-43787 on cells lacking of one or both of these proteins. A fast and effective tool to 

knock-down genes of interest is RNA interference (RNAi). In the past few years RNAi has 

become the most widely used technology for gene knock-down. RNAi is a natural 

phenomenon that is thought to have arisen for protection from viruses and transposons. It was 

originally discovered as a naturally occurring pathway in plants and invertebrates (Jorgensen 

1990; Fire et al. 1998). Double-stranded RNA is cleaved by the RNase-III-type nuclease 

termed Dicer within the cell into 21 to 23-nucleotide small interfering RNAs (siRNAs) that 

pass on to protein complexes forming RNA-induced silencing complexes (RISCs). This 
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single-strand RNA-RISC complex locates mRNA sequences within the cytoplasm with 

homologous nucleotide sequences and induces cleavage of mRNA, thereby preventing its 

translation into protein. A powerful tool to achieve specific down-regulation of target mRNAs 

is the introduction of short siRNA (20-25 bp) into cells (Brummelkamp et al. 2002; Miyagishi 

et al. 2002; Paul et al. 2002). That can be either delivered exogenously (Elbashir et al. 2001) 

or expressed endogenously from RNA polymerase II or III promoters (in the form of siRNAs 

or short hairpin (sh)RNAs processed by Dicer into functional siRNAs). 

3.4.1 Establishment of an Appropriate Oligonucleotide Transfection 
Method 

RNAs do not readily cross the cell membrane on their own because of their large molecular 

mass and their highly negative charge. Effective strategies to deliver siRNAs to target cells in 

cell culture include transduction by physical or chemical transfection. An alternative strategy 

uses the endogenous expression of siRNAs by various polymerase-III-promoter expression 

cassettes that allow transcription of functional siRNAs or their precursors, for example 

shRNAs. 

A commercially available electroporation-based method (Amaxa nucleofection) was used, 

that is assumed to target plasmid DNA or shRNA directly to the cell nucleus leading to a 

significant transient transgene expression in many cell types (Aluigi et al. 2006; 

Cesnulevicius et al. 2006; von Levetzow et al. 2006; Zaragosi et al. 2007). 

JURKAT cells were used to analyze the transfection efficiency of shRNAs by nucleofection. 

Using a green fluorescent protein reporter vector from Amaxa (pmaxGFP), we observed high 

transfection efficiency already at 24 hours with 79.07% GFP positive viable cells (Figure 

3.11). However, 49.3% of the analyzed cells were dead. In contrary, nucleofection of 

JURKAT cells with a non-silencing shRNA plasmid encoding GFP (NC shRNA) evinced 

barely transfected cells with 2% GFP positive viable cells after 24 hours. The viability was 

close to 61%. 48 hours post-nucleofection the amount of pmaxGFP transfected cells 

decreased faintly to 77.12%. The mortality remained nearly the same with 49.68%. 

Transfection efficiency of NC shRNA diminished to 1.39% with 60.87% viable cells after 

48 hours. 
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Figure 3.11: Transfection efficiency of JURKAT cells nucleofected with AMAXA and plasmid shRNA. 
JURKAT cells were nucleofected with program X-01 and 2 µg of pmaxGFP (A) or non-silencing shRNA 
plasmid with GFP (B). 24 and 48 hours post-nucleofection; cells were analyzed by flow cytometry. Dead cells 
were excluded by staining with propidium iodide and gating. Percentage of gated viable cells is displayed upper 
left. 

To determine the knock-down efficiency, caspase-6 specific shRNAs (ID1-ID4) were 

nucleofected into JURKAT cells and mRNA expression was measured. All tested shRNAs 

revealed none or low knock-down of caspase-6 mRNA after 24 and 48 hours (Figure 3.12). 

ID1 shRNA was able to decrease caspase-6 mRNA expression about 15% after 24 hours. 

However, after 48 hours increased the amount of caspase-6 mRNA in ID1 nucleofected cells 

exceeded 30% compared to the control. ID2 - 4 shRNAs led to an ascent of caspase-6 

expression 24 hours post-nucleofection from 10-20%. After 48 hours caspase-6 mRNA was 

not reduced significantly in ID2, 3 or 4 nucleofected cells in comparison with the NC shRNA. 
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Figure 3.12: Knock-down efficiency of different shRNA plasmids in JURKAT cells nucleofected with 
AMAXA. JURKAT cells were nucleofected with program X-01 and 2 µg of different pre-designed shRNA 
plasmids encoding caspase-6 (ID1-4) or non-silencing shRNA (NC). 24 and 48 hours post-nucleofection, 
caspase-6 mRNA level were determined using real-time RT-PCR and were normalized to β-actin. Negative 
control shRNA was set to 1. Each bar represents mean ± SEM of one experiment done in duplicates. 

Due to the low transfection and knock-down efficiency of shRNA nucleofected by Amaxa, 

lipid-mediated transfection was tested in order to improve the knock-down competence of 

shRNA plasmids. 

The mechanism of cationic lipid-mediated transfection originated by the basic structure of 

cationic lipids, a positively charged head group and one or two hydrocarbon chains. The 

positive charge on the particle surface ensures their binding to the negatively charged cellular 

membranes. Entry of the DNA or RNA–lipid complex into the cell is mediated through 

endocytosis. Once inside the cell, the complex must escape the endosomal pathway and 

diffuse through the cytoplasm (siRNA) or entry the cell nucleus followed by gene expression 

(DNA) (Chesnoy et al. 2000; Zhdanov et al. 2002). 

Based on the results above, the next objective was to lower the cytotoxicity of shRNA 

transfection. Thus, the transfection competence of Lipofectamine™ 2000 was analyzed, 

reported to have mild cell toxicity and high transfection efficiencies even in suspension cell 

lines (Zhang et al. 2004). 

Lipofectamine™ 2000 evinced low cytotoxicity in JURKAT cells transfected with pmaxGFP 

and shRNA as well (Figure 3.13). After 24 hours 71.09% (pmaxGFP) and 72.67% (NC 

shRNA) of all transfected cells were viable. The next 24 hours the viability was only reduced 
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barely with 70.3% (pmaxGFP) and 68.53% (NC shRNA) living cells. However, transfection 

efficiencies of Lipofectamine™ 2000 were rather low. Whereas 1.48% of pmaxGFP 

transfected cells were GFP positive, only 0.23% of NC shRNA transfected cells were green 

fluorescent after 24 hours. The transfection efficiencies after 48 hours were actually less. 

1.09% of pmaxGFP and 0.14% of NC shRNA transfected cells were GFP positive. 
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Figure 3.13: Transfection efficiency of JURKAT cells transfected with Lipofectamine™ 2000 and plasmid 
shRNA. JURKAT cells were transfected with 2 µl Lipofectamine™ 2000 and 1 µg of pmaxGFP (A) or 
non-silencing shRNA plasmid with GFP (B). 24 and 48 hours post-transfection; cells were analyzed by flow 
cytometry. Dead cells were excluded by staining with propidium iodide and gating. Percentage of gated viable 
cells is displayed upper left. 

The knock-down efficiency of Lipofectamine™ 2000 was measured by caspase-6 mRNA 

quantification 24 and 48 hours after transfection with different caspase-6 silencing shRNA 

plasmids (ID1-ID4) (Figure 3.14). 24 hours post-transfection ID1 the amount of caspase-6 

mRNA slightly increased by 5 - 10%. ID2 and ID4 showed no effect on caspase-6 expression 

compared to the non-silencing shRNA control. ID3 diminished caspase-6 mRNA up to 10%. 

After 48 hours all shRNAs (ID1-4) decreased the level of caspase-6 mRNA, whereas ID-4 

reduced caspase-6 expression most potently by 20%. 
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Figure 3.14: Knock-down efficiency of different shRNA plasmids in JURKAT cells transfected with 
Lipofectamine™ 2000. JURKAT cells were transfected with 2 µl Lipofectamine™ 2000 and 1 µg of different 
pre-designed shRNA plasmids encoding caspase-6 (ID1-4) or non-silencing shRNA (NC). 24 and 48 hours 
post-transfection, caspase-6 mRNA level were determined using real-time RT-PCR and were normalized to 
β−actin. Negative control shRNA was set to 1. Each bar represents mean ± SEM of one experiment done in 
duplicates. 

By virtue of the constant expression, shRNA is usually used for long-term gene expression 

analysis. However, the results stated above necessitate the utilization of siRNA due to its 

small size resulting in potentially higher transfection efficiencies. 

The transient-only knock-down, lasting 3–5 days in cell culture, makes siRNA approach 

suitable for the analysis of the short-term effects of gene silencing. Hence, siRNA transfection 

by Lipofectamine™ 2000 was determined in JURKAT cells. 

Using a fluorescein-labeled non-silencing dsRNA oligomer (BLOCK-iT™ Fluorescent 

Oligo), high transfection efficiencies were detected with 52.9% after 24 hours and with 

47.51% green fluorescent cells after 48 hours (Figure 3.15). 93.53% of all transfected cells 

were viable 24 hours post transfection. After 48 hours the viability of Lipofectamine™ 2000 

and BLOCK-iT™ Fluorescent Oligo treated cells abated marginally about 10% compared to 

the amount of viable cells after 24 hours. 
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Figure 3.15: Transfection efficiency of JURKAT cells transfected with Lipofectamine™ 2000 and siRNA. 
JURKAT cells were transfected with 1 µl Lipofectamine™ 2000 and 2 µl of 20 µM BLOCK-iT™ Fluorescent 
Oligo. 24 and 48 hours post-transfection; cells were analyzed by flow cytometry. Dead cells were excluded by 
staining with propidium iodide and gating. Percentage of gated viable cells is displayed upper left. 

Caspase-6 siRNA transfection of JURKAT cells via Lipofectamine™ 2000 resulted in a 

significant knock-down of caspase-6 expression about 35% after 24 hours (Figure 3.16). In 

contrast, PPIA expression, serving as gene expression control, was not reduced by this 

oligonucleotide. After 48 hours the inhibition of caspase-6 mRNA expression was highly 

significantly diminished (more than 40% knock-down). The amount of PPIA mRNA was not 

decreased significantly in cells transfected with caspase-6 siRNA. 
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Figure 3.16: Knock-down efficiency of  siRNA in JURKAT cells transfected with Lipofectamine™ 2000. 
JURKAT cells were transfected with 1 µl Lipofectamine™ 2000 and 2 µl of 20 µM validated caspase-6 specific 
siRNA. 24 and 48 hours post-transfection, caspase-6 and PPIA mRNA level were determined using real-time RT-
PCR and were normalized to β-actin. Lipofectamine transfected cells were set to 1. Each bar represents mean ± 
SEM of one experiment done in duplicates. * p≤0.05; ** p≤0.01 vs. Lipofectamine. ns = not significant. 
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3.4.2 Effect of Caspase-6 and PPIA Knock-down on Apoptosis 
Induction by D-43787 

On the basis of the results stated above, JURKAT cells were transfected with caspase-6 

and/or PPIA siRNA. First, the knock-down efficiency of both the oligonucleotides was tested 

48 hours post transfection. 

The quantification of mRNA revealed a significant knock-down of caspase-6 expression in 

cells treated with caspase-6 siRNA (35%), whereas PPIA was not affected (Figure 3.17). 

Cyclophilin A siRNA transfection led to a decrease of PPIA mRNA expression (up to 50%), 

whereas the amount of caspase-6 mRNA was not reduced in these cells. JURKAT cells 

transfected with both the oligonucleotides evinced a significant reduction of caspase-6 (35%) 

and PPIA (around 60%) mRNA expression compared to Lipofectamine™ 2000 treated cells. 
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Figure 3.17: Knock-down efficiency of siRNA in JURKAT cells transfected with Lipofectamine™ 2000. 
JURKAT cells were transfected with 1 µl Lipofectamine™ 2000 and 2 µl of 20 µM validated caspase-6 specific 
and PPIA specific siRNA, respectively. 48 hours post transfection, caspase-6 and PPIA mRNA level were 
determined using real-time RT-PCR and were normalized to β-actin. Lipofectamine transfected cells were set 
to 1. Each bar represents mean ± SEM of two independent experiments done in triplicates. *** p≤0.001 vs. 
Lipofectamine. ns = not significant. 

To render the role of caspase-6 and PPIA more precisely in the mode of action of D-43787 to 

induce apoptosis, one or both of these proteins were down-regulated by using lipid-mediated 

transfection of siRNA. Based on the results above, this method emerged as the appropriate 
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transfection method for JURKAT cells. 48 hours post-transfection, cells were treated with 

D-43787 and apoptosis induction was measured. 

Using Annexin V and PI assay, it was observed that 80% of Lipofectamine™ 2000 treated 

cells were apoptotic after addition of 20 µM D-43787 (Figure 3.18). In caspase-6 siRNA 

transfected JURKAT cells treated with D-43787 apoptosis induction was declined fractionally 

(75%). However, transfection of PPIA siRNA resulted in a significant increase of viable cells 

after treatment with D-43787 (10% compared to Lipofectamine™ 2000 treated cells). 

Caspase-6 and PPIA siRNA transfection increased significantly the amount of viable cells 

after treatment with D-43787 by approximately 20%. 

 

DMSO D-43787
0

10

20

30

40

50

60

70

80

90

100
Lipofectamine
Caspase-6 siRNA
PPIA siRNA

*

*

Caspase-6 + PPIA siRNA

vi
ab

le
 c

el
ls

 [%
]

 

Figure 3.18: Apoptosis induction by D-43787 in siRNA transfected JURKAT cells. JURKAT cells were 
transfected with 1 µl Lipofectamine™ 2000 and 2 µl of 20 µM validated caspase-6 specific and/or PPIA specific 
siRNA. 48 hours post transfection, percentage of viable cells was determined by Annexin-V and PI assay as 
described in materials and methods. Viable cells were defined as double-negative cells for Annexin-V and PI. 
DMSO treated cells were set to 100%. Each bar represents mean ± SEM of two independent experiments done in 
triplicates. * p≤0.05 vs. Lipofectamine control. 
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3.5   Analysis of a Potential Interaction of Caspase-6, PPIA and 
D-43787 

Due to the finding, that caspase-6 and PPIA are involved in the mode of action of D-43787, 

the next approach was to prove a potential direct interaction of these three compounds. 

Therefore, human recombinant procaspase-6 and PPIA purified from E. coli were used. 

3.5.1 Analysis of Purified Human Recombinant Caspase-6 

Procaspase-6 was purified from E. coli M15 [pREP4], transformed with the expression vector 

pQE6M (Kang et al. 2002). Usually, functional procaspase-6 matures by autoproteolysis 

overnight. To analyze this, the catalytic activity was measured using the highly specific 

caspase-6 substrate Ac-VEID-AFC. Caspase-6 activity was identified by AFC release 

monitored in a spectrofluorometer. 

The AFC release by procaspase-6 increased steadily over the analyzed period with a relative 

fluorescence of 450 at 24 hours (Figure 3.19). AFC was not liberated at any time point in a 

sample including procaspase-6 and the inhibitor peptide Z-VEID-FMK. 
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Figure 3.19: Catalytic activity of purified procaspase-6. Purified human recombinant procaspase-6 (50 ng) 
with or without caspase-6 inhibitior (Z-VEID-FMK, 1 µg/ml) was added to protease assay buffer supplemented 
with 10 µl Ac-VEID-AFC substrate as described in materials and methods. At indicated time points the catalytic 
activity of caspase-6 was measured by spectrofluorometry. 
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3.5.2 Effect of D-43787 on Caspase-6 Activation 

Initially, the direct interaction of D-43787 with procaspase-6 was investigated in a cell free 

system. Therefore, several concentrations of D-43787 were added to 100 ng purified 

recombinant procaspase-6 and the catalytic activity of this caspase was measured during 

24 hours. 

The catalytic activity of all analyzed samples increased time-dependently with a maximum at 

24 hours (Figure 3.20). Procaspase-6 alone was most potently activated showing AFC 

fluorescence up to 1700. In contrast, treatment of procaspase-6 with DMSO resulted in a 

reduced AFC release compared to the untreated control with a maximum fluorescence 

intensity of 900. Addition of 0.01 µM D-43787 induced AFC release of activated caspase-6 

up to 1500. All other tested concentrations of D-43787 led to a lower induction of caspase-6, 

but the AFC release of these samples was still higher compared to the DMSO control. 
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Figure 3.20: Analysis of caspase-6 activation by D-43787. Purified human recombinant procaspase-6 (100 ng) 
treated with solvent or several concentrations of D-43787 were added to protease assay buffer supplemented 
with 10 µl Ac-VEID-AFC as described in materials and methods. At indicated time points the catalytic activity 
of caspase-6 was measured by spectrofluorometry. 

3.5.3 Effect of D-43787 and PPIA on Caspase-6 Activation 

Furthermore, the direct effect of PPIA and D-43787 on caspase-6 activation was determined. 

Therefore, different amounts of purified PPIA were added to 50, 100 or 250 ng of caspase-6 

in combination with 0.01 µM D-43787 to obtain the appropriate combination of these three 

compounds. 
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By analyzing the catalytic activity of caspase-6, no significant differences in fluorescence 

intensity of D-43787-treated procaspase-6 with or without indicated doses of PPIA was 

observed (Figure 3.21). 

Addition of 0.01 µM D-43787 to 50 ng caspase-6 elevated the AFC release up to 140% 

compared to the untreated control (set to 100%). The concomitant addition of 50 ng, 100 ng 

or 250 ng PPIA reduced the substrate cleavage by caspase-6 back to baseline. 

In samples with 100 ng caspase-6, addition of 0.01 µM D-43787 slightly increased the release 

of AFC about 110% compared to the untreated caspase-6. The addition of 50 ng PPIA did not 

change the catalytic activity of caspase-6 versus procaspase-6 treated with 0.01 µM D-43787 

only. Higher concentrations of PPIA dose-dependently reduced the AFC release by caspase-6 

treated with 0.01 µM D-43787 down to 108% (100 ng PPIA) or 105% (250 ng PPIA). 

D-43787 marginally reduced the substrate cleavage by 250 ng caspase-6 down to 92%, 

whereas the addition of 50 ng PPIA enhanced the release of AFC fractionally up to 107%. 

100 ng or 250 ng PPIA led to a dose-dependent decline in AFC release of caspase-6 down to 

105% and 104%, respectively. 
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Figure 3.21: Analysis of caspase-6 activation by D-43787 and PPIA. Purified human recombinant caspase-6 
50 ng (A), 100 ng (B) and 250 ng (C) treated with indicated concentrations of recombinant PPIA and 0.01 µM 
D-43787 was added to protease assay buffer supplemented with 10 µl Ac-VEID-AFC as described in materials 
and methods. After 24 hours the catalytic activity of caspase-6 was measured by spectrofluorometry. Untreated 
caspase-6 was set to 100%. Each scatter plot represents mean ± SEM of four independent experiments. 
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3.5.4 Effect of D-43787 and Caspase-6 on the Proteolytic Activity of 
PPIA 

Cyclophilins belong to the family of immunophilins, the generic term used for the major 

cellular binding proteins for the immunosuppressive drugs such as CsA, FK506 and 

rapamycin. The complex of cyclopilin-CsA was reported to inhibit the signal transduction 

pathway for initiating T lymphocyte activation by blocking calcineurin (Wiederrecht et al. 

1993; Molkentin et al. 1998). Furthermore, cyclophilins are involved in protein folding, 

mitochondrial functions, the immune system and cancers. Initially, it was found that 

cyclophilins have the specific enzymatic property of catalyzing cis-trans isomerization of 

peptidyl-prolyl bonds (Fischer et al. 1984; Galat et al. 1995). Thus cyclophilins are called 

peptidyl-prolyl-cis-trans isomerases (PPIases), which can act as an acceleration factor in 

protein folding and assembly. In addition to PPIase activity, cyclophilins have nuclease 

activity similar to that of apoptotic endonucleases. Cyclophilins are capable of degrading 

single-stranded, double-stranded and supercoiled DNA (Montague et al. 1994). 

Based on these facts, the potential proteolytic activity of PPIA distinct from peptidyl-prolyl-

cis-trans isomerase activity was analyzed in different approaches with or without 

procaspase-6 and/or D-43787. Due to the ability of PPIA to recognize X-Pro bonds it was 

initially tested whether PPIA may function as a prolyl-endopeptidase in combination with 

D-43787 and procaspase-6. Prolyl-endopeptidases represent a new family of serine proteases 

involved in the maturation and degradation of peptide hormones and neuropeptides (Wilk 

1983). Z-Gly-Pro-pNA was used as a substrate of prolyl-endopeptidases. 

Detection of substrate-pNA hydrolysis revealed that PPIA exhibited significantly prolyl-

endopeptidase activity in combination with caspase-6 and D-43787 (Figure 3.22). All other 

tested combinations did not result in a significant change of proteolytic activity. 
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Figure 3.22: Prolyl-endopeptidase activity of human recombinant PPIA, caspase-6 and D-43787. Human 
recombinant caspase-6, recombinant PPIA and D-43787 were mixed in different combinations. Protease assay 
buffer and Z-Gly-Pro-pNA were added as described in materials and methods. After 24 hours of incubation 
pNA-absorbance was measured using a spectrophotometer. Each point represents mean ± SEM of two 
independent experiments done in triplicates. * p≤0.05 vs. caspase-6 with PPIA. 

Based on the results above, serine protease activity of PPIA was determined when it was 

combined with procaspase-6 and D-43787. Using Bz-Arg-pNA, a substrate of serine 

proteases, the capability of PPIA, D-43787 and procaspase-6 to cleave substrates containing 

arginine was investigated. 

Highly significant proteolytic activity was observed solely in samples with all three 

compounds PPIA, procaspase-6 and D-43787 (Figure 3.23). However, 100 ng procaspase-6 

and PPIA mixed with D-43787 were more proteolytic active than 250 ng of these proteins. In 

samples with only one or two of these molecules the absorbance of pNA was not increased 

significantly. 
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Figure 3.23: Proteolytic activity of human recombinant caspase-6, PPIA and D-43787. Human recombinant 
caspase-6, recombinant PPIA and D-43787 were mixed in different combinations. Protease assay buffer and 
Bz-Arg-pNA were added as described in materials and methods. After 24 hours of incubation pNA-absorbance 
was measured using a spectrophotometer. Each point represents mean ± SEM of three independent experiments 
done in triplicates. ** p≤0.01 vs. caspase-6 with PPIA. 

3.6   Examination of Different Apoptosis Inducing Drugs 

After elucidating the mechanism of D-43787 to trigger apoptosis, substances also associated 

with apoptosis induction were analyzed. 

Apoptosis is required for normal ontogenesis, organ and tissue remodeling, function of the 

immune system, prevention of inappropriate cellular proliferation and avoidance of mutations. 

Thereby apoptosis represents the key event which guarantees differentiation and maintenance 

of homeostasis. Terminal differentiation seems to be a special form of programmed cell death 

(Demedts et al. 2006). Dysregulated apoptosis is associated with various pathological 

conditions, including inflammation and cancer. Therefore, pharmacological agents and 

therapeutic strategies interfering with disrupted apoptosis regulation could improve the 

therapeutic arsenal in the future. In search for new apoptosis inducing substances, a lot of 

compounds were identified including plant-derived agents. 

The aim of this study was the in vitro characterization of several apoptosis triggering 

substances regarding their anti-inflammatory and anti-cancer properties. 
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3.6.1 Anti-inflammatory Effects in Human PBMC 

Apoptotic cells are increased in several chronic inflammatory lung diseases, including cystic 

fibrosis, COPD and asthma (Vandivier et al. 2006). Novel apoptosis inducing drugs may lead 

to the development of effective anti-inflammatory therapies or agents to augment the innate 

immune responses to infection. 

Thus, 20 known apoptosis triggering compounds were screened in human PBMC in terms of 

apoptosis induction, cytokine inhibition and caspase activation. 

The plant extracts β-boswellic acid, aristoforin, gambogic acid and gossypol potently induced 

apoptosis in human PBMC after 8 hours, whereas the effective concentration 50% (EC50) of 

gambogic acid was the lowest with 0.6 µM (Table 2). Thereby, β-boswellic acid, aristoforin 

and gossypol triggered apoptosis preferably in monocytes, in contrast to gambogic acid with 

preference to lymphocytes. The fungal product daunorubicin and the plant-extract triptolide 

also potently reduced the viability of PBMC after 24 hours with an EC50 of 0.2 µM and 

0.08 µM, respectively. Both the substances affected monocytes and lymphocytes comparably. 

Apoptosis activator 2 (synthetic compound) and xanthohumol (plant-extract) triggered 

apoptosis in PBMC with EC50s of 12.0 µM and 4.8 µM, respectively, whereas apoptosis 

activator 2 affected monocytes to a higher extent than lymphocytes. The plant-derived 

compounds arctigenin, colchicine, heraclenin, embelin and the synthetic molecule PETCM 

(alpha-(trichloromethyl)-4-pyridineethanol) were not able to induce apoptosis in PBMC up to 

concentrations of 100 µM neither after 8 hours nor after 24 hours. All other screened 

substances triggered apoptosis in PBMC with an EC50 from 20 µM. 

TNF, the pro-inflammatory key cytokine of monocytes was remarkably reduced by low doses 

of aristoforin, daunorubicin, gambogic acid and triptolide the most potent inhibitor of TNF 

production with an half maximal inhibitory concentration (IC50) of 0.005 µM. The plant-

extracts embelin and imperatorin evinced no effect on TNF release up to 100 µM. PETCM 

and the plant-derived compounds betulinic acid, colchicine and epigallocatechin gallate 

(EGCG) were only fractionally effective on TNF inhibition with an IC50 above 20 µM. The 

remaining substances inhibited TNF production with IC50s lower than 15 µM. 

Almost all tested substances inhibited the pro-inflammatory T cell cytokine IFN-γ with low 

IC50s, whereas triptolide was the most potent one again (IC50 0.004 µM). In contrast, 

colchicine, heraclenin and PETCM affected the IFN-γ release only marginally (IC50>70 µM). 
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Interestingly, embelin and imperatorin which did not inhibit the secretion of TNF were 

potently able to reduce the IFN-γ production with IC50s of 0.8 µM and 4.1 µM, respectively. 

The used concentration of all substances for detection of caspase activity was chosen by doses 

that barely induce apoptosis in PBMC (~EC10 for apoptosis induction). Using CaspACE 

FITC-VAD-FMK, high caspase activity was determined in PBMC treated with β-boswellic 

acid, aristoforin, colchicine, imperatorin and xanthohumol after 24 hours. Daunorubicin, 

gossypol and triptolide which induced apoptosis in PBMC effectively did not activate 

caspases compared to the DMSO control. Apoptosis activator 2, arctigenin, the synthetic 

molecule camptothecin, EGCG, heraclenin, PETCM and the plant-derived compound 

resveratrol were not able to induce caspase activation versus DMSO control. All other tested 

substances activated caspases moderately. 
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3.6.2 Anti-cancer Effect in JURKAT Cells 

Malignant diseases are often associated with defects in the cell death mechanism. Promising 

agents that trigger, directly or indirectly, apoptosis of cancer cells while sparing normal cells 

can be used for specific therapies. 

Hence, the effect of the selected 20 apoptosis inducing substances on human T cell leukaemia 

JURKAT cells was analyzed. 

Analog to PBMC β-boswellic acid, aristoforin, daunorubicin, gambogic acid, gossypol and 

triptolide potently induced apoptosis in JURKAT cells (Table 3). However, the EC50s of these 

agents except for daunorubicin were lower in JURKAT cells than in PBMC. Camptothecin 

which poorly affected PBMC revealed a strong potency of apoptosis induction in JURKAT 

cells with an EC50<0.1 µM after 24 hours. Embelin did not induce apoptosis in PBMC but 

killed JURKAT cells with an EC50 of 2.5 µM actually by 8 hours. Xanthohumol, cerluenin 

and apoptosis activator triggered apoptosis with an EC50 of 2.9 µM, 13.8 µM and 14.4 µM, 

respectively after 24 hours. Arctigenin, colchicine, heraclenin and PETCM were not able to 

reduce the viability of JURKAT cells up to concentrations of 100 µM also observed in 

PBMC. All other substances induced apoptosis in JURKAT cells moderately (betulinic acid, 

EGCG and resveratrol) or barely (2,3 DCPE and imperatorin). 

IL-2 production of JURKAT cells was effectively inhibited by aristoforin, camptothecin, 

embelin, gossypol and xanthohumol with IC50≤0.3 µM. Triptolide was the most potent 

inhibitor of IL-2 (IC50 0.0003 µM). Further effective inhibitors of IL-2 production were 

2,3-DCPE, β-boswellic acid, daunorubicin, EGCG and gambogic acid with IC50≤1 µM. 

Arctigenin and heraclenin effected the IL-2 production of JURKAT cells marginally with an 

IC50>40 µM, whereas colchicine and PETCM did not inhibit IL-2. The residual substances 

affected the IL-2 production moderately. 

JURKAT cells treated with camptothecin and daunorubicin respectively, exhibited high 

caspase activity after 24 hours. All other compounds that potently induced apoptosis in 

JURKAT cells revealed no change in caspase activity in comparison with the DMSO control; 

solely triptolide addition resulted in a moderate activation of caspases. 2,3 DCPE, betulinic 

acid, cerulenin, colchicine, heraclenin and resveratrol also activated caspases in JURKAT 

cells moderately. 
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Table 3: EC50, IC50 values and caspase activities of different compounds in JURKAT cells. JURKAT cells 
were treated with several concentrations of different drugs. For analysis of cytokine inhibition, cells were 
stimulated with TPA and ionomycin. After 24 hours IL-2 protein level in the supernatant were determined by 
ELISA. Apoptosis induction was measured after 8 and 24 hours without stimulation. Caspase activity was 
measured after 24 hours by CaspACE FITC-VAD-FMK in situ marker. Activities were defined as follows: MFI 
<50% above DMSO control = low, MFI >50% and <100% above DMSO control = medium, MFI >100% above 
DMSO control = high. Data represent mean ± SD of two different experiments. 
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4. Discussion 

4.1.   Effect of D-43787 on Caspase Expression and Activation 

In our laboratory it was shown that the novel immunomodulating compound D-43787 is able 

to induce apoptosis in T helper cells (Pahl et al. 2002). Further analysis of this substance 

revealed the specific activation of caspase-6 by D-43787. Inhibition of this caspase by a 

specific inhibitor abolished apoptosis induction by D-43787 both in vitro and in vivo, 

indicating a major role of caspase-6 in the mode of action of D-43787 (Zhang 2003). 

To clarify the function of caspases in D-43787-induced apoptosis further on, caspase activity 

in human CD4+ T cells was determined at different time points. It was observed that D-43787 

induces caspase activation within 6-8 hours. This activation increased up to 24 hours. The 

activation of caspases represents a key regulatory step in apoptosis and is achieved by a 

number of mechanisms, including transcriptional activation, regulation of inhibitor of 

apoptosis proteins, autoactivation or cleavage by other caspases (Earnshaw et al. 1999). 

Although many cell types may become apoptotic in the absence of mRNA or protein 

synthesis (Kaufmann et al. 1993; Weil et al. 1996), several observations suggest, that 

transcriptional regulation of procaspase gene expression might be important under certain 

circumstances (Oubrahim et al. 2005). Therefore, the effect of D-43787 on the expression of 

selected initiator and effector caspases was analyzed. mRNA levels of caspase-2, -3 and -8 

were not affected in CD4+ T cells treated with D-43787. In contrast, the executioner caspase-6 

was upregulated significantly 8 hours after treatment. The increased requirement for 

caspase-6 at an early time point may indicate a more complex role than simply be a late stage 

executioner caspase in the mode of action of D-43787. Generally, upstream or initiator 

caspases (caspase-2, -8, -9 and -10) are thought to be responsible for initiating caspase 

cascades during apoptosis, resulting in activation of downstream caspases-3, -6 and -7 

(Grutter 2000). Subsequently, effector caspases are the executioners of the apoptotic program, 

cleaving certain cellular substrates and causing demolition of the cell. Recent studies revealed 

the presence of a branched caspase cascade in which effector caspases can also act as initiator 

caspases and vice versa. Caspase-6 has been shown to activate caspase-3 (Liu et al. 1996) and 

in JURKAT cells caspase-9 dependent activation of caspases-8 and -10 is blocked by 

inhibition of caspase-6 (Slee et al. 1999). To analyze the possible initiator caspase function of 

caspase-6, the chronology of caspase-3, -6 and -8 activation in T helper cells treated with 
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D-43787 was analyzed. All tested caspases were activated simultaneously within the first 

8 hours of D-43787 treatment, whereas solely caspase-6 activity increased further on 

thereafter. This implies that initiator and effector caspases work in concert to provoke the 

apoptotic cell death in response to D-43787.  

The coactivation of caspase-3, -6 and -8 raised the question whether the inhibition of one of 

these caspases has global effects on apoptosis induction by D-43787. Recent studies reported 

a major role of caspase-6 in the intrinsic mitochondrial pathway of apoptosis (Slee et al. 1999; 

Murphy et al. 2004). It was shown that inhibition of caspase-6 activity inhibited significantly 

caspase-8 cleavage and apoptosis (Cowling et al. 2002) in vitro. Using specific caspase 

inhibitors, a significant reduction in caspase-3, -6 and -8 activity was observed in CD4+ 

T cells preincubated with the caspase-6 inhibitor peptide Z-VEID-FMK prior to treatment 

with D-43787. The inhibition of both the caspase-3 and caspase-8 was not able to reduce 

significantly the activation of caspase-3, -6- and -8 in D-43787-treated cells. This is in line 

with preliminary findings that caspase-6 inhibitor was able to abolish D-43787-induced 

apoptosis, whereas neither caspase-3 nor -8 inhibition did affect the mode of action of D-

43787 (Zhang 2003). Therefore, a crucial role of caspase-6 in D-43787 induced apoptosis by 

activation of caspase-3 and -8 was suggested. 

4.2.   Effect of D-43787 on Th1 and Th2 Cells 

D-43787 inhibits Th2 cytokines IL-4, IL-5 and IL-13 more effectively than the Th1 cytokine 

IFN-γ in human PBMC (Zhang 2003). Due to the recent finding that the EC50 for apoptosis 

induction correlates with the IC50s for cytokine inhibition, it was postulated that the selective 

inhibition of Th2 cytokines is based on a specific induction of apoptosis in T helper type 2 

cells. 

To verify this, Th1 and Th2 subsets were isolated from human CD4+ T cells by using the 

novel marker CRTH2. CRTH2 allows to discriminate between human Th1 and Th2 cells, as it 

is exclusively expressed on the surface of Th2 cells (Cosmi et al. 2000). First, the cytokine 

profile of CD4+CRTH2+ and CRTH2- cells was examined and it was found that CRTH2- cells 

produced significantly more IFN-γ than IL-4. Surprisingly, CRTH2+ cells displayed the same 

cytokine profile. This is in contrast to recent publications reporting that CRTH2+ cells express 

IL-4, but never IFN-γ (Nagata et al. 1999; Cosmi et al. 2000). This discrepancy may be 

explained by the fact that this study quantified mRNA levels as described above, whereas 

Nagata et al. detected cytokine protein levels by intracellular flow cytometry. 
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Post-transcriptional and/or post-translational regulation of IL-4 and IFN-γ possibly contribute 

to this observation. Such a regulation (at the level of mRNA stability, translational efficacy, 

stability of the protein product or other post-translational modifications) has already been 

demonstrated for several other cytokines (Elias et al. 1989; McInnes et al. 1998; Miyazawa 

et al. 1998; Anderson 2000). 

Furthermore, apoptosis induction by D-43787 in CRTH2+ and CRTH2- cells was analyzed. 

Detection of Annexin V and PI positive cells revealed a reduced viability of CRTH2- cells 

treated with only the vehicle control as compared to CRTH2+ cells. This is in line with recent 

findings that Th1 cells are very sensitive to external triggers for apoptosis such as TCR 

challenges or withdrawal of survival factors (Lu et al. 2004). After addition of D-43787, there 

was no significant increase in apoptotic cells in both T cell subsets indicating a similar effect 

of D-43787 on CRTH2+ and CRTH2- cells. 

Due to our finding that human ‘Th2’ cells identified by CRTH2 surface expression produced 

considerable amounts of IFN-γ, in vitro differentiated mouse Th1 and Th2 cells were used to 

test the hypothesis. By analyzing the cytokine profile of these T cell subsets an almost 

exclusive expression of IFN-γ in Th1 cells and IL-4 in Th2 cells respectively was detected. 

5 µM D-43787 inhibited IL-4 expression by Th2 cells, whereas IFN-γ production by Th1 cells 

was not significantly affected. This is consistent with the results stated above. 

Based on a recent study reporting high caspase-6 expression in Th2 cells versus Th1 cells (Lu 

et al. 2004), caspase-6 mRNA levels were quantified in in vitro differentiated mouse T cell 

subsets. Significantly elevated caspase-6 mRNA levels in Th2 cells were ascertained 

compared to the Th1 subset. After addition of D-43787 the expression of caspase-6 declined 

dose-dependently in Th2 cells. This may be ascribed to the inhibition of IL-4 by D-43787. 

Recent data suggest that IL-4 regulates caspase-6 expression via signal transducer and 

activator of transcription family member STAT6 (Schroder et al. 2002). Therefore, the 

decreased IL-4 production in D-43787 treated cells results potentially in a lower caspase-6 

expression. 

On the basis of these results, high caspase-6 expression may render Th2 cells more 

susceptible for D-43787-induced cell death. Thus, mouse Th1 and Th2 cells were treated with 

D-43787 and the induction of apoptosis was analyzed. As Th1 cells are more sensitive to 

withdrawal of survival factors, it was hardly possible to analyze the pro-apoptotic substance 
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D-43787 in these cells. Inherently, a large proportion of Th1 cells treated with the vehicle 

control were already dead after 6 hours of treatment. 

Therefore, a Th2-selective apoptosis induction by D-43787 became observable only by 

tendency. This supports our hypothesis that selective Th2 cytokine inhibition via D-43787 is 

due to a specific apoptosis induction in this T helper cell subset. The strong expression of 

caspase-6 in Th2 cells may contribute to this selectivity. These findings are further backed up 

by recent experiments designed to measure procaspase polypeptide levels (Svingen et al. 

2004) in the 60 human tumor cell lines utilized by the National Cancer Institute to screen 

potential anticancer drugs (O'Connor et al. 1997). These experiments demonstrate a striking 

correlation between procaspase-6 polypeptide levels and the ability of certain agents to induce 

cell death (LC50) in several of the cell lines tested. 

Due to the Th2-selectivity of D-43787 further molecules or mechanisms principally involved 

in apoptosis of these helper T cells were searched. Granzyme B (GrB) was shown to play a 

critical role in T cell receptor (TCR)-induced cell death (TCR-ICD) of Th2 cells (Devadas et 

al. 2006). The direct release of GrB into the cytoplasm leads to the suicide of Th2 cells 

(Zheng et al. 2006). To analyze the role of GrB in D-43787-induced apoptosis, human CD4+ 

T cells were preincubated with a GrB inhibitor (Z-AAD-CMK) prior to treatment with 

D-43787. A general decrease in apoptosis induction was determined in cells preincubated 

with the GrB inhibitor alone compared to the DMSO control, indicating that normally 

occuring TCR-ICD is abolished by this inhibitor. However, the apoptosis induction by 

D-43787 was not reduced by treatment with the GrB inhibitor, suggesting that GrB is not 

involved in D-43787-induced apoptosis. 

4.3.   Effect of Caspase-6 and PPIA Knock-down on D-43787-
Induced Apoptosis 

D-43787 was identified in a general screening for compounds binding to the CsA receptor 

cyclophilin A (PPIA). The PPIase activity of human cyclophilin A was dose-dependently 

inhibited by this novel substance (Pahl et al. 2002). These data and the results stated above, 

indicate a potential role of PPIA and caspase-6 in the mode of action of D-43787. To specify 

the function of these two proteins in D-43787-induced apoptosis, RNAi was used to knock-

down PPIA and caspase-6 in JURKAT cells. 
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Firstly, an appropriate transfection protocol for silencing oligonucleotides was established. 

Vectors expressing both the shRNAs and GFP combine the advantages of long-lasting target 

gene inhibition with the possibility to monitor transfection efficiencies. Therefore, either a 

non-silencing shRNA plasmid expressing GFP or the control plasmid pmaxGFP was 

transfected into JURKAT cells by using Amaxa Nucleofection™ technology. The transfection 

efficiency of pmaxGFP averaged 80% after 24 and 48 hours, respectively. However, the 

viability of the transfected cells was reduced to 50%. This loss of viability is similar to that 

observed in other cell types with this electroporation method (Hamm et al. 2002; Lenz et al. 

2003). This might be attributed to the physical damage that occurs when cells are exposed to 

short during but high intensity electrical discharges (Glahder et al. 2005). In contrary to 

pmaxGFP, the transfection efficiency of the non-silencing shRNA plasmid was only 2% 

whereas the viability of the transfected cells was reduced equally. After nucleofection of 

shRNA plasmids against human caspase-6 into JURKAT cells, an impact on the mRNA level 

of this protease was not observed compared to the control. The low transfection efficiency of 

the shRNA plasmids employed may be attributed to the purification step. Despite high purity 

of the shRNA plasmids (absorbance 260/280 = 1.8) many other factors can influence the 

transfection efficiency, for example an incomplete RNA digestion, the presence of genomic 

DNA fragments, the uncoiling of the DNA or contaminations arising from the product used to 

isolate the plasmid DNA like resin leaching into the sample (Slack et al. 2002). 

To circumvent the problem of low cell viability after nucleofection, the cationic-lipid 

transfection reagent Lipofectamine™ 2000 was chosen to transfect the shRNA plasmids. 

Using PI for detection of dead cells, enhanced cell viability after shRNA transfection with 

Lipofectamine™ 2000 was determined compared to the Amaxa technology. However, the 

transfection efficiency was quite low. Only 1.48% of pmaxGFP transfected cells showed 

green fluorescence after 24 hours. GFP expression in shRNA-transfected cells was barely 

detectable. Also the poor knock-down efficiency of Lipofectamine™ 2000 transfected shRNA 

rendered this transfection method unsuitable for DNA introduction. 

Due to the poor transfection and knock-down efficiency of the shRNA plasmids tested, 

validated siRNA against caspase-6 and PPIA were transfected into JURKAT cells via 

Lipofectamine™ 2000. The transfection efficiency of the control siRNA BLOCK-iT™ 

Fluorescent Oligo was approximately 48% after 48 hours with roughly 82% viable cells. 

Additionally, the knock-down competence of the validated gene-specific siRNAs was 

sufficient as confirmed by real-time RT PCR. Caspase-6 siRNA reduced caspase-6 mRNA 
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levels significantly by approximately 40%, whereas PPIA siRNA led to 50-60% reduction of 

PPIA mRNA expression after 48 hours. The low knock-down efficiencies of siRNA in 

JURKAT cells have been previously reported and are due to the high mobility of these cells in 

cell culture (Yin et al. 2006). Furthermore, cationic-lipid mediated transfection is mainly 

limited to highly mitotically active cell lines rendering JURKAT cells hard-to-transfect (Fong 

et al. 2004). 

On the basis of our results, the best transfection method was Lipofectamine™ 2000-mediated 

siRNA introduction. The specificity of used siRNAs was proven by concomitant detection of 

caspase-6 and PPIA expression. No unspecific knock-down of PPIA in JURKAT cells 

transfected with caspase-6 siRNA and vice versa was observed. To clarify the role of PPIA 

and caspase-6 in the mode of action of D-43787, JURKAT cells were transfected with PPIA 

and/or caspase-6 siRNA followed by treatment with D-43787. The knock-down of caspase-6 

resulted in a slight decrease of apoptotic cells after treatment with D-43787 as compared to 

the vehicle control, but was not significant. This effect might have been more pronounced, if 

the knock-down efficiency of caspase-6 in JURKAT cells had been higher. Most probably, a 

lack of caspase-6 has a stronger influence on D-43787-induced apoptosis than a 40% knock-

down. Downregulation of PPIA led to a significant decline in apoptotic cells in D-43787-

treated JURKAT cells as compared to the control. This was exceeded by a simultaneous 

knock-down of caspase-6 and PPIA resulting in a more potent decrease of apoptosis induction 

by D-43787. These data suggest an important role of caspase-6 and PPIA in D-43787-induced 

apoptosis. Several recent reports assumed that caspase-6 might play a previously unsuspected 

critical role in the induction of apoptosis after treatment with selected anti-cancer drugs 

(Bernhard et al. 2000; Reinhold et al. 2003; Svingen et al. 2004). PPIA was shown to be 

involved in caspase activation in neurons (Capano et al. 2002), and to cooperate with 

apoptosis-inducing factor during apoptosis-associated chromatinolysis (Cande et al. 2004). 

Furthermore, the combination of PPIA and cycloheximide induced apoptosis in human 

endothelial cells to a similar extent as the pro-apoptotic TNF-α (Jin et al. 2004). Additionally 

CsA, a well-known inhibitor of PPIA, has been shown to induce apoptosis in cancer cells, 

such as retinoblastoma and melanoma, but the exact mechanism has not been elucidated 

(Twentyman et al. 1992; Ciechomska et al. 2005; Eckstein et al. 2005). PPIA is also 

supposed to play a role in lymphocyte apoptosis due to its nuclease activity. CsA can 

stimulate calcium/magnesium-dependent nuclease activity of cyclophilin A under native 

conditions resulting in induction of apoptotic death in a mouse thymoma cell line (Montague 
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et al. 1994). Due to these findings an interaction of D-43787, PPIA and caspase-6 was 

postulated resulting in apoptosis induction. 

4.4.   Analysis of a Potentially Direct Interaction between D-43787, 
PPIA and Caspase-6 

The results stated above indicate a crucial role of caspase-6 and PPIA in D-43787-induced 

apoptosis. To specify the potential interaction of these molecules, human recombinant 

procaspase-6 and PPIA was purified and the effect of D-43787 on these proteins was analyzed 

in a cell free system. Firstly, the activity of purified recombinant caspase-6 was determined by 

using the fluorescent peptide Ac-VEID-AFC. In general, procaspase-6 matures by 

autoproteolysis when the protein is incubated overnight (Kang et al. 2002). The purified 

procaspase-6 exhibited a drastic increase in catalytic activity after incubating overnight at 

37°C indicating that the expressed protein was processed correctly. The specific caspase-6 

inhibitor peptide Z-VEID-FMK was able to abolish the catalytic activity of the recombinant 

caspase-6. 

Accordingly, caspase-6 activity was analyzed in presence of D-43787. Untreated caspase-6 

evinced the most pronounced activity compared to samples with D-43787 or DMSO. Vehicle 

control treated caspase-6 was only half as much activated after 24 hours. The activities of 

samples with several concentrations of D-43787 were among them. This indicates that 

D-43787 does not influence caspase-6 activity. 

Due to recent findings that PPIA suppression exerted strong inhibitory effects on caspase-6 

activation in B50 cells from a rat CNS-derived neuroblastoma cell line (Capano et al. 2002) 

the effect of PPIA and D-43787 on caspase-6 activity was investigated in a cell free system. 

Different amounts of PPIA were added to samples with caspase-6 and D-43787, but none of 

the PPIA concentrations tested affected the catalytic activity of caspase-6. This suggests 

either an ineffective ratio between caspase-6 and PPIA in this experimental setting or other 

mechanisms lead to D-43787-induced apoptosis. 

In the last few years other functions of cyclophilins were revealed distinct from their peptidyl-

prolyl-cis-trans isomerase activity. These include the maintainance of mitochondrial 

functions, an involvement in apoptosis, a role in the regulation of T cell functions and 

inflammation, the interaction with CD147 (type I transmembrane protein) and a role in the 

pathogenesis of vascular disease, human immunodeficiency virus infection and rheumatoid 
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arthritis (Yao et al. 2005). Recent studies suggest that cyclophilins are involved in DNA 

degradation by virtue of their nucleolytic activity (Montague et al. 1997). The 

immunosuppressive drug CsA was reported to induce apoptosis in a mouse thymoma cell line 

via stimulating the nuclease activity of PPIA (Montague et al. 1994). NMR studies revealed 

that D-43787 binds to a region on PPIA apart from the CsA binding pocket. Furthermore, the 

protein phosphatase calcineurin, the target of the CsA-PPIA complex, is not inhibited by 

D-43787 (Zhang 2003). Therefore, D-43787 may activate PPIA via a so far unknown 

mechanism, thereby contributing to the apoptosis induction exerted by this substance. 

Usually, cyclophilins catalyze cis–trans isomerization of X-Pro bonds (Fischer et al. 1989) 

but have never been reported to hydrolyze X-Pro bonds like prolyl-endopeptidases. To 

analyze a potential prolyl-endopeptidase activity of PPIA in the presence of D-43787, the 

specific substrate for this kind of proteases, namely Z-Gly-Pro-pNA was used. Solely the 

combination of PPIA, caspase-6 and D-43787 was able to hydrolyze Z-Gly-Pro-pNA as 

compared to PPIA alone, indicating a potential prolyl-endopeptidase activity of this complex. 

PPIA has already been reported to exhibit proline-specific endoprotease activity but only as 

an engineered enzyme with three mutations named cyproase I (Quemeneur et al. 1998). Here 

it was shown for the first time that PPIA is capable to hydrolyze X-Pro bonds under native 

conditions in conjunction with caspase-6 and D-43787. 

Prolyl-endopeptidases belong to the family of serine proteases (Polgar 1992). Hence, another 

serine protease activity of PPIA was tested in combination with D-43787 and caspase-6 by 

utilization of Bz-Arg-pNA. A significantly elevated pNA release was observed in samples 

with all three molecules as compared to untreated PPIA. It was demonstrated that 

staurosporine triggers a caspase-dependant induction of chymotrypsin-like activity in the 

nucleus of apoptotic JURKAT T cells required for the generation of late stage nuclear events 

including condensation, fragmentation and DNA degradation (O'Connell et al. 2006). 

Moreover, Streptococcus pneumoniae-induced apoptosis of human alveolar and bronchial 

epithelial cells was reported to be executed by caspase-6 and serine proteases and could be 

strongly reduced by inhibitors of these proteins (Schmeck et al. 2004). Additionally, recent 

studies revealed that the serine protease cathepsin G activated procaspase-7 by cleaving at a 

Gln-Ala bond indicate that the canonical cleavage specificity at aspartic acid is not required 

for the activation of caspases (Zhou et al. 1997). Our results and the latter findings indicate a 

direct interaction of caspase-6, PPIA and D-43787 via a novel mechanism leading to 

apoptosis induction. 
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4.5.   Anti-inflammatory and Anti-cancer Effects of Apoptosis 
Inducing Drugs 

On the basis of D-43787-induced apoptosis via caspase-6 activation, the effect of other cell 

death triggering substances on PBMC and JURKAT cells was analyzed regarding their 

properties to inhibit cytokines and to activate caspases. 

The synthetic compound, 2[[3-(2,3-dichlorophenoxy)propyl]amino]ethanol (2,3-DCPE) was 

described to induce extracellular signal-related kinase (ERK) activation and to display 

anticancer properties (Wu et al. 2004; Zhu et al. 2004). Except for monocytes, 2,3-DCPE did 

not induce apoptosis in human PBMC after 24 hours at concentrations up to 100 µM. 

However, the apoptosis triggering effect of 2,3-DCPE in monocytes was comparatively low 

after 24 hours (EC50 ~32 µM). JURKAT cells were actually less affected by 2,3-DCPE. 

Cytokine inhibition via 2,3-DCPE was observed already at lower concentration of this 

substance, whereas IL-2 production of JURKAT cells was affected more severely than TNF-α 

and IFN-γ produced by PBMC. This may be due to activation of the ERK pathway resulting 

in cytokine non-responsiveness (Chen et al. 1999). High doses of 2,3-DCPE led to moderate 

caspase activation in PBMC and JURKAT cells. This is in line with recent data suggesting 

that 2,3-DCPE could cause cleavage of caspase-8, -3 and -9 (Wu et al. 2004). 

Boswellic acids, the main well-known active components of the resin of Boswellia carteri 

(Burseraceae) are reported to exhibit anti-inflammatory activities (Ammon 2006). 

Furthermore, β-boswellic acid exerts apoptosis-inducing activity on a variety of malignant 

cells (Hostanska et al. 2002). Recent studies suggest that boswellic acids induce apoptosis in 

myeloid leukemia, colon and liver cancer cells through activation of caspase-8, although at 

concentrations of 25 µM (Liu et al. 2002; Liu et al. 2002; Xia et al. 2005). This was 

confirmed by showing that β-boswellic acid inhibits cytokine production of PBMC and 

JURKAT cells at very low doses (IC50 ~1 µM). Moreover, β-boswellic acid induced apoptosis 

in both the cell populations. Although in PBMC treated with β-boswellic acid caspases were 

potently activated, any caspase induction in JURKAT cells was not observed. 

Apoptosis activator 2 was identified by using a cell-free assay to target multiple components 

of the apoptosis pathway simultaneously and was reported to activate caspases in a 

cytochrome c-dependent manner and to induce apoptosis. Apoptosis activator 2 is highly 

selective for cancer cells in inducing apoptosis as compared to non-cancer cell lines (Nguyen 
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et al. 2003). This is not consistent with our findings that apoptosis activator 2 affects PBMC 

and JURKAT cells similarly. The measured EC50 value (14 µM) of apoptosis induction in 

JURKAT cells was more than 3-fold elevated compared to published data. Furthermore, 

Nguyen et al. revealed caspase-9 activation in tumor cell lines treated with apoptosis activator 

2 (Nguyen et al. 2003). Nevertheless, neither in PBMC nor in JURKAT cells any caspase 

activity was observed. Cytokine inhibition by apoptosis activator 2 mainly affected monocyte-

derived TNF-α with an IC50 of 1.2 µM. 

The natural dibenzylbutyrolactone type lignanolide arctigenin from the fruits of Arctium 

lappa L. (Compositae) was shown to exert potent antiproliferative activity against B cell 

hybridoma cell line (MH60) and human promyelocytic leukemic cell line (HL-60) with a 

non-toxic mechanism, possibly via cessation of DNA, RNA and/or protein synthesis of the 

leukaemic cells (Hirano et al. 1994; Matsumoto et al. 2006). In our studies arctigenin was not 

able to induce apoptosis in PBMC and JURKAT cells. In addition, also no increase of caspase 

activity was detectable. However, the cytokine production of PBMC was inhibited with IC50 

values of 3.4 µM (TNF-α) and 2.8 µM (IFN-γ). This is consistent with recent findings that 

arctigenin strongly inhibited TNF-α production by the LPS-stimulated murine macrophage 

cell line RAW264.7 and the differentiated human macrophage cell line U937 without 

displaying cytotoxicity (Cho et al. 1999). Thereby, the cytokine inhibition by arctigenin is 

possibly due to the prevention of MAP kinase activation including ERK1/2, p38 kinase and 

JNK through the inhibition of MKK activities, leading to AP-1 inactivation, which might 

contribute to the inhibition of TNF-α production (Cho et al. 2004). 

Aristoforin, a stable derivative of a natural product of St. John's wort (Hypericum perforatum 

L.) was published to be a potent anticancer agent (Gartner et al. 2005). This was confirmed by 

our results that aristoforin induced apoptosis in JURKAT cells (EC50 0.9 µM), without 

activating caspases. However, this substance triggered cell death in PBMC as well but to a 

lesser extent (EC50 4.3 µM) via a pronounced activation of caspases. This may suggest a 

different pathway of apoptosis induction in tumor cell lines and non-tumor cells. 

Betulinic acid is a naturally occurring pentacyclic triterpenoid isolated from Lycopus lucidus 

and has been shown to exhibit a variety of biological activities including inhibition of human 

immunodeficiency virus (HIV), antibacterial, antimalarial, antiinflammatory, anthelmintic 

and antioxidant properties (Mukherjee et al. 2006). Analysis of betulinic acid revealed only a 

marginal capability of apoptosis induction in human PBMC (EC50>50 µM) with minor 
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caspase activation. Nevertheless, IFN-γ production was strongly inhibited by betulinic acid 

with an IC50 of 0.5 µM, whereas TNF-α was only slightly affected (IC50 30.6 µM). This is 

corroborated by the work of Zdzisinska et al. suggesting that betulinic acid modulate Th1/Th2 

responses by inhibiting IFN-γ but enhancing IL-10, whereas TNF-α production is not affected 

(Zdzisinska et al. 2003). Furthermore, our studies evinced that the apoptosis induction by 

betulinic acid in JURKAT cells (EC50 20.5 µM) correlates with the cytokine inhibition 

(IC50 15.4 µM) in these cells. Moreover, caspases were moderately activated by betulinic 

acid. Previous studies have shown that betulinic acid treatment led to caspase activation in 

JURKAT cells, indicating a caspase-dependent pathway of apoptosis induction (Karpova 

et al. 2006). 

Camptothecin is a plant secondary metabolite from Camptotheca acuminata, a deciduous tree 

found in southern china is highly cytotoxic and provides potent therapeutics against cancer 

(Johnson et al. 1997). Apoptosis induction by camptothecin is due to inhibiting topoisomerase 

I, resulting in DNA fragmentation (Pommier 2006). In JURKAT cells camptothecin induces 

potently cell death (EC50<0.1 µM) with concomitant inhibition of IL-2 production. In 

addition, caspases are highly activated due to disruption of the mitochondrial transmembrane 

potential ∆Ψm (Bradbury et al. 2000). Interestingly, camptothecin is not able to induce 

apoptosis in human unstimulated PBMC except for monocytes which are slightly affected. In 

contrast, camptothecin exerts a pronounced effect on cytokine production of PBMC. IFN-γ is 

strikingly reduced at concentration of 0.7 µM. This effect was also observed by Ferraro et al. 

who found apoptosis induction only in activated but not in resting peripheral blood 

lymphocytes explained by a decrease of mitochondrial transmembrane potential in activated 

cells (Ferraro et al. 2000). 

Cerulenin is an antibiotic that inhibits eukaryotic lipid and sterol synthesis and blocks lipid 

modification of proteins (Schlesinger et al. 1982). Apoptosis induction by cerulenin was more 

prominent in JURKAT cells as compared with PBMC after 24 hours. This may be due to the 

overexpression of fatty acid synthase (FAS) in tumor cell lines, which seem to be important 

for cancer cell proliferation and survival. Fatty acid synthase inhibition by cerulenin leads to 

apoptotic cell death in several cancer cells (Zhao et al. 2006). Furthermore, cerulenin 

activates caspases in JURKAT cells moderately. This is consistent with previous findings that 

cerulenin-mediated apoptosis is associated with caspase-3 activation and the release of 

cytochrome c from mitochondria into the cytosol (Liu et al. 2006). Up to now, no 

anti-inflammatory properties of cerulenin have been described. Our studies revealed a strong 
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influence of cerulenin on cytokine production. IL-2 secretion of JURKAT cells and TNF-α 

production of monocytes were similarly affected by this substance with IC50s of 4.2 and 

4.5 µM, respectively. Inhibition of IFN-γ was more pronounced with an IC50 of 1.7 µM. Due 

these findings, cytokine inhibition by cerulenin might be FAS-independent. 

The microtubule-disrupting agent colchicine is a highly neurotoxic alkaloid, originally 

extracted from plants of the genus Colchicum. It acts as an antimitotic agent and binds to the 

protein tubulin, thereby suppressing cell division (Brossi 1990). Neither anti-inflammatory 

nor anti-cancer properties of colchicines were observed in both the PBMC and JURKAT 

cells. This may be due to the slow uptake of this alkaloid by human lymphocytes in culture 

(Chappey et al. 1995). However, caspases were potently activated in JURKAT cells and 

PBMC treated with 100 µM colchicine. Recent data suggest that colchicine induces cell death 

via activation of caspase 3 (Gorman et al. 1999). 

The anthracycline antibiotic daunorubicin is widely used in the treatment of acute 

nonlymphocytic leukemia (Laurent et al. 2001). Treatment of JURKAT cells and PBMC with 

daunorubicin dramatically increased the number of apoptotic cells after 24 hours at very low 

(nanomolar) concentrations. The IC50 of the cytokine inhibition correlates with the EC50 of the 

apoptosis induction. Cytotoxicity mediated by daunorubicin is generally thought to be the 

result of drug-induced damage to DNA (Laurent et al. 2001). Interestingly, daunorubicin 

highly activated caspases in JURKAT cells while caspase activity in PBMC was not elevated. 

It was demonstrated that caspase-3 activity might be necessary, but not sufficient for 

daunorubicin-induced apoptosis in JURKAT cells (Turnbull et al. 1999). The different 

caspase activiation by daunorubicin in both the cell populations is possibly due to the 

different concentrations of this substance used in the experiments (10-fold).  

Embelin from the Japanese Ardisia herb is a small-molecular weight inhibitor that binds to the 

X-linked inhibitor of apoptosis (XIAP) BIR3 domain and may represent a new class of 

anticancer agents (Nikolovska-Coleska et al. 2004). Embelin did not exert any apoptotic 

effect on PBMC after 24 hours. Whereas TNF-α was not affected by this agent, IFN-γ was 

potently inhibited with an IC50 of 0.8 µM. Recent studies indicate that embelin is a novel 

NF-κB blocker which makes it a potentially interesting suppressor of tumor cell survival, 

proliferation, invasion, angiogenesis and inflammation (Ahn et al. 2007). The reason why 

IFN-γ is more affected by embelin than TNF-α remains to be elucidated. In contrary, embelin 
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was able to induce apoptotic cell death in JURKAT cells. This may due to the high expression 

of XIAP the binding partner of embelin in cancer cells (Tamm et al. 2000). 

Epigallocatechin gallate (EGCG) is a principal antioxidant derived from green tea and has 

been known to block each stage of carcinogenesis by modulating signal transduction 

pathways involved in cell proliferation, transformation, inflammation, apoptosis, metastasis 

and invasion (Na et al. 2006). EGCG induced apoptosis in JURKAT cells and PBMC 

moderately with EC50s above 20 µM. It was reported that EGCG is a potent and specific 

inhibitor of the proteasomal chymotrypsin-like activity both in vitro and in vivo, resulting in 

the accumulation of two natural proteasome substrates, p27(Kip1) and IκB-α, an inhibitor of 

the transcription factor NF-κB, followed by growth arrest in the G1 phase of the cell cycle 

(Kazi et al. 2004). Furthermore, caspase activity was not detectable in JURKAT cells and 

PBMC treated with EGCG. However, IL-2 and IFN-γ were strikingly inhibited by EGCG 

with IC50s of 0.8 and 1.3 µM, respectively. TNF-α was affected only marginally. Recent 

findings indicate that EGCG exhibits a specific and strong anti-STAT1 (signal transducers 

and activators of transcription) activity (de Prati et al. 2005). This leads to abrogated T-bet 

activation, an important inducerof IFN-γ transcription in CD4+ T cells (Ylikoski et al. 2005). 

Gambogic acid, a promising novel anti-cancer agent is a natural product isolated from the 

gamboge resin of Garcinia hanburryi tree (Han et al. 2005). In contrast to recent studies 

suggesting that gambogic acid is not able to induce apoptosis in normal unimmortalized cells 

whereas it kills tumor cells in rats (Zhao et al. 2004), a potent induction of apoptotic cell 

death by this substance was observed in JURKAT cells and human PBMC in a nanomolar 

range with concomitant cytokine inhibition. Gambogic acid may induce apoptosis via binding 

to the transferrin receptor (Kasibhatla et al. 2005). Caspases were activated in PBMC only 

moderately but not in JURKAT cells. Kasibhatla et al. revealed that caspase-8 activation 

seems to be required in gambogic acid-mediated signaling; the involvement of other initiator 

caspases, i.e., caspase-10 and caspase-2 has not been shown yet (Kasibhatla et al. 2005). 

Gossypol, a compound from cotton seed extracts, is a potential male contraceptive (Tsui et al. 

1983). Gossypol targets the antiapoptotic Bcl-2 (B-cell lymphocyte/leukemia-2) family 

protein Bcl-xL and therefore may serve as potential chemotherapeutic agent (Kitada et al. 

2003). Just like gambogic acid, gossypol strongly induced apoptosis in JURKAT cells and 

PBMC and inhibited cytokine production. However, JURKAT cells are 5-fold more affected 

by gossypol than PBMC, possibly because of their higher expression of Bcl-xL. Caspase 
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activation as a feature of the mitochondrial pathway of apoptosis induction triggered by 

gossypol was not detectable. 

Heraclenin and imperatorin are immunomodulatory and anti-inflammatory coumarin derivates 

from medicinal plants in the Mediterranean area (Marquez et al. 2004). Both the substances 

were non-toxic in JURKAT cells and PBMC up to concentration of 100 µM. Imperatorin 

inhibited IL-2 and IFN-γ production potently while heraclenin affected TNF-α secretion 

preferably. This is in line with recent findings that imperatorin is an effective inhibitor of the 

T cell-restricted transcription factor NFAT (Marquez et al. 2004). This indicates that the 

substances exert their anti-inflammatory properties in distinct signaling pathways. 

Up to now, there is hardly anything known about the small molecule, alpha-(trichloromethyl)-

4-pyridineethanol (PETCM). It was recently identified as an activator of caspase-3 in extracts 

of a panel of cancer cells (Jiang et al. 2003). The effective concentration for caspase-3 

activation was reported to range from 0.1 to 0.2 mM in S100-fractions (Jiang et al. 2003). 

This is consistent with our data which demonstrate neither pro-apoptotic nor anti-

inflammatory effects of PETCM in JURKAT cells and PBMC up to doses of 100 µM. Also 

caspase activation was not detectable. 

Resveratrol is a natural polyphenol isolated from many plants widely used in human diet e.g. 

in grapes and red wine. It has been reported to play a beneficial role in certain cardiovascular 

regulatory mechanisms and to inhibit carcinogenesis by activating immune and inflammatory 

responses and apoptosis (Delmas et al. 2006). Resveratrol caused apoptosis in JURKAT cells 

with an EC50 of ~30 µM whereas PBMC were not affected by this compound up to a 100 µM 

concentration. Notwithstanding, IFN-γ and TNF-α were potently inhibited by resveratrol at 

concentrations below 10 µM. This was also observed by Boscolo et al. explaining this 

cytokine inhibition by an inhibitory effect of resveratrol on the transcription factor NF-κB 

(Boscolo et al. 2003). In JURKAT cells moderate caspase activation was examined while 

caspase activity in PBMC was not altered. This specific caspase activation may contribute to 

the selective apoptosis induction in cancer cells while sparing normal cells. Resveratrol-

driven apoptosis in cancer cells was shown to correlate with an activation of caspase-3, a drop 

in the mitochondrial transmembrane potential, a reduction in the expression of the 

anti-apoptotic protein bcl-2, as well as a reduction in the expression of the inducible nitric 

oxide synthase (Billard et al. 2002). 



Discussion 

 70

Triptolide, a traditional Chinese medicine, has been reported to be effective in the treatment 

of auto-immune diseases and it can also induce anti-neoplastic activity on several human 

tumor cell lines (Kupchan et al. 1972; Tao et al. 1991). Pronounced cell death induction and 

cytokine inhibition was revealed in PBMC and JURKAT cells at very low (nM) doses of 

triptolide supposed to be mediated through caspase activation (Yang et al. 1998). These 

findings were confirmed by detecting moderate caspase activity in triptolide-treated cells. 

Xanthohumol is the principally prenylated flavonoid of the female inflorescences of the hop 

plant ('hops'), an ingredient of beer and has been reported to exert cancer chemopreventive 

and anti-infective potential (Gerhauser 2005; Gerhauser 2005). Our studies evinced that the 

effect of apoptosis induction and cytokine inhibition was more pronounced in JURKAT cells 

as compared to PBMC. Thereby, xanthohumol-induced cell death is mediated by 

downregulation of Bcl-2 and activation of the caspase cascade (Pan et al. 2005). Highly 

activated caspases were observed in xanthohumol-treated PBMC while JURKAT cell did not 

show any caspase activity indicating a caspase-independent apoptosis induction in these cells. 

To conclude, arctigenin, camptothecin, embelin, imperatorin and resveratrol need further 

investigation due to their potential anti-inflammatory activities. Arctigenin and resveratrol 

inhibited TNF-α and IFN-γ production of PBMC without apoptosis induction and caspase 

activation. Moreover, resveratrol exerted also anti-cancer activities by triggering apoptosis in 

JURKAT cells via caspase activation. Camptothecin disclosed similar functions to resveratrol, 

whereas IFN-γ was more affected than TNF-α. Embelin and imperatorin selectively inhibited 

IFN-γ production without influencing TNF-α. However, embelin potentially induces 

apoptosis in JURKAT cells while omitting normal PBMC rendering this substance suitable 

for cancer therapy. 
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AHR   Airway hyper reactivity 
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CD   Cluster of differentiation 
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CMK   Chlororomethylketone 

CO2   Carbon dioxide 

COPD   Chronic obstructive pulmonary disease 
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PBMC   Peripheral blood mononuclear cells 
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PI   Propidium iodide 
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PPIA   Peptidyl-prolyl cis-trans isomerase A 

RNA   Ribonucleic acid 

Rpm   Revolutions per minute 

RT   Reverse transcription 
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SEM   Standard error of the mean 

siRNA   Small interfering RNA 

shRNA  Short hairpin RNA 

Th   T helper 
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TNF   Tumor necrosis factor 

TPA   12-O-Tetradecanoylphorbol 13-acetate 

Tris   Trishydroxymethylaminomethane 
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