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Introduction 

1.1 The immune system 

For an efficient protection of organisms from pathogens, various defense mechanisms have evolved 

by almost all species from protists through plants to animals. The main task of the immune system 

is to distinguish self from foreign antigens (Ag) or malformed structures and to react against such 

harmful patterns. To do so, two important mechanisms have been developed during evolution in 

the mammalian system which are closely connected to each other with overlapping functions to 

ensure successful antigen clearance: 

1.) The innate immune system: Mechanical and chemical barriers, like the skin or the mucosa, 

protect the organism from pathogen entry by physical barriers mediated by close cell-to-cell contact 

and secretion of e.g. lysozyme1. Another unspecific barrier is formed by the complement system 

whose parts detect and binds to bacterial surface patterns to opsonize and mediate destruction of 

pathogenic structures2. On the cellular level, innate immune cells like macrophages, granulocytes, 

mast cells, natural killer (NK) cells, monocytes and dendritic cells are able to recognize bacterial 

associated molecular patterns (PAMPs) by specific receptors that are designated as pattern 

recognition receptors (PRRs)3. The most famous PRR family is the Toll-like receptor (TLR) 

family4 whose members are expressed on several types of immune cells. They recognize 

lipopolysaccharides (LPS), flagellins and other bacterial structures. Contrary to physical barriers, 

single cells are motile and able to move actively to sites of infection with the aim to support 

pathogen clearance. The clearance is maintained by toxic mediators, like nitric oxide (NO), reactive 

oxygen species (ROS) or cytokines, as interferon γ (IFN-γ). To increase blood flow in nearby 

vessels to attract other cells of the immune system, innate immune cells are able to secrete cytokines 

as interleukin 2 (IL-2), tumor necrosis factor α (TNF-α) and transforming growth factor-β (TGF-

β). Those cytokines play a very important role in the innate immune system but occur also within 

the adaptive immune response. In general, the recognition mechanisms of the innate immune 

systeme are rather unspecific but serve as s first line of defense to quickly kill bacteria and virus 

infected cells which infected the organism. 

To connect the unspecific immune responses to adaptive immunity, some cells serve as mediators 

between both mechanisms. Dendritic cells, for example, are able to take up, digest and present 
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pathogen-associated peptides on major histocompatibility molecules encoded in the complexes I 

and II (MHC-I, MHC-II) which represent the second pillar of the immune system: 

2.) The adaptive immune system which acts in a different fashion. As mentioned above, it is highly 

specific recognizing a huge amount of diverse peptide sequences. 

During infection, B cells are stimulated by APCs in lymphoid tissues, compete in the germinal 

center reaction for survival signals to become plasma cells. Immunoglobulin class switch leads to 

a massive production and secretion of antibodies binding to and labelling structures of potentially 

harmful origin. With one part of their protein structure - the Fc residue - antibodies opsonize 

attached structures, like bacteria, for getting attacked by other immune cells representing the 

humoral part of the adaptive immune system. The direct cell-to-cell mediated immunity is 

maintained by the T cells. 

Naïve CD4+ helper T cells (Th) recognize peptides presented by MHC-II molecules on professional 

antigen presenting cells (APCs), as dendritic cells in lymphoid organs. The recognition is mediated 

mainly by the T cell receptor (TCR) and additional co-receptors forming a complex called the 

immunological synapse5(IS). If a specific TCR recognizes its cognate peptide, the CD4+ T cell 

becomes activated, proliferates, differentiates into a Th subset and migrates to sites of infection. T 

cells can also provide help for B cells in the germinal centre (GC) reaction for the generation of 

high-affinity plasma cells. By reaching pathogen-associated areas, Th cells support immune 

reactions against pathogens by secreting specific cytokines upon new antigen recognition on 

professional APCs. APCs are activated to gain effector functions, as to activate macrophages to 

destroy ingested pathogens, induce enhanced neutrophil killing or to stimulate eosinophils for 

eradication of helminth infections. 

The role of CD8+ T cells is rather different from the one of CD4+ T cells. Contrary to Th cells, 

CD8+ T cells recognize peptides on MHC class I molecules, which are expressed on every 

nucleated cell of an organism. MHC-I molecules are loaded with intracellular peptides which are 

derived from the proteasome of each cell. Similar to T helper cells, naïve CD8+ T cells have to 

become primarily activated by antigen presentation of dendritic cells in lymphoid organs to become 

activated and gain effector functions as cytotoxic T cells (CTLs). If a bacteria (like Listeria 

monocytogenes) gets ingested by a host cell, it is still able to stay alive due to its’ intracellular 

surviving – and replication – strategy. To reach its target to gain in number, the proteins of the 

Listeria also have to be synthesized by the host cell protein synthesis machinery. For replication, 

the bacterial proteins are processed by the cellular proteasome and presented on the cell surface 
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enabling CD8+ T cell to recognize and interact with the infected cell. By secretion of cytokines and 

activation of apoptosis-inducing killing mechanisms, intracellular infections can be cleared. 

One other important point of adaptive immunity is memory. After an activation phase – in which 

pathogen specific cells arose from a few (1-10 in 106 immune cells) to 1 in 10 lymphoid cells by 

proliferation, differentiation and successful clearance of pathogens6, large amounts of effector T- 

and B cells undergo apoptosis in the contraction phase. They do not survive for more than one 

month. To prevent the organism from a repeated infection with a similar pathogen, memory 

mechanisms have evolved. During the activation phase in the germinal centre, beside plasma cell 

differentiation, at a later time point also a small amount of long lived high antigen-affinity memory 

B cells are generated. Memory T cells can be generated at various time points during the 

differentiation. They can be subdivided into central memory T cells (TCM), which reside in 

lymphatic organs, bear reduced cytokine expression but highly proliferative capacity whereas 

effector memory T cells (TEM) home to peripheral tissues7 and can produce large amounts of 

cytokines whereas their proliferative potential is reduced8. 

The memory T cell subsets can migrate into various organs and reside there until a re-infection of 

the same pathogen occurs. There, a much more rapid and efficient secondary immune response 

takes place. 

1.2 Development and function of CD8+ T cells 

Derived from bone marrow stem cells, T cell licencing and lineage decision takes place in the 

thymus, the primary lymphoid organ for immature T cell populations. For the generation of the 

huge repertoire of TCR diversity, T lymphocyte precursor cells engraft the thymic organ. There, 

DNA-re-arrangement in the TCRα/β (for classical αβ T cells) or γ/δ gene loci is induced. γδ T cells 

are markedly lower in overall number compared to α/β T cells. 

The α locus consists of three gene cassettes, the variable (V), the diversity (D) and joining (J) 

regions, whereas the β gene only bears V and J elements. This arrangement of gene cassettes is 

similar to the immunoglobulin (Ig) loci and leads to a broad TCR diversity. During thymocyte 

maturation to form the pre-T cell receptor, the recombination of the β locus takes place at first 

together with CD3ε and ζ chain signaling molecules. If this receptor is able to maintain extracellular 

signals to the cell, the α chain is re-arranged to generate the αβ TCR. If the affinity for self-antigens 

expressed on MHC complexes in the epithelium of the thymical cortex in is not too strong (negative 

selection) but the TCR is also functional to bind MHC molecules, survival signals lead to positive 
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selection9. At this stage, CD4 and CD8 co-receptors are expressed simultaneously and a lineage 

decision has to be made10. The tendency to bind MHC-II presented peptides leads to the loss of 

CD8 gene expression, and naïve CD4+ Th cells are generated. If MHC-I restricted peptide 

presentation gives a stronger TCR binding, CD4 gene expression is down-regulated, and naïve 

CD8+ T cells arise to circulate in the lymphatic organs. 

As mentioned above, CD8+ T cells show a high cytotoxic potential. Although there are overlapping 

mechanisms between CD8+ and CD4+ T cells, some functions are significantly different: Classical 

primary activation of naïve CD8+ T cells in lymphoid organs is mediated by activated dendritic 

cells that present ingested and partially digested peptide epitopes on MHC class I molecules. A 

small subpopulation of dendritic cells is needed to present microbial peptides11 on their MHC class 

I peptides by cross presentation12 as initial stimulation to highly specific naïve CD8+ T cell clones 

in secondary lymphoid organs. The newly generated effector cytotoxic CD8+ T cell clones rise in 

number, gain cytotoxic capacities and become able to enter the blood circulation to screen the body 

for sites of infection. Normal tissue cells which are infected with intracellular pathogens are 

processing and presenting self and non-self peptides on their cellular surface but usually lack co-

stimulatory signals for clonal CD8+ T cell expansion. Therefore, only professional APCs are able 

to drive CD8+ T cell activation. The lack of co-stimulation on cells mediates CTL-derived cytotoxic 

activity towards the cognate cell for non-self peptide presentation. 

In an inflammatory environment, where parts of the cellular innate immune system are activated 

by Toll-like receptors and CD4+ T cell help, soluble inflammatory signals are released by parts of 

the innate immune system (mainly TNF by macrophages) and circulating cytotoxic effector T cells 

in the vascular system get attracted to the site of infection by surface modifications of the venules 

close to the infectious area. Once a CTL recognizes infected cells in a TCR-dependent manner, it 

provides effector function and induces apoptosis of target cells. 

Two major killing mechanisms of cytotoxic T lymphocytes13,14 (and NK cells) have been 

extensively studied. The secretion of cytotoxic granules toward target cells is the major pathway 

of rapid apoptosis induction of pathogen-infected or of tumor cells15. Upon successful screening 

for harmful peptides presented on MHC-I molecules, a CTL adheres to and forms a synapse with 

the target cell16. Cytotoxic granules in the CD8+ T cell are formed and polarized towards the dense 

contact zone also called cytotoxic immunological synapse17. Trans-Golgi-network derived 

cytolytic enzymes of the granzyme family and perforins18 are stored in those lytic granules. Upon 

dense target cell contact, these lytic granules get secreted by fusion with the cell membrane 
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resulting in degranulation and release of cytolytic particles into the synaptic cleft. These proteins 

are getting activated by the neutral pH at the extracellular environment19. To transiently protect the 

effector cell from getting attacked by its own activated cytotoxic proteins, lysosomal associated 

membrane proteins (LAMPs) are localized on the lysosomal membrane18,20 and granzyme B 

inhibitors, notably proteinase inhibitor 9, are produced21. Upon cytotoxic granule fusion with the 

cell membrane at the immunological synapse, LAMP proteins are available on the CTL membrane 

and effectively protect the effector cell as well22. Lamp1 and 2 reside on the effector cell surface 

for several days and serve as strong markers for antigen-specific T cells which just degranulated23. 

Perforin itself acts as a carrier protein to facilitate granzyme entry to the target cell. E.g. granzyme 

B – as one of the most prominent granzyme family members - shows some tryptase activity to 

cleave its’ substrate - caspase-3 - in the target cell leading to the activation of the caspase cascade 

which triggers the intrinsic apoptotic pathway24. Another important function of granzyme B is to 

act as an activator of the intrinsic induction of cell death by mediating cytochrome c release from 

and loss of mitochondrial membrane potential. Cytochrome c activates caspase-9 in an ATP 

dependent manner to cleave caspase-3 resulting again in downstream effector caspase activation 

for apoptosis induction25. 

The extrinsic pathway of apoptosis induction is receptor mediated and represents the second major 

killing mechanism. Upon activation, professional killer cells, like CTLs or NK cells, upregulate 

the expression of Fas ligand (Fasl), a pro-apoptotic member of the tumor necrosis factor (TNF) 

superfamily, on their cell surface26. The Fasl receptor – Fas – is constitutively expressed on most 

cellular surfaces, as well as on leukocytes. Therefore, the expression of Fasl to induce apoptosis in 

target cells has to be highly restricted to prevent misleading immune responses. As an example, in 

immune privileges sites of the body, as the eye, Fasl expressing cells actively suppress an invasion 

of inflammatory immune cells by Fas-Fasl interaction to induce apoptosis27. After cross-linking of 

several Fas domains on the target cell membrane, adaptor proteins (as FADD) and caspase-8 bind 

to the intracellular part of Fas to recruit an intracellular receptor complex – the death inducing 

signaling complex (DISC). This leads to the cleavage and activation of caspase-8 which triggers 

the cleavage of downstream effector caspases, notably caspase 3, leading to apoptosis induction in 

the target cell and finally to the eradication of malformed cells to prevent the organism from further 

damage. 
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1.2.1 T cell activation 

Classical activation of T cells in vivo is mediated by peptide recognition. Sources of activation of 

either CD4+ or CD8+ T cells are derived from different origins. For CD4+ helper T cells, MHC 

class II-restricted activation is mandatory. Upon activation by inflammatory signals, naïve 

professional APCs, like dendritic cells (DCs), get activated, take up proteins from their 

environment to process and cleave those molecules to short peptide fragments in specialized 

organelles – the lysosomes. MHC class II containing vesicles derived from the Golgi complex fuse 

with the lysosomes. The cleaved peptide sequences are loaded into the binding grove of MHC-II 

molecules. Due to chemokine receptor expression, these activated APCs than move into nearby 

lymph nodes. The final migration and homing into the T cell zone is mainly mediated by CCR-7. 

In the T cell zone, large amounts of circulating naïve CD4+ T cells screen the APCs for MHC-

antigen complexes. If a TCR shows a high affinity to the complex and other co-stimulatory 

molecules, like CD40, are expressed, the proliferation and CD4+ T cell activation are maintained. 

CD8+ T cell activation by MHC I-peptide presentation is more diverse since all nucleated cells of 

the body are able to express MHC I molecules. The way of peptide-loading is based on cytosolic 

proteins rather than antigenic uptake from lysosomes. Endogenous cytoplasmatic proteins as well 

as proteins derived from intracellular parasites - like viruses and bacteria - get randomly 

ubiquitinylated and degraded by the proteasome. As a result, various peptides with a length 

between 6 and 30 amino acids are generated and transported into the ER where they get loaded 

onto MHC I molecules. After final processing in the Golgi complex, MHC complexes are 

externalized by membrane fusion of exocytotic vesicles to serve as recognition sites for matching 

TCR + CD8 molecules28. In an inflammatory environment, where parts of the innate immune 

system is already activated to attract further cellular compartments of the adaptive immunity, CD8+ 

T cells are recruited from the blood vessels to scan the environment for pathogen-derived peptides. 

T cells reactive to self-peptides were already sorted out during thymical selection so that only 

exogenously reactive peptides on MHCI molecules are recognized. This recognition leads to the 

activation, proliferation and final gaining of effector CD8+ T cell functions to kill the infected target 

cells.  

Alternatively, T cells can also get activated by direct MHC-mismatch recognition where TCRs may 

directly recognize structures on foreign MHC molecules rather than peptides presented in the MHC 

class I or II binding grove. This natural reactivity is only maintained by a small proportion of the 

T cell compartment, but their role is mostly pronounced during organ transplantation to generate a 
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so called graft-versus-host-disease (GvHD) reaction. In a GvHD, allogeneically reactive T cells 

within the graft migrate into the host tissues to generate a massive inflammation since the immune 

system of the host is down-modulated with the original aim not to reject the graft tissue. A massive 

cytokine release from activated T cells may lead to severe complications after transplantation. 

All CD4+ and CD8+ T cells share a typical activation modus. If naïve T cells are activated, a 

massive clonal expansion is followed by the gain of specific effector functions depending on 

costimulatory molecules. This T cell activation mainly depends on the TCR signaling cascade6: 

The TCR heterodimer of α and β chains recognizes the peptide which is presented on a specialized 

binding region on the MHC molecule – the peptide binding grove, which is mounted with a random 

peptide in the endoplasmatic reticulum. If a presented peptide is recognized by a T cell as “foreign”, 

i.e. that a T cell is able to bind with its TCR to the MHC-peptide complex with a moderate to high 

affinity, additional adhesion molecules serve as co-stimulators – such as CD8 binding at the MHC 

I region which is not directly involved in peptide presentation – moreover, a high contact time 

between target and effector cell are needed to induce full T cell activation cascade: 

The cytoplasmic part of the TCR is associated with the ζ-chain and other CD3 complexes which 

contain immunoreceptor tyrosine-based activation motifs (ITAMs). These tyrosine residues are 

phosphorylated by the activated Lck upon clustering process during TCR re-arrangement on the 

cell surface. Lck is associated to the cytoplasmatic domain of CD4/CD8 co-receptor molecules and 

acts as a tyrosine kinase to phosphorylate ITAMs in close proximity. This activates further 

downstream kinases, as ZAP-70, which binds to completely phosphorylated ITAM motifs. 

Another membrane adaptor molecule – LAT – is recruited to the immunological synapse, 

phosphorylated and binds phospholipase C (PLCγ). The enzymatic activity of PLCγ leads to 

cleavage of phospholipid phosphatidyl-Innositol-biphophate (PIP2) in the plasma membrane into 

two products: diacylglycerol (DAG) and 1,4,5-triphosphate (IP3) which act as inducers of two 

different pathways. Classical NFAT activation is triggered by the release of IP3 into the cytosol 

and binding to receptors on the endoplasmatic reticulum (ER). This leads in turn to a release of 

Calcium stores from the ER stores resulting in elevated intracellular Ca2+ levels. This change in 

intracellular ion concentrations is sensed by STIM proteins on the ER membrane transducing the 

signal to ORAI proteins on the cell membrane. Finally, an activation of Calcium-release-activated 

Ca2+ (CRAC) channels on the cell membrane as a result of conformational changes induces a 

massive Ca2+ influx from the extracellular environment. In addition to many other important roles 

for Ca2+ in CTL functions29, Ca2+ bind to calmodulin, a calcium-dependent regulatory protein 
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activating calcineurin. This serine/threonine phosphatase binds to NFAT proteins which usually 

reside phosphorylated and inactive in the cytoplasm30. Upon de-phosphorylation by calcineurin, 

NFAT are activated and translocate into the nucleus. In cooperation with other transcription factors 

such as AP-1 (Fos/Jun)31, NFAT binds to specific promoter elements to induce the transcription on 

a variety of target genes. This approves the important role of NFAT family members in linking 

Ca2+ signaling to gene transcription and effector cell generation32. 

1.2.2 The role of CD8+ T cells during Listeria monocytogenes infection 

The primary function of CD8+ T cells is to eradicate pathogens residing and replicating in host 

cells – in general, all intracellular infections are controlled by CD8+ T cells33. Due to infections or 

tissue injury, pathogen-associated peptides are delivered to draining lymph nodes by dendritic cells 

either by cross presentation or direct infection to activate pathogen-specific CD8+ T cells. Those T 

cell populations undergo many cell divisions and gain cytotoxic effector functions. Their migratory 

potential is modified during T cell maturation to recognize and infiltrate sites of 

infection/inflammation. Finally, the generation of memory cell populations from effector cells can 

be followed up by the investigation of surface receptor expression34. 

The recognition of malformed cells in infected sites is provided by MHC class I molecules on the 

host cell that continuously presents cleaved peptide fragments from its own protein repertoire. If a 

MHC class I delivered peptide is recognized as “foreign”, the cognate cell is going to get killed by 

corresponding CD8+ T cells by two major pathways: The Fas-Fas ligand interaction and/or granule 

mediated cytotoxicity. 

By those mechanisms, CD8+ T cells play a major role by defending the organisms from infections 

induced by viruses and intracellular parasites, such as Listeria monocytogenes (Lm). 

Listeria monocytogenes is a gram-positive facultative anaerobe bacterium occurring ubiquitously 

in the environment. Upon administration, such as by contaminated food, individuals with a 

defective immune system or patients with immunosuppressive treatments are infected to suffer 

from a listeriosis. Lm particles are taken up by macrophages that are not lysed properly – they 

escape from intracellular degradation mechanisms actively by e.g. usage of the actin cytoskeleton35 

and other signaling pathways36 in infected host cells. As a result, the bacteria are still viable and 

hidden from the immune system and, therefore, are able to spread within the organism37 even 

without getting exposed to the extracellular environment38. 
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The main target organs of Listeria are the liver and lymphatic organs, as the spleen and lymph 

nodes. But meningitis or encephalitis may also occur. The death rate among infected individuals is 

about 20-30 %39 emphasizing the importance to investigate the role of cytotoxic T cells during 

intracellular infections. T cells – especially CD8+ T cells – play a major role in the clearance of 

Listeria infections in vivo. These cells proliferate massively during primary infection. After 

eradication of Listeria-infected cells, a high percentage undergoes apoptosis and about 5 – 10% of 

the polyclonal population remains as long-lived memory CD8+ T cells to rapidly protect upon re-

challenge with an anew Listeria monocytogenes pathogen40. Functionally, CD8+ T cells play a 

certain role during primary immune responses and are mandatory for a protective immune reaction 

upon secondary infections with Listeria41. In general, the situation in vivo is rather complex 

involving both innate and adaptive components of the immune system for an efficient immune 

response42. 

1.3 NFAT family of transcription factors 

The first member of the Nuclear Factor of Activated T cells transcription factors was first described 

by Shaw et al. in 1988 by identifying a molecule which binds on the enhancer element of the IL-2 

promoter43 in a stimulated human Jurkart T cell line. 

Somewhat later, more family members were found to be important in various organs regulating 

gene expression profiles, like in cardiocytes, NFATc1 is essential for calcium-mediated signal 

transduction and for overall heart cell function already during early embryogenesis44. 

One of the exclusive common features of NFATc factors is the Ca2+/Calmodulin dependent 

calcineurin activation mechanism linking elevated intracellular Ca2+ levels to the process of gene 

transcription. The four family members NFATc1, NFATc2, NFATc3 and NFATc4 are sensitive to 

elevated intracellular calcium levels whereas the most distant family member – NFATc5 (also 

known as TonEBP) – which was first found and described in Drosophila melanogaster - can get 

activated upon hypertonic stress45. 

The importance of different NFAT family members in cellular signaling and gene transcription 

emerges by clinical investigations of several autoimmune diseases as well as in lung and colon 

cancer development46, in which NFAT dysregulation plays an important role. 

NFAT factors were described first as nuclear factors that bind to purine box-like sequence motifs 

within the Il2 promoters of men and mouse43,47. These so-called NFAT motifs share the conserved 

sequence T/A GGAAA and occur in the promoters/enhancers of numerous genes that are activated 
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in lymphocytes upon immune receptor triggering. Soon after, these factors were recognized as 

indirect targets of CsA, the immunosuppressant that revolutionized transplantation medicine48 by 

acting as reversible inhibitors for calcineurin in the TCR signaling cascade49. E.g., the Il-2 

expression in T cells was shown to be inhibited by CsA administration50. In 1993, the first Nfat 

gene, designated as NFATp (latter called NFAT1 or NFATc2) was cloned51 followed by the gene 

cloning of other NFATc members, NFATc1, c3 and c4. Finally a fifth member, NFAT5, was 

identified which, however, shares only the DNA binding region with the other four NFAT 

members. Contrary to the four other members, NFAT5 is not regulated by Ca2+ and the calcineurin 

signaling cascade but by osmotic stress45. 

1.3.1 Structure 

All NFAT proteins share one common structural element, the Rel-homology domain (RHD) which 

is highly conserved between all family members on the DNA and protein level52 and serves as 

DNA-binding element to specific promoter regions. The amino acid sequence for DNA-binding is 

conserved throughout all family members and has the following amino acid sequence: 

RAHYETEG (with the underlined residues being in close contact to the DNA binding sequence52). 

The NFAT-binding core sequence consists of the sequence GGAAA and can be modified by base 

pair modifications to modulate the binding strength of nuclear NFAT proteins leading to a diverse 

transcriptional profile of target genes32. Additional modifications of NFAT transcriptional activity 

are mediated by other interaction partners of NFAT binding to different DNA motifs and therefore 

affecting NFAT binding efficiency32. 

The Ca2+ sensitive NFAT members NFATc1, c2, c3 and c4 share an additional motif called the 

NFAT-homology domain (NHD) which is only moderately conserved. It contains nuclear-

localization-and nuclear-export signals (NLS, NES) and several serine-rich regions (SRR) that 

serve as phosphorylation sites. A calcineurin-docking site enables activated calcineurin to bind to 

NFAT and efficiently dephosphorylate the serine residues in the NHD. This leads to 

conformational changes and reveals the NLS to adaptor molecules resulting in the nuclear import 

of NFAT. This docking site is missing in NFATc5 and effects the inability to respond to Ca2+ 

signals and calcineurin activity. 

The re-phosphorylation of serine-rich motifs in the nucleus leads to exposure of the NES on the 

protein surface. This enwraps the NLS structure and leads to the export of NFAT proteins to the 

cytoplasm, being again able to respond to Ca2+ signals and calcineurin-mediated activation. 
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1.3.2 NFATc1 and NFATc2 in T cell function 

First experiments with Nfatc1 and Nfatc2 knockout T cells show a significant different phenotypes, 

although the DNA binding of both family members to the numerous promoters seems to be similar 

or identical. 

Studies of chimeric Nfatc1 - Rag-1 deficient mice revealed the importance for the Nfatc1 family 

member in T cell generation and proper effector cell function53. Yoshida et al. observed a decreased 

number of thymocytes and moderate proliferation defects in T cell compartments of Nfatc1-/- mice 

as well as an impaired cytokine production, most notably in IL-454 and IL-6, whereas Il2 RNA and 

protein levels remained unaffected. These results led to the conclusion that NFATc1 is important 

for the generation of thymocytes and the differentiation from naïve CD4+ T cells towards a Th2 

phenotype. 

The generation of Nfatc2 deficient mouse lines (Nfatc2-/- mice) showed that peripheral T cells need 

Nfatc2 to modulate their proliferative capacities since T cells from Nfatc2-/- mice are 

hyperproliferative and show a slight splenomegalie55. NFATc2 is crucial for Th1 mediated immune 

responses like defeating Leishmania major infections by regulation of the Ifng expression in CD4+ 

T cells56 whereas Th2 responses are even elevated in knockout mice57. In 2002, Diehl et al. found 

NFATc2 to be a critical regulator for IL-6 mediated IL-4 cytokine expression in CD4+ T cells to 

promote Th2 differentiation58. 

Contrary to Nfatc2, Nfatc1 is induced on the transcriptional level upon lymphocyte activation59 

which is regulated along with a downstream enhancer by the highly inducible P1 promoter in the 

Nfatc1 locus. Another modulatory event in Nfatc1 function is mediated by different splicing events 

and the use of two polyadenylation (polyA) sites leading to six diverse Nfat isoforms. Upon T cell 

activation, Nfatc1 transcript composition changes from initial two distal polyadenylated isoforms 

to one smaller version with a more proximal polyA site – Nfatc1 A – which can be tracked on 

mRNA and in the latter translated form on protein level60.  The most proximal isoform Nfatc1 αA 

is transcribed upon stimulation and NFAT activation - serving as an autoregulatory mechanism – 

and enhances lymphocyte activation61. 

A rather diverse role of NFATc1 and c2 transcription factors was found for the Tnfa gene which 

serves as an important mediator during infectious diseases62 and cancer63. Kaminuma et al. 

discovered in human T cells that the Tnfa promoter is enhanced by NFATc2 whereas NFATc1 

activity has no effect on TNFα transcription, although the binding capacity is maintained for both 

family members64. The c-terminal transactivation domain of NFATc2 seems to have a suppressive 
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effect on NFATc1 binding to the Tnfa regulatory element. This result confirms the findings on 

NFATc1-/- and NFATc2-/- T cell populations in the mouse model showing that Nfatc1 inactivation 

has no effect on TNFα expression53 whereas cytokine levels are impaired in the Nfatc2 knockout 

mice65. 

Several NFAT-regulated genes have been identified so far. The promoter elements of those genes 

share all one key feature. A common NFAT signaling core-sequence A/TGGAAAA is available in 

the promoter region. For the most prominent NFAT-dependent gene – Il2 - even multiple high- and 

low-affinity NFAT binding sites are occurring within the promoter region50,66. 

Soon after the finding that the Il2 promoter contains several NFAT binding sites, more NFAT-

dependent genes have been discovered to become induced after the nuclear translocation of NFATs 

which is mandatory for proper T cell activation, tolerance and differentiation67,68: By active binding 

to promoter elements of the Ifng and Il4 genes in activated T cells, NFAT family members are able 

to enhance cell proliferation and support T cell differentiation towards the Th1 phenotype (in the 

case of upregulated IFN-γ production by binding of NFATc2) or Th2 polarization (by elevated IL-

4 levels as a result of NFATc1 binding to the corresponding distal enhancer region)69. For this 

reason, NFAT family members are able to actively modulate T cell differentiation into diverse 

CD4+ T helper (Th) and CD8+ cytotoxic T (Tc) cell subsets. 

As mentioned above, the first gene in which NFAT was discovered to act as an enhancer of 

transcriptional activity is Il2. NFAT is a key factor for sufficient IL-2 production upon T cell 

stimulation70. Beside the capability of direct T cell activation without any TCR engagement71, 

interleukin 2 serves as a co-stimulatory molecule during T cell activation to generate an optimal 

immune response. IL-2, which is released by activated T cells, acts in an autocrine manner by 

binding to activation-induced CD25 cell surface molecules (the high affinity α chain of the IL-2 

receptor). This results in a positive feedback-loop to support further T cell proliferation and 

differentiation. The lack of IL-2 slightly impairs typical T cell mediated immune responses whereas 

overall T cell functionality is still maintained whereas latter differentiation pathways are affected72: 

For CD8+ T cells, IL-2 is needed for proper memory cell generation73 and additionally, it has been 

found that CD4+ T cells need high concentrations of IL-2 to induce the expression of several 

transcription factors, like T-bet and Blimp-1, to preferentially generate CD4+ effector T cells rather 

than memory cells74. In accordance to these findings, Liao et al. discovered a preferential 

generation of Th1 cell compared to Th17 cells or follicular T helper cells under the effect of IL-275. 
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By depletion of the main calcineurin isoform CnA β in T cells, with the result that NFAT family 

members c1, c2 and c3 cannot be de-phosphorylated anymore, Bueno et al. found in 2002 several 

effects on T cell function76. Due to the defective NFAT signaling cascade, beside an overall 

decreased T cell number as a result from impaired thymical maturation, a reduced TCR-induced 

activation and defective allogeneic tumor cell clearance was observed. 

Interestingly, only overall NFAT protein levels – and not a specific family member - seem to have 

an impact on the generation of induced regulatory T cells (iTreg) from naïve CD4+ T cells upon 

TGF-β co-stimulation, whereas suppressive capacities and cellular functions of natural regulatory 

T cells (nTreg) as well as of iTregs remains unaffected77. 

1.3.3 NFAT signaling in CD8+ T cells 

CD8+ T cells maintain the integrity of the body by preventing intracellular pathogens and 

malformed cells from expansion. As described in 1.3.2, the expression of several key effector 

cytokines, such as IFNγ, TNFα and interleukin-2 depend on activated nuclear NFAT transcription 

factors. In a cohort of human patients suffering from bronchial adenocarcinoma, in 2009, Maxeiner 

et al. found a decreased level of NFATc2 mRNA in lung tissues of those patients78. In an Nfatc2-/- 

mouse model for bronchoalveolar adenocarcinoma, these findings were verified by the finding that 

CD8+ T cells lack the expression and latter production of TNFα and IL-2. In an adoptive transfer 

model, this group found a potential mechanism to inhibit lung cancer progression by the support 

of TGFβ1-mediated glucocorticoid induced regulatory T cells (GITR) inhibition by the transfer of 

CD8+ T cell populations lacking Nfatc2. Agonistic anti-GITR monoclonal antibodies break self-

tolerance by depletion of GITR cells and remove their suppressive capacity79. This removal of T 

cell tolerance leads to an elevated IFN-γ secretion which finally promotes CD4+ T cell activation 

resulting in tumor growth inhibition connecting NFATc2 deficiency with impaired tumor cell 

clearance. 

NFAT transcriptional activity in CD8+ T cells was reported to be different from CD4+ T cells since 

a signal motif for NFAT phosphorylation was triggered most exclusively in CD4+ T cells whereas 

such phosphorylation events were missing in CD8+ T cells. This should lead to the result that NFAT 

activity is impaired in CD8+ T cells, shown as a general decreased IL-2 production80. 

Target cell killing by release of cytotoxic granules relies on TCR activation and clustering. Since 

there are several effector functions involved during rapid killing of malformed cells, the regulation 

of target cell killing appears at different levels. Key effector cytokines are directly under the control 
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of NFAT activation to enable gene transcription and - after translational processing and protein 

maturation in the ER – protein release into the extracellular space. 

Lytic granule release followed by T cell activation is directly dependent on Ca2+ availability in the 

microenvironment close to the immunological synapse and can be provided immediately upon 

target cell contact81. In contrast, NFAT-mediated cytokine production requires multiple steps, 

namely TCR signaling, gene transcription, protein translation, ER maturation and final cytokine 

secretion. Therefore, in an CTL-exhaustive environment, NFAT activation can be inhibited 

whereas Ca2+ signaling is intact82. Apart from calcium-mediated effector functions of cytotoxic T 

cells, the Fas-Fas ligand mediated target cell killing pathway is clearly Ca2+ independent83. 

Specific blockage of the calcineurin-NFAT interaction by administration of the small peptide 

VIVID leads to a more punctual inhibition without influencing calcineurin phosphatase activity84. 

The peptide binds exclusively to the NFAT docking site on calcineurin showing a more specific 

abrogation of NFAT activation, compared to cyclosporine A. Administration of VIVID, bound to 

a cell permeable peptide for cellular uptake, to CD4+ and CD8+ T cells showed a decreased NFAT 

activity and IL-2 production upon stimulation. This suggests that also CD8+ T cell-mediated 

diseases can be modulated by inhibition of calcineurin-NFAT interaction85. First experimental 

studies in a murine asthma model - which is mainly Th2 mediated - showed less lung infiltrating 

inflammatory cells and milder clinical outcome. These results give the hint that NFAT is a critical 

regulator for inflammatory diseases in T cells85. 

In chronic viral infections, for example upon LCMV infections of mice, CTLs show a phenotype 

called exhaustion86. Those CD8+ T cells are still able to degranulate and to kill target cells upon 

recognition since Ca2+ levels are not impaired so that direct effector functions can be provided. On 

the other hand, cytokine production (e.g. IL-2, IFN-γ87 and TNF-α88) is markedly decreased 

because the nuclear translocation of NFAT is inhibited whereas other activation pathways, like NF-

κB signaling, are still intact89. Calcineurin is also able to sense elevated Ca2+ levels in the cytosol 

through calmodulin but NFAT proteins are not dephosphorylated and specific target genes are not 

transcribed. This phenotype can also be found in patients suffering from HIV-1 infections89 

emphasizing NFAT as key regulator for proper cytotoxic T cell function. 

Similar to the role of NFAT transcription factors in human and mouse CD4+ T cells – especially 

with respect to cytokine expression profiles – in CD8+ T cells, NFATs are involved in the 

expression of various cytokines as it was shown for CD4+ and CD8+ T cell populations in a murine 

GvHD model90. 
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One other pillar in CTL-function – the lytic granule mediated target cell killing – has not yet been 

clearly investigated with regard to NFAT function. In T cells, NFAT activation can be blocked 

specifically by the addition of either FK506 or CsA91. First experiments dealing with the role of 

the immunosuppressive agent CsA92 showed both CsA sensitive and CsA insensitive killing 

mechanisms of T cell populations towards various target cell lines. Another result shows that in a 

BLT esterase assay (as a readout for CTL mediated degranulation93), a clear reduction in human T 

cell degranulation upon target cell contact by addition of 100 nM CsA to the supernatant occurs94. 

This leads to the hypothesis that there are probably some alternative roles for the calcineurin-NFAT 

pathway that exist in addition to its classical role of the induction of gene transcription, acting more 

direct on the cytotoxic capacities of T cells95.  
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1.4 Aim of the project 

Because NFAT family members are key factors for T cell activation, proliferation and further 

effector functions, we investigated the role of the two main family members, NFATc1 and 

NFATc2, in purified CD8+ T cells. While numerous experiments were already performed with 

CD4+ T cells showing defective cytokine release and defective T helper cell development, no 

detailed studies existed for CD8+ T cells. From these results, we want to examine the impact of 

NFAT abundance on the physiological functions of CD8+ T cells in vitro and in vivo which play 

an important role in eradication of cells suffering from intracellular parasites, like various viruses 

or bacteria, as Listeria monocytogenes. We used the parasite Listeria monocytogenes as an 

infection model to study the role of T cells during intracellular infections. 

Naïve CD8+ T cells are developing to cytotoxic T cells upon antigen contact. This activates the T 

cell receptor signaling cascade, involving NFAT. Proliferation, affinity maturation and later 

generation of cytotoxic effector functions are maintained in the T cell zone of germinal centres in 

vivo. Mature cytotoxic T cells contain cytotoxic vesicles filled with preformed cytolytic proteins, 

as granzymes and perforin. Effector T cells show the ability to sense sites of infection by 

recognition of chemokine gradients spread by already activated innate immune cells. Upon 

activation by MHC-I T cell receptor (TCR) interactions, the lytic granules of the cytotoxic T cells 

fuse with the cell membrane in a calcium dependent manner. Due to this fusion event, the pH value 

in the lytic vesicles changes from acidic to neutral, and cytolyic proteins become activated to enter 

and induce apoptosis in the conjugated target cell by activation of the caspase-cascade. Lamp1 

proteins are loaded on the cell surface to prevent the CTLs from self-damage. 

Beside this primary function, cytokine release upon activation is also important to act as an 

attractant for other immune cells. Other cytokines, like TNF-α, may also directly act to induce 

target cell apoptosis. As there are multiple steps during cytotoxic T cell development, most of them 

starting with TCR activation leading to NFAT nuclear translocation and activation of specific gene 

profiles, NFAT family members – notably NFATc1 and NFATc2 - play an important role not only 

in cytokine production but also in other functions of CTL-mediated immune responses.  
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Materials and Methods 

1.5 Materials 

1.5.1 Mice 

Mice were kept in the animal facility of the Center of Experimental Molecular Medicine (ZEMM) 

of the University of Würzburg. Offsprings were genotyped between week 4 and week 6 after birth 

(animal experiment license number: 55.2-2531.01-76/14). 

For experiments, gender-matched littermates at the age from 6 till 12 wks were used. For some 

experiments, age-matched wild-type mice and knock-down mice from different breedings were 

used. If not mentioned otherwise, all mice were kept on C57/B6 genetic background. 

BALB/c wild type     ZEMM/Würzburg 

Cd4cre       Jackson Laboratory/Charles 

        River 

Nfatc1fl/fl      A. Rao, Harvard University 

Nfatc2-/- L. Glimcher, Harvard 

University 

Nfatc1 ex3 eGFP S. Klein-Hessling, University 

of Würzburg 

1.5.2 Cell Lines 

A20J  A. Beilhack, University of 

Würzburg 

MOPC-315 FUG3 LW  A. Beilhack, University of 

  Würzburg 

1.5.3 Additives for cell culture 

anti-murine IL-4 (polyclonal)    R&D Systems 

human IL-2 (recombinant)    PeproTech 

murine IFNγ (recombinant)    PeproTech 

murine IL-12      PeproTech 
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1.5.4 Antibodies 

Primary reagents for FACS analysis (anti-mouse) 

  Annexin V   FITC   BD Pharmingen 

  CD3ε (clone 145-2C11) PE   BD Pharmingen 

  CD4 (clone GK5.1)  FITC   BD Pharmingen 

  CD8α (clone 53-6.7)  APC-Cy7  eBioscience 

  CD25 (clone PC61)  PE   BD Pharmingen 

  CD40l (clone MR1)  APC   BD Pharmingen 

CD44 (clone IM7)  APC   BD Pharmingen 

  CD62l (clone MEL-14) FITC   BD Pharmingen 

  CD69 (clone H1.2F3)  Biotin   BD Pharmingen 

  CD107a (clone 1D4B) PE   eBioscience 

  FasL (clone MFL3)  PE   BD Pharmingen 

Fc Block (αCD16/CD32)    eBioscience    

  Fixable Viability Dye  eFluor 450  eBioscience 

  Granzyme B (clone NGZB) FITC   eBioscience 

  Granzyme B (clone NGZB) PE   eBioscience 

IFNγ (clone XMG1.2)  APC   eBioscience 

  IL-2 (clone JES6-5H4) APC   Miltenyi Biotec 

  IL-17A (clone TC11-18H10) PE   Miltenyi Biotec 

  MHC H-2 Kb OVA  APC   MBL 

Tetramer, SIINFEKL  

Perforin (clone OMAK-D) APC   eBioscience 

Streptavidin   APC   eBioscience 

  Streptavidin   eFluor 450  eBioscience 

  TNFα (clone MP6-XT22) PE   Miltenyi Biotec 

Primary Antibodies for Western Blot analysis (anti-mouse) 

  Mouse-anti-NFATc1 (clone 7A6)   BD Pharmingen 

  Rabbit-anti-NFATc1α (polyclonal)   ImmunoGlobe 

  Rabbit-anti-NFATc2 (polyclonal)   CellSignalling 

  Mouse-anti-NFATc3 (clone F-1)   SantaCruz 
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HRP-coupled secondary antibodies for Western Blot analysis 

  Goat-anti-mouse HRP     Sigma-Aldrich 

  Goat-anti-rabbit HRP     Sigma-Aldrich 

Primary antibodies (anti-mouse) and reagents for immunofluorescence 

  Granzyme B (clone NGZB) FITC   eBioscience 

Fluoroshield with DAPI    Sigma-Aldrich 

 

1.5.5 Antibiotics and Inhibitors 

Ampicillin      Roth 

Cyclosporin A (CsA)     Calbiochem 

Golgi Plug (Brefeldin A)    BD Pharmingen 

Golgi Stop (Monensin)    BD Pharmingen 

1.5.6 Buffers 

All solutions were prepared in freshly distilled H2O. 

PBS (1x)       NaCl (pH 7,4) 137 mM 

Na2HPO4 10 mM 

KCl 2,6 mM 

KH2PO4 1,8 mM 

ELISA-stop buffer     H3PO4 1 M 

ELISA-washing buffer    PBS (1x) 

Tween 20 0.05% (v/v) 

FACS-buffer       PBS (1x) 

BSA 0.1% (w/v) 

  MACS-buffer       PBS (1x) 

BSA 0.1% (w/v) 

         EDTA 2mM 

  Laemmli-buffer (1x)      Tris-HCl (pH 6.8) 125mM 

SDS 4% (w/v) 

Glycerin 20% (v/v) 

β-Mercaptoethanol 10%(v/v) 
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Bromophenol blue 0.004% 

(w/v) 

SDS-running buffer     Tris-HCl (pH 8.4) 25mM 

Glycin 192mM 

SDS 0.1% (w/v) 

TAE (50x)       Tris-Acetate 2,5M 

Na2EDTA (pH 8,0) 50mM 

TBS (1x)       Tris-HCl (pH 7.5) 25mM 

Glycin 150 mM 

TBS Tween (1x)      TBS (1x) 

Tween-20 0,05% (w/v) 

Transfer buffer     Tris-HCl (pH 8.4) 48mM 

Glycin 40 mM 

SDS 14 mM 

Methanol 20% (v/v) 

1.5.7 Chemicals 

Acetic acid      Roth 

Agarose      Roth 

β-Mercaptoethanol     Roth, Gibco 

Bradford Reagent     BioRad 

Calcium Sensor Dye eFluor®514   eBioscience 

Disodium hydrogen phosphate (Na2HPO4)  Roth 

Dimethyl-Sulfoxide (DMSO)    Roth, Gibco 

6 x DNA loading dye     Fermentas 

Dithiothreitol (DTT)     Roth 

EDTA       Roth 

Ethanol (EtOH)     Roth 

Ethidium Bromide (EtBr)    Roth 

Fetal Bovine Serum (FBS, Qualified, US origin) Gibco 

Fluoroshield with DAPI    Sigma-Aldrich 

Glycine      Roth 
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Glycerol      Roth 

HEPES       Sigma-Aldrich 

Hydrogen chloride (HCl)    Roth 

Isopropanol      Roth 

LB Medium      Roth 

Listeria Selective Agar Base, Oxford   Sigma-Aldrich 

Listeria Selective Supplement, Oxford  AppliChem 

LysoTracker Green     Life Technologies 

Magnesium chloride     Roth 

Methanol      Roth 

Midori Green      Nippon Genetics 

MitoTracker Deep Red    Life Technologies 

Monosodium phosphate (NaH2PO4)   Roth 

2-(N-morpholino)ethanesulfonic acid (MES)  Roth 

Non-fat dried milk powder    AppliChem 

Ponceau S      Sigma-Aldrich 

Power SYBR Green PCR Master Mix  Life Technologies 

Propidium iodide (PI)     Sigma-Aldrich 

Sodium chloride (NaCl)    Roth 

Sodium dodecyl sulfate (SDS)   Roth 

Sodium hydroxide (NaOH)    Roth 

Tetramethylethylendiamin (TEMED)   Roth 

Triton-X-100      AppliChem 

Tris       Roth 

Trypan Blue Solution     Sigma-Aldrich 

Tween-20      Roth 

1.5.8 Data acquisition and analysis 

For acquisition, analysis and presentation of the data, diverse computers from Hewlett-Packard, 

Fujitsu-Siemens and Samsung were used. On these systems, Windows XP and Windows 7 were 

installed. Following programs were used: 

Microsoft Word 2013      Thomson EndNote X7 
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Microsoft Excel 2013     Microsoft PowerPoint 2013 

CorelDraw X4      GraphPad Prism 5.0 

BD CellQuest 3.3      BD FACSDiva 5.0 

Tree Star FlowJo 8.8.6    Image Lab 3.0 

ImageJ 1.48v      Leica ImagePro Plus 

1.5.9 Equipment 

Cell culture plates (384 well), black walls  Greiner, Nunc 

Cell culture plates (96 well)    Greiner, Nunc 

Cell culture plates (48 well)    Greiner, Nunc 

Cell culture plates (24 well)    Greiner, Nunc 

Cell culture plates (12 well)    Greiner, Nunc 

Cell culture plates (6 cm)    Greiner, Nunc 

Cell separation columns (LS)    Miltenyi Biotech 

Cell strainer (70μm)     BD Pharmingen 

Cover slips      Paul Marienfeld GmbH 

Cryoconservation tube (2ml)    Greiner 

Cuvette (quartz glass)     Hellma 

Cuvette (plastic)     Braun 

  Erlenmeyer Flasks (1000ml, 500ml, 250ml)  Schott 

  FACS tubes      BD Pharmingen 

  Falcon tubes (50ml, 15ml)    Greiner 

  Forceps      Hartenstein 

  Microcentrifuge tubes (2ml, 1.5ml)   Eppendorf 

  Object slides      Hartenstein 

  Parafilm      Pechiney Plastic Packaging 

  Pasteur pipettes     Hartenstein 

  PCR plates (96 well, white)    Thermo Fischer 

  Pipette tips (1000μl, 100μl, 10μl)   Sarstedt 

  Razor blades      Hartenstein 

  Scissor       Hartenstein 

  Serological pipette (25ml, 10ml, 5ml)  Greiner 
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  Sterile filter (0,2μm)     Sartorius stedim 

  Syringe (10 ml, 5 ml, 2 ml)    Braun 

  Syringe needle (27 GA, 23 GA)   Hartenstein 

  Tuberculin syringe (26 GA, 3/8")   Braun 

  Protran BA 85 Nitrocellulose    GE Healthcare 

  Whatman 3mm filter paper    Hartenstein 

1.5.10 Instruments 

Autoclave      Systec 

Biofuge 15R      Heraeus 

Cell Observer AxioObserver    Zeiss 

Centrifuge 5418     Eppendorf 

Confocal microscope TCS SP5 II   Leica Microsystems 

MultiRad CP160     faxitron x-ray 

Cytospin 2      Shandon 

Gel DocTM XR+     BioRad 

Electrophoresis chamber    CTI 

Electrophoresis power supply    Micro-Bio-Tech 

FACS Canto II      BD 

Fridge (4-10°C)     Siemens 

Freezer (-20°C, -70°C)    Liebherr 

Fusion SL      Vilber Lourmat 

Humidified tissue culture incubator   Heraeus 

Ice machine      Genheimer 

Light microscope CK2    Olympus 

FLUOstar Omega     BMG labtech 

pH-meter      WTW 

Photometer      Pharmacia 

Shaker C40      GLW 

T100 Thermocycler     BioRad 

Thermomixer compact    Eppendorf 

Tpersonal PCR machine    Biometra 
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Varifuge 3.0R      Heraeus 

Vertical electrophoresis unit    Hoefer 

Voltage source, GPS 200/400    Pharmacia 

Vortex mixer      RA 

Waterbath      Hartenstein 

1.5.11 Kits 

CD8 (Ly2) microbeads, mouse   Miltenyi Biotech 

CD4 (L3T4) microbeads, mouse   Miltenyi Biotech 

CellTrace™ CFSE Cell proliferation kit  Molecular Probes 

Dynal® mouse pan T cell purification kit  Invitrogen 

Mouse Granzyme B ELISA Ready-Set-Go!® eBioscience 

First Strand cDNA Sythesis Kit   Fermentas 

InnuPREP DOUBLEpure Kit    Analytic Jena 

Intracellular Fixation and Permeabilization  eBioscience 

Buffer set 

Long PCR Enzyme Mix    Fermentas 

NucleoBond Xtra Maxi    Macherery-Nagel 

PCR Mix 2x      Fermentas 

RNeasy Mini Kit     Qiagen 

SuperSignal West Pico ECL Substrate  Pierce 

1.5.12 Oligonucleotides 

Oligonucleotides were ordered from Sigma-Aldrich or Eurofins mwg/operon and dissolved in 

dH2O to a final concentration of 100 pmol/μl. 

  Genotyping primers 

  Primer    Sequence 

Cd4cre (for)   5′ CGAGTGATGAGGTTCGCAAG 3′ 

Cd4cre (rev)   5′ TGAGTGAACGAACCTGGTCG 3′ 

Nfatc1 M111    5′ AACATTTGGCCTGCTTGATAGAG 3′ 

Nfatc1 M112    5′ CAACAGAAGCCAGCTTTCACAG 3′ 

Nfatc2 Glin1   5′ CAAGCCTCAGTGACAAAGTATCCACTT 3′ 
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Nfatc2 Glin2   5′ AGCGTTGGCTACCCGTGATATTGC 3′ 

Nfatc2 Glin3   5′ CGAGCTGCCCATGGTGGAGAGAC 3′ 

Real time PCR primers: 

  Primer    Sequence 

β-actin forward   5′ GACGGCCAGGTCATCACTATTG 3′ 

β-actin reverse   5′ AGGAAGGCTGGAAAAGAGCC 3′ 

Nfatc1 forward  5′ GATCCGAAGCTCGTATGGAC 3′ 

Nfatc1 reverse   5′ AGTCTCTTTCCCCGACATCA 3′ 

Nfatc1 P1 forward  5′ CGGGAGCGGAGAAACTTTGC 3′ 

Nftac1 P1 reverse  5′ CAGGGTCGAGGTGACACTAG 3′ 

Nfatc1 P2 forward  5′ AGGACCCGGAGTTCGACTTC 3′ 

Nfatc1 P2 reverse  5′ CAGGGTCGAGGTGACACTAG 3′ 

Nfatc2 forward  5′ TCATAGGAGCCCGACTGATTG 3′ 

Nfatc2 reverse   5′ CCATTCCCATCTGCAGCAT 3′ 

1.5.13 Standards 

Gene Ruler 1 kb DNA-Marker   Fermentas 

Gene Ruler 100 bp DNA-Marker   Fermentas 

Page Ruler prestained protein ladder    Fermentas 

1.5.14 Stimulators 

anti-CD3ε (clone 145-2C11)    BD Pharmingen 

anti-CD28 (clone 37.51)    BD Pharmingen 

Ionomycin      Sigma Aldrich 

TPA       Merck 

mouse T-cell activator beads CD3/CD28  Life Technologies 
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1.6 Methods 

1.6.1 Cellular methods 

1.6.1.1 T cell preparation 

Mice were sacrificed by CO2 inhalation. Abdominal cavity was opened by a median cut and the 

skin was fixed with syringe needles. Inguinal, axillary and mesenchymal lymph nodes were 

prepared and separated from residual fatty tissue. Then, the spleen was removed and all lymphatic 

organs were stored in BSS/BSA on ice. For single cell suspension, organs were smashed through 

a 70 μm cell strainer in BSS/BSA medium. To remove red blood cells from the suspension, red 

blood cell lysis was performed as described (1.6.1.2). After red blood cell lysis and cell counting, 

some cells (5%) were used directly for FACS analysis (1.6.4). The rest was used for CD8+ T cell 

isolation. 

For T cell isolation, the “CD8 (Ly2) microbeads, mouse” kit or the “CD4 (L3T4) microbeads, 

mouse” kit from Miltenyi Biotech were used according to the manufacturer’s protocol. After 

enrichment, purity of CD8+ T cells was measured by FACS analysis (1.6.4), and cells were re-

suspended in X-Vivo 15 medium to a final concentration of 2 x 106/ml. 

1.6.1.2 Red blood cell lysis 

For the removal of red blood cells from cell suspensions, cells were centrifuged, the supernatant 

was aspirated and the cell pellet was re-suspended in 2 ml TAG buffer per spleen. Suspension was 

incubated for 5 min at 37°C and 5% CO2 in a humidified incubator. The cells were again 

centrifuged, re-suspended in BSS/BSA and cell counting (1.6.1.5) was performed. 

 

  TAG Buffer:      NH4Cl 150 mM 

         Tris-HCl 20 mM, pH 7.2 

1.6.1.3 T cell stimulation 

T cells from spleen and lymph nodes were stimulated in 3 different ways to measure diverse 

response activities referring to different experimental settings: 

1. αCD3/CD28 stimulation. 



Materials and Methods 

 

27 

 

These antibodies bind specifically to the CD3ε component of the TCR complex, and additional 

CD28 co-receptor stimulation provides full activation of T cells. To achieve efficient stimulation, 

T cell receptor crosslinking was simulated by attachment of the immunoglobulins to the surface of 

the wells. 

For optimal binding, 5 μg of CD3ε antibodies and 2 μg of CD28 antibodies were diluted in 1 ml of 

ice cold PBS. The following volumes were transferred into multi-well plates: 

  Plate    Volume of diluted stimulators per well (μl) 

  12-well   1000 

  24-well   500 

48-well   200 

Prepared plates were incubated for at least 30 minutes at 37°C in an incubator before washing 3 

times with pure PBS to remove residual unbound antibodies. Finally, T cell suspensions were 

pipetted onto the coated wells. 

2. BALB/c splenocyte stimulation of CD8+ T cells: 

To generate oligoclonal antigen-specific cytotoxic CD8+ T cells (CTLs), freshly prepared naïve 

CD8+ T cells were co-cultured with γ-irradiated BALB/c splenocytes that serve as target cells for 

6 d. The CD8+ T cells either directly recognize allogeneic antigens on the target cell surface or low 

amounts of residual dendritic cells are able to take up and present allogeneic peptides to the CD8+ 

T cells. Irradiation leads to irreversible DNA double strand breaks in the target cells so that survival 

and proliferation of those cells is not maintained. 

For this kind of stimulation, a spleen from a BALB/c mouse was prepared as described in (1.6.1.1) 

until red blood cells were removed by TAG Buffer lysis. Splenocytes were re-suspended in 2 ml 

BSS/BSA, transferred to a cryotube and irradiated in a MultiRad CP160 (faxitron x-ray) with a 30 

Gy (5 min, 16kV) dose. After irradiation, cells were re-suspended at the desired concentration in 

X-Vivo 15 medium (1.6.1.4) for co-culture with B6 T cells. 

3. TPA/Ionomycin stimulation: 

12-O-tetradecanoylphorbol-13-acetate (TPA) is a phorbol diester. By binding to and activating 

protein kinase C96, lymphoid cells become activated and start to proliferate97. Ionomycin calcium 

salt raises the intracellular Ca2+ level by releasing calcium from the endoplasmatic reticulum into 

the cytosol98 resulting in activation of distal TCR-signaling. Together, both chemicals are potent 

activators of T cell signaling independent from antigen recognition or TCR binding of antibodies. 

This stimulation was mainly used to induce a secondary stimulation of already activated T cells for 



Materials and Methods 

 

28 

 

stimulation of cytokine production to be detected for FACS analysis (1.6.4). TPA was added to T 

cell suspension at a concentration of 10 ng/ml, and ionomycin at a concentration of 5 nM for 6 h 

before analysis. 

1.6.1.4 Cell culture 

All cells were cultured under sterile conditions in a humidified incubator at 37°C and 5% CO2. 

Cells were cultured in following media with indicated additives: 

  A20J cells: 

  RPMI (prepared in the Institute   β-Mercaptoethanol (0,1%) 

of Virology and Immunobiology)   FCS (10%) 

 

T cells: 

X-Vivo 15 (Lonza)     β-Mercaptoethanol (0,1%) 

       FCS (10%) 

       L-Glutamine (1%) 

       NEAA (1x) 

Penicillin/Streptomycin (1x) 

       Sodium Pyruvate (1%) 

 

MOPC cells (A.Beilhack, ZEMM, Würzburg): 

IMDM (Gibco)     β-Mercaptoethanol (0,1%) 

       FCS (10%) 

       L-Glutamine (1%) 

       NEAA (1x) 

Penicillin/Streptomycin (1x) 

       Sodium Pyruvate (1%) 

1.6.1.4.1 Cryoconservation and thawing 

Cell pellets containing 4 x 106 cells were re-suspended in 500 μl of cell culture medium in 2 ml 

cryotubes. 500 μl of 2x Freezing medium was added to the cell suspension and aliquots were placed 

in a freezer at -70°C. After 24 h, samples were transferred into a liquid nitrogen (N2) container for 

long-term storage. 
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  Freezing medium (2x):    36% DMEM 

         44% FCS 

         20% DMSO 

For thawing, cryotubes were transferred in a waterbath at 37°C, until the solid phase disappeared. 

Cells were then transferred into a 15 ml tube, 5 ml of pre-warmed cognate culture medium was 

added and the suspension was centrifuged at 1400 RPM for 3 min. Supernatant was discarded, cells 

were again re-suspended in pre-warmed culture medium and finally seeded on cell culture plates. 

1.6.1.5 Cell counting 

Cell counting was performed using the Neubauer chamber: Cells were diluted with cell permeable 

dye Trypan Blue for dead cell staining to exclude membrane-disrupted dead cell from intact living 

cells. Non-blue cells were counted in four large fields. The mean value of these fields corresponds 

to the cell number in 1 μl of trypan blue-prediluted sample. Multiplication with 1 x 104 and the 

trypan blue dilution factor gives the cell number per ml of medium. 

𝐷 =
𝑛

𝑆
× 𝑑 × 104 

D: cell density (cells/ml); n: absolute cell number in all fields; S: number of fields counted; d: 

dilution factor with trypan blue solution. 

1.6.1.6 Centrifugation 

If not mentioned otherwise, cells were sedimented in 15 ml/50 ml Greiner tubes for 3 min at 1400 

RPM and 4°C in a Varifuge 3.0R. For cellular probes in 1.5 ml Eppendorf tubes, samples were 

loaded into a “Centrifuge 5418” (Eppendorf), and centrifugation was performed at 5 000 RPM for 

three minutes. 

1.6.1.7 CFSE staining 

Tracking of proliferation kinetics was performed with the cell permeable proliferation dye CFSE 

(Molecular Probes). This method was also used to differentiate two cell populations by labelling 

one of them prior to co-cultivation. 

Non-fluorescent CFSE molecules passively diffuse into the cells where acetate groups are cleaved 

by cellular esterases. The cleaved CFSE form is membrane impermeable and stays within the cell. 

It emits light at wavelength of about 517 nm when excited at 492 nm. During cell division, CFSE 
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amount and signal intensity of each daughter cell decreases by 50% and can be traced by FACS 

analysis. 

In general, 1 x 107 purified CD8+ (or culture cells) were washed twice with 5 ml PBS and were re-

suspended in 5 ml pre-warmed PBS solution. 2 μl of a 5 mM CFSE stock solution were then added 

to the cell suspension for 3 min. After incubation, samples were filled up with 3 ml pure FCS to 

stop labelling reaction. Cells were centrifuged, re-suspended in culture medium and used for further 

experiments. 

1.6.1.8 Cytotoxicity assay 

This assay was performed to determine the ability of generated allo-reactive CTLs to induce cell 

death in target cells. 

A20J cells were labelled with CFSE (1.6.1.7). 1 x 104 cells in 100 μl X-vivo medium were pipetted 

into each well of a 96-well round bottom plate together with 100 μl of CTLs (1 x 106/ml). After 4 

h of incubation at 37° C in the incubator, samples were transferred into Eppendorf tubes and FACS 

staining (1.6.4) for CD8+ T cells was performed. Prior to FACS analysis, 2 μl of PI solution were 

added to the cell suspension to differentiate living A20J target cells (CFSE+,PI-) from dead cells 

(CFSE+, PI+). 

1.6.1.9 Degranulation assay 

One major physiological function of CTLs is the release of lytic granules upon target cell contact 

to induce target cell death. CD107a (Lamp1) is a membrane molecule which resides on the internal 

layer of lytic vesicles. Upon fusion with the cell membrane bilayer, the vesicles release their lytic 

stores, and CD107a remains on the cellular surface. These molecules can be detected by FACS 

analysis to differentiate cytotoxic (CD8a+, CD107a+) and non-lytical (CD8a+, CD107a-) CTLs. 

A20J cells were labelled with CFSE (1.6.1.7), and 3 x 104 cells in 100μl X-vivo medium were 

pipetted into each well of a 96-well round bottom plate together with 100 μl of CTLs (1 x 106/ml). 

After one h of incubation at 37° in the incubator, 2 μl of CD107a-PE antibody were added to the 

well. After a total time of two h, cells were additionally stained with fluorescence-labelled CD8+ 

antibodies for FACS analysis. 
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1.6.1.10 Luciferase assay 

The mineral oil induced plasmacytoma (MOPC) cell line on the genetic background of H2b - similar 

to BALB/c cells - was used as a target cell line for the luciferase killing assays. These cells contain 

a luciferase transgene which is constitutively expressed. Therefore, upon cell membrane disruption 

and addition of luciferin, light emission can be detected in a luminometer. As this cell line 

originates from an allogeneic donor, allo-reactive B6 CTLs which naturally occur in the whole T 

cell pool recognize the MHC mismatch and are able to induce target cell death. 

To detect the luciferase activity in target cells at several time points during co-culture with CD8+ 

T cells, cells were re-suspended and aliquots were transferred into 1.5 ml Eppendorf tubes. After 

centrifugation at 10 000 RPM for one min, the cell pellet was washed once with PBS and finally 

re-suspended in 100 μl harvesting buffer to lyse cell membranes. After centrifugation at 10 000 

RPM for one min, 50 μl of supernatant was transferred into a white, non-transparent 96-well plate. 

For determination of protein amount, 2 μl were taken for Bradford assay (1.6.8). 

The injection needle of the LUMIstar Omega luminescence detector was primed with 1 ml of ready-

to-use luciferin solution before luciferase-activity measurement could be performed. 50 μl of 

luciferin solution per well were automatically added to the samples and the measurement was 

performed. 

  Harvesting buffer:     DTT (1mM) 

         Tris-HCl, pH 7.8 (50mM) 

         2% Triton-X 100 

         MES (50nM) 

  Luciferin solution:     K2PO4, pH 7.8 (5mM) 

         10% luciferin 

1.6.1.11 Calcium flux measurements of T cell populations 

Calcium signaling is an important step in T cell function. Not only in the T cell receptor signaling 

cascade but a rise in Ca2+ is also mandatory for lytic granule release at the immunological synapse 

of CD8+ T cells after target cell recognition. Thapsigargin is cell permeable and an irreversible 

intracellular Ca2+ inhibitor acting on Ca2+ sarco- and endoplasmic reticulum99 ATPases (SERCAs) 

and, therefore, inhibits Ca2+ re-import from the cytoplasm into the ER. But still a continuous 

passive Ca2+ leakage through the ER membrane occurs. This lack of Ca2+ ions in the ER is sensed 
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by the stromal interaction molecules STIM on the ER membrane to activate ORAI-channels on the 

cell surface which induce an influx of extracellular Ca2+ ions. High calcium concentrations in the 

supernatant lead – in turn - to a massive Ca2+ uptake into the cell to fill intracellular stores again. 

This uptake/loss can be monitored by calcium sensitive dyes like Fura-2/AM which changes its’ 

emission peak from 380 nm in calcium-free environment to 340 nm when calcium is available. 

Cells were washed once in PBS and loaded with 2 μM Fura2-AM in Ringer’s solution for 30 min 

at room temperature. After incubation, the cells were washed with Ringer’s solution and stored for 

10 min at room temperature and immediately used for the next steps. Glass coverslips were covered 

with poly-L-ornithine (0,1 mg/ml) and cells were settled on the surface of the coverslips in the flow 

chamber. The self-made sandwich flow chamber was used for the measurements and allowed a 

medium exchange within less than 1 s. The flow chamber with the attached cells was transferred 

on the stage of an Olympus IX 70 microscope equipped with a 20x (UApo/340, N.A. 0.75) 

objective. Alternating illumination at 340 and 380 nm was applied to the cells with a Polychrome 

IV Monochromator (TILL Photonics) by the usage of DCLP4 as dichroic mirror. The fluorescence 

at 440 nm was detected by a CCD camera system (TILL Imago) and analyzed by TILL Vision 

software. Ratios were recorded and calculated every 5 s. 

For the experiments, Ca2+ free Ringer solution was generated by addition of 1 mM EGTA and 

Ringer solutions containing Thapsigargin with or without Ca2+ were applied by a syringe to the 

flow chamber. 

 Ringer’s solution (ion concentrations) 155 mM NaCl 

       4,5 mM KCl 

       1 mM CaCl 

       2 mM MgCl 

       10 mM D-glucose 

       5 mM HEPES (pH set to 7.4) 

1.6.1.12 Tracking of cellular structures upon T cell activation 

Upon formation of an immunological synapse, CD8+ cytotoxic T cells polarize several cellular 

compartments towards the contact zone between target structure and their own cell membrane to 

provide a rapid delivery of effector functions. For example, cytotoxic granule release to mediate 

target cell death. This energy-dependent membrane fusion needs rapid energy delivery from 
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mitochondria and a continuous Calcium flux across the membrane to provide a strong activation 

signal. Therefore, those organelles need to be in dense contact with the generated IS. 

For this assay, 1 x 105 cytotoxic CD8+ T cells from MLR cultures were stained with cell permeable 

100 nM Mitotracker Deep Red and 400 nM Lysotracker Green in X-Vivo medium containing 1% 

HEPES buffer for 30 min in an incubator. Labelled cells were centrifuged, re-suspended in 100 μl 

X-Vivo medium containing 400 nM Lysotracker Green and transferred into a black clear-bottom 

imaging 384 well plate. The plate was inserted into an incubation chamber connected with a 

microscope which provided 37 °C and 5 % CO2. Cells were settled for 10 min so that most of them 

were attached on the cell culture plate bottom to ensure optimal focus over time. Pictures from 

bright field and corresponding Mitotracker Deep Red and Lysotracker Green channels were taken 

every 10 s with a 20x objective for 2,5 h and an exposure time of 300 ms. After adjustment of the 

focus, 2 x 104 mouse T activator beads (CD3/CD28) were added to the wells, and the measurement 

on the microscope (Cell Observer, Zeiss) using transmitted light and epifluorescence started. 

Analysis was done by combination of single channels to a movie by ImageJ software (Version 

1.48, Wayne Rasband, NIH, USA) and manual evaluation of bead-to cell contact events followed 

by movement of mitochondria/acidic lytic granules towards the contact zone. Active movement of 

cell compartments was assumed when the fluorescent structures remained at the contact site 

continuously for at least one minute. 

1.6.2 Cytospin centrifugation of T cells 

To visualize proteins at single cell level and their localization, cells were attached to a glass slide 

followed by antibody staining and confocal microscopy. 

To attach T cells to a glass surface, 100 μl of cell suspension containing 1 x 105 cells were injected 

into a cone which was tied to a glass slide separated by a filter paper. A hole on the tip of the cone 

and in the filter paper led to a direct contact of the suspension to the glass surface. This assembly 

was inserted into a Cytospin 2 centrifuge (Shandon) and centrifuged for 3 min at 300 RPM. For 

latter recognition, cell spots were marked with scratches on the glass slide made by a diamond pen. 

Cytospin slides were dried for 30 min before immunofluorescence staining (1.6.5). 

1.6.3 Enzyme linked immunosorbent Assay (ELISA) 

In the context of CD8+ T cell stimulation, culture supernatant was taken for granzyme B specific 

ELISA assay (eBioscience). The volume amounts of the manufacturers protocol were slightly 
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modified because costar® round 96-well half area plates (high binding, Corning) were used. The 

wells of the plate were first filled with 50 μl of capture antibody dilution (in 1 x coating buffer) 

against granzyme B, plate was covered with aluminum foil and incubated overnight at 4°C. 

On the next day, wells were washed three times for one min with 100 μl washing buffer. To block 

unspecific binding sites, wells were incubated with 1 x ELISA diluent for one h. During this time, 

supernatant samples were diluted 1:20 with 1 x ELISA diluent to be within the detection range of 

the ELISA assay. Serial dilutions of standard granzyme B samples were performed to generate a 

standard curve and to calculate granzyme B levels in diluted supernatants. 50 μl of samples and 

standard dilutions were pipetted as duplicates into the wells and incubated overnight at 4°C. 

After incubation, the wells were washed five times with 100μl of washing buffer. 50 μl of a biotin-

tagged detection antibody was given to the wells to bind to the granzyme B proteins on the capture 

antibodies for one h. Wells were than washed again five times, and streptavidin-HRP (horseradish 

peroxidase) was pipetted into the wells. Again, five washing steps were performed. Streptavidin 

binds to biotin-tagged proteins so that HRP activity correlates with the amount of bound granzyme 

B. In a last step, a HRP-substrate solution was given to the wells for 15 min and the peroxidase 

reaction led to a color reaction to yellow, which was stopped by addition of 50 μl of stop solution 

turning into blue. Absorption was than measured on a FLUOstar Omega ELISA reader. The 

strength of absorption was proportional to initial granzyme B amount in culture supernatants. 

Dilutions of antibodies and standards was performed as described in the manufacturers protocol 

from mouse granzyme B ELISA Ready-Set-Go!® kit (eBioscience). 

  Washing Buffer:     1 l PBS 

         0.05% Tween-20 

  Stop Solution:      1 M NaH2PO4 

 

1.6.4 FACS analysis 

The Fluorescence Activated Cell Sorting (FACS) analysis is a high throughput technique to 

visualize the expression of surface or intracellular molecules on single cell level, in addition to the 

investigation of more basal features, like cell size and granularity which can be detected via a 

system of lasers and detectors. Molecules expressed by cell populations can be visualized by 

addition of and co-incubation with fluorescence labelled immunoglobulins or other antibodies. 
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  Staining of cell surface antigens 

For optimal staining, 1 x 105 to 1 x 106  cells were transferred into 1.5ml Eppendorf tubes and 

washed twice with 1 ml FACS Buffer. For splenic cell suspension, Fc block (1:200) was added in 

the second washing step to prevent unspecific antibody binding mediated by Fc binding to 

granulocytes, macrophages, monocytes and NK cells. After centrifugation at 10.000 RPM for one 

min in a centrifuge (Centrifuge 5418, Eppendorf), the supernatant was discarded, the cells were re-

suspended in 100 μl FACS buffer supplemented with 1:200 fold diluted antibodies and incubated 

for 30 min on ice. The cells were washed again twice with FACS buffer, re-suspended in 100 μl, 

transferred into FACS tubes and finally used for FACS analysis. 

  Staining of intracellular antigens 

Prior to intracellular (IC) staining, cells were treated with TPA/ionomycin (1.6.1.3), or MOPC cells 

were added as an allogeneic stimulus for 4 h. To track cytokine production upon T cell activation, 

release from the endoplasmatic reticulum and transport to the Golgi complex had to be inhibited 

by adding brefeldin A (3 μg/ml) and monensin (2 μM) to the culture supernatant during stimulation. 

IC staining was performed either separately or directly after staining of surface antigens (see 

above). Cells were centrifuged, supernatant was discarded and samples were re-suspended in IC 

fixation buffer. After incubation for 15 min at room temperature, cells were washed twice with 1 x 

permeabilization buffer and incubated in 100 μl of 1 x permeabilization buffer together with 0.3 μl 

of antibody in the darkness at room temperature for another 20 min. Before FACS analysis, cells 

were washed again with 1 ml 1 x permeabilization buffer and 100 μl were transferred into FACS 

tubes for measurement. 

  AnnexinV/PI staining 

For viability staining, annexinV/PI staining was performed on CD8+ T cells. When cells become 

apoptotic, phosphatidylserines –which are usually located on the internal side of the membrane-

bilayer – turn to the outer membrane and can be stained with labelled annexinV. Propidium iodide 

(PI) is a non-membrane permeable dye, intercalates with double-stranded DNA and, therefore, 

shows membrane-disrupted dead cells. 

Similar to the IC staining protocol, cells can be surface-stained prior to the annexinV/PI protocol. 

Cells were washed once in annexinV binding buffer (ABB) and re-suspended in 100 μl of ABB. 

Then, 1 μl of annexinV FITC reagent was added, and the cell suspension was incubated for 15 min 

at room temperature. After incubation, additional 100 μl of ABB were added, and cells were 
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transferred into FACS tubes. Right before FACS measurement, 1 μl of PI was added and cells were 

vortexed. 

  AnnexinV binding buffer:    CaCl2 (2.5 mM) 

HEPES (10 mM) 

         NaCl (149 mM) 

1.6.5 Immunofluorescence staining 

Prepared cells on glass slides (1.6.2) were fixed in 3% formaldehyde in PBS for 20 min and washed 

3 times for 5 min with PBS. To permeabilize the cell membranes, slides were treated afterwards 

with 0.2% Triton-X 100 in PBS on ice for 15 min before washing was repeated (3 x PBS for 5 

min). Incubation with granzyme B - FITC was done by putting single drops of 50 μl PBS and 1:200 

diluted antibodies on the marked spots of the glass slides. The slides were transferred into a wet 

chamber and incubated overnight in the dark at 4°C. On the next morning, slides were washed 

again 3 times for 5 min in PBS. Glasses were left for 10 min at room temperature for evaporation 

of residual droplets. A drop of paramount+DAPI was put on the cells, and samples were sealed 

with a cover slip. Protected from light, the prepared samples were stored at 4°C for up to one 

month. Finally, the samples were analyzed by confocal microscopy (Confocal microscope TCS 

SP5 II (Leica) with the ImagePro Plus software (Leica)). 

1.6.6 T cell differentiation assay 

Under different stimulatory regimes, naïve T cell populations are able to differentiate towards 

different T-helper (for CD4+ T cells, Th) or cytotoxic T cell subsets (for CD8+ T cells, Tc). As those 

two major T cell populations need similar cytokine/stimulatory conditions to differentiate towards 

Th1/Tc1 subsets, whole splenic T cell populations were purified and stimulated for T cell 

differentiation. 

1.6.6.1 Negative isolation of pan T-cells 

For the T cell differentiation assay, a slightly modified protocol for T cell purification from splenic 

cell suspensions with a Dynal® Pan-T cell negative Isolation kit (mouse) from Invitrogen. This kit 

allows the purification of the whole CD3+ T cell population of CD4+ and CD8+ T cells in one step. 

By antibody (and latter magnetic bead) binding to several other cell types like e.g. B cells, dendritic 

cells and granulocytes, the T cell population remains unaffected by this method. 
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Prior to T cell enrichment with the Pan-T cell negative Isolation kit, an erythrocyte lysis with TAG 

buffer was performed (see above). Cells from splenic cell suspensions were counted. Per 1 x 107 

splenic cells, 500 μl FACS buffer was added and cells were re-suspended. To block unspecific 

binding of antibodies, 100 μl of heat-inactivated FCS was applied additionally to 100 μl antibody 

mix per 1 x 107 cells. The suspension was incubated for 20 min at 4°C to achieve optimal antibody 

binding. Meanwhile, one ml of dynabeads (per 1 x 107 cells) was washed and re-suspended in the 

same amount of FACS buffer. After incubation in the refrigerator, cells were centrifuged, the 

supernatant was discarded and washed with 30 ml FACS buffer. Finally, the cell pellet was re-

suspended in 5 ml FACS buffer, and one ml of washed dynabeads was added to the cells. Binding 

of beads to the attached antibodies was done by incubation for 15 min at room temperature under 

continuous rotation of the tube. After incubation, additional 15 ml FACS buffer were added. The 

tube was placed in a magnet for 2 min to enable separation of bead-labelled cells from unlabelled 

ones. The residual supernatant not being attached to the tube walls contained negatively purified T 

cells and was transferred to a fresh tube. After centrifugation, cells were re-suspended in 5 ml 

RPMI+10% FCS, and the cell number was determined before proceeding to the next step (1.6.6.2).  
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1.6.6.2 T1 differentiation 

Purified pan-T cell populations were re-suspended in RPMI+10% FCS in a concentration of 1 x 

106 cells per ml. Before, a 24 well plate was coated with CD3/CD28 monoclonal antibodies for 1 

h in PBS at 37°C and 5% CO2. For the differentiation towards T1 phenotypes, the culture plates 

were coated with 4 μg/ml αCD3 and 2 μg/ml αCD28. To remove residual antibodies, the plates 

were washed twice with 1 ml PBS each per well. 1 x 106 cells were transferred into the wells and 

the following cytokines/antibodies were added: 

   hIL-2   10 ng/ml 

   mIL-12  10 ng/ml 

   mIFNγ   50 ng/ml 

   anti-mIL-4  5 μg/ml 

After differentiation for 3 d, T cells were analyzed for protein expression upon TPA/ionomycin re-

stimulation for 6 h followed by IC FACS staining. 

1.6.7 Listeria monocytogenes infection model 

To investigate the role of the transcription factor NFATc1 in CD8+ T cell populations during an 

immune response to a pathogen in vivo, a model infection system of a facultative intracellular 

bacteria – Listeria monocytogenes (Lm) – was chosen. The impact of Lm infections on Nfatc1fl/fl 

Cd4cre mice was compared to wild type mice to determine the effect of NFATc1 in T cells during 

a Th1 immune response. As Lm is an intracellular pathogen, CD8+ T cells represent the major 

effector cell population of the immune system to eradicate the infection100, whereas the CD4+ T 

cell population remains mainly unaffected,  but is still needed for development of a protective 

immunity101. 

Due to safety instructions from the animal facility, an attenuated Lm strain was used for the in vivo 

infections. Therefore, animal-to-animal transmissions could be excluded. The ΔActA mutated Lm 

strain is defective in the expression of the ActA protein, normally mediating direct cell-to-cell 

transmission of replicated bacteria drastically increasing the virulence up to 1000 fold102. 

To verify the induction of an immune response and for monitoring animal health parameters, the 

weight of the infected mice was measured at each day of the experiment. Values at the start of the 
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experiment (day 0) were taken as 100%, and weight changes of each mouse at the following days 

were calculated respectively. 

1.6.7.1 Infection of C57/B6 mice with Lm-Ova ΔActA 

The Lm-Ova ΔActA strain is an attenuated Listeria strain lacking the ActA gene and expressing the 

ovalbumin protein. To enable active intracellular movement of the Listeria and efficient infection 

of nearby host cells, the availability of ActA interacting with the actin filaments of the infected 

host cell is mandatory. If this mechanism is missing, the pathogenicity is reduced dramatically. 

Bacteria titer from frozen stock solutions were determined by plating out serial 10-fold dilutions 

on Listeria-selective agar plates. Cultures for two d at 37°C were set up. Single colony forming 

units (CFU) were counted, and the stock concentration of Listeria was calculated. 

To induce a full immune reaction towards the pathogen, 5 x 105 CFU from a cryoconserved vial 

stock of the Lm-Ova ΔActA strain were suspended to 200 μl PBS and injected i.p. into either wild 

type or Nfatc1fl/fl Cd4cre mice. For injections, 1 ml tuberculin syringes were used. Mice were 

monitored and body weight was noted daily during the experiment. Due to animal healthcare 

restrictions, mice were sacrificed at day 5 post-infection. 

1.6.7.2 Determination of bacterial titers from the liver 

As the liver is the primary target organ for Listeria monocytogenes infections, whole livers were 

prepared from sacrificed mice and put separately into plastic waste bags. Addition of 4 ml PBS 

containing 0,1% TritonX-100 led to the destruction of cellular membranes from the tissue to release 

intracellular Listeria particles. The organs were gently meshed by soft application of pressure to 

gain a homogeneous suspension from which 1 ml was put into an Eppendorf tube. Serial 1:10 

dilutions in PBS were made from those suspensions. 100 μl from each dilution was plated out on 

Listeria-selective agar plates, sealed in a plastic wrap to prevent plates from dehydration and 

incubated for two d at 37°C. White spots on the agar plates represent single bacteria colonies, which 

were counted and calculated with the corresponding dilution factor to gain the original bacteria 

burden per liver. 
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1.6.7.3 Tetramer staining for single antigen-reactive CD8+ T cell 

populations 

The usage of a transgenic Lm-Ova ΔActA strain continuously expressing the chicken-egg derived 

ovalbumin protein leads to an activation followed by proliferation of Ova-peptide specific CD8+ T 

cells. The main immunogenic peptide sequence which is recognized by a distinct set of CD8+ T 

cell populations is the Ova257-264 sequence SIINFEKL that serves also as a model antigen. MHC 

class I tetramer molecules loaded with SIINFEKL peptides and labelled with APC molecules were 

used to determine SIINFEKL-specific CD8+ T cell populations during the immune response. 

For labelling of splenic SIINFEKL-specific CD8+ T cells, single cell suspensions from the spleen 

were prepared and re-suspended in FACS buffer containing 1:200 diluted Fc-blocking antibody for 

15 min at room temperature. Suspensions were washed once with FACS buffer and stained for 

tetramers at an antibody dilution of 1:200 according to the “Staining of cell surface antigens” 

section in 1.6.4 followed by fixation with FACS buffer containing 0,2 % formaldehyde before 

analysis in the flow cytometer. 

 

1.6.8 Western blot analysis 

Classical Western blot analysis visualizes proteins from cell extracts separated by size upon 

antibody-staining. Therefore, five steps have to be performed: 

1. Protein preparation from cells 

2. Electrophoretic separation on an polyacrylamide gel (SDS-PAGE) 

3. Blotting on a nitrocellulose membrane 

4. Labelling with primary antibodies 

5. Detection of proteins of interest by secondary antibodies and ECL system 

 

Protein preparation 

At least 2 x 106 cell culture cells were transferred into a 1.5ml Eppendorf tube and washed with 

PBS. After centrifugation, the cell pellets were re-suspended in 40 μl of RIPA Buffer. The lid of 

the Eppendorf tube was then closed and the samples were snap-frozen in a box containing liquid 

N2 for 10 seconds followed by thawing. After repetition of the procedure, samples were incubated 

on ice for additional 30 min. To ensure efficient cell lysis, sonification was performed in a further 
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step. In a cold room, the sonificator was used with the following setup: 30’’ pulse and an amplitude 

of 50%. Cell lysates were then centrifuged at 4°C for 10 min at 10 000 RPM, the supernatants were 

transferred into a fresh tube and pellets containing cell debris were discarded. 

 

  RIPA buffer:      EDTA, pH 8 (1 mM) 

         1% NaCl 

         1% Na-deoxycholate 

         1% Protease Inhibitor 

         0.1% SDS 

         Tris HCl, pH 7.5 (50 mM) 

         1% Triton-X 100 

To determine protein amount for equalization of samples, a protein determination assay was 

performed. This assay is based on characteristic changes in light absorption (from 465 nm of pure 

solution to 595 nm of protein-containing solution) of the “Protein Assay Dye Reagent” by 

interacting with acidic residues of proteins. The “Protein Assay Dye Reagent Concentrate” 

(BioRad) was diluted 1:5 with distilled H2O and 1 ml of the dilution was added to 1 μl of 

supernatant in a plastic cuvette and shortly vortexed. Absorption was measured at 595 nm. A blank 

sample only with 1 μl RIPA buffer was used as negative control. 

Electrophoretic separation 

To saturate charged amino acid residues in proteins and to denaturate secondary protein structures, 

the samples were prepared with SDS-containing Laemmli-buffer103 in a 4:1 ratio and incubated for 

10 min at 95°C. Samples were stored at -20°C or immediately loaded on an SDS-PAGE gel. 

The polyacrylamide gel consisted of two phases, the stacking gel (5% acrylamide, pH 6.8) – in 

which protein samples are concentrated – and the separation gel (10% acrylamide, pH 8.8) – in 

which protein movement is influenced by the gel structure resulting in significantly slower 

movement of large proteins compared to smaller ones. This movement was mediated by a power 

supply providing 25 mA in 1x running buffer. 

For all samples, 60 μg of protein per sample were used as input and 5 μl of prestained protein 

ladder (Fermentas) were used as marker. Electrophoresis was stopped when the blue running front 

was leaking from the gel. 
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 Stacking gel (5%)  Separation gel (10%)  Reagents 

 2.1 ml    5.9 ml    H2O 

 0.5 ml    5.0 ml    30% polyacrylamide mix 

 0.38 ml 1M pH 6.8  3.8 ml 1M pH 8.8  Tris-HCl 

 0.03 ml   0.15 ml   10% SDS 

 0.03 ml   0.15 ml   10% APS 

 0.00 3ml   0.015 ml   Temed 

  

Running Buffer:      Glycine (192 mM) 

         0.1% SDS (w/v) 

         Tris-HCl, pH 8.5 (25 mM) 

Blotting 

After separation, the gel was carefully removed from the running chamber and put on a 

nitrocellulose membrane. Each side was completely covered with three layers of Whatman paper 

before insertion into a tank blot chamber filled with 1x transfer buffer. The nitrocellulose blotting 

was performed at 4°C for 2 h at 300 mA constant current. Successful transfer was verified by 

Ponceau S staining of the membrane. 

 Transfer Buffer:      Glycine (40mM) 

         20% Methanol 

         SDS (14mM) 

         Tris HCl, pH 8.5 (48mM) 

Protein detection and visualization 

Unspecific protein binding sites were blocked by incubation of membrane in 4% non-fat dry milk 

dissolved in 1x TBS/0.05% Tween (TBST) for 1 h at room temperature. Membranes were 

incubated at 4°C with primary antibody in 4% non-fat dry milk in TBST overnight with gentle 

shaking. On the next day, membranes were washed three times with TBST for 5 min each. 

For detection, specific horse-radish-peroxidase coupled donkey antibodies were used to induce a 

light-emitting reaction. Antibodies were diluted in 4% non-fat dry milk in TBST and poured onto 

the membranes. After 1 h of incubation with gentle shaking, the membranes were washed again 

three times in TBST for 5 min each. After drying the membranes on Whatman paper, ECL substrate 

(SuperSignal, West Pico) was prepared by mixing 1 ml of solution A with 1 ml of solution B. 
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Membranes were covered with the mixture and sealed with plastic film to prevent drying. Light 

emission was detected with a Fusion SL device (Vilber). 

 Antibody   Origin    Dilution 

β-actin    mouse    1:1000 

 NFATc1 7A6   mouse    1:330 

 NFATc1 (α)   rabbit    1:500 

 NFATc2   rabbit    1:500 

 NFATc3   rabbit    1:500 

 murine Ig   donkey    1:5000 

 rabbit Ig   donkey    1:5000 

 

 1x TBS/ 0.05% Tween:     Glycine (150mM) 

         Tris-HCl, pH 7.5 (25mM) 

         0.05% Tween-20 

1.6.9 Molecular biological methods 

1.6.9.1 DNA isolation from tissue biopsies 

For isolation of genomic DNA from cell tissues or mouse tail tips, samples were incubated in 20 

μl of genomic lysis buffer (gLB) and proteinase K (0.6 mg/ml) overnight at 56°C. On the next 

morning, 480 μl water were added to the digest and samples were incubated at 95°C for 10 min for 

proteinase K inactivation. 

  Genomic lysis buffer:     EDTA (25 mM) 

         NaCl (300 mM) 

         0.2% SDS 

         Tris, pH 8 (50 mM) 

1.6.9.2 RNA isolation from cell suspensions 

To prepare RNA, cells were first washed once with PBS. Then, 350 μl RLT buffer were added to 

the cell pellet and cells were re-suspended 4 times using a 20GA needle with a 1 ml syringe. Further 

steps of RNA isolation were performed following the protocol of the “RNeasy Mini Kit” 

(Quiagen). 
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RNA was eluted in 30 μl water. For determination of RNA quantity and quality, a photometer 

(Pharmacia) was used. RNA was diluted 1:50 in nuclease-free water and transferred into a Quartz 

glass cuvette. The optical density (OD) was measured by absorption at 260 nm. The quality was 

indicated by a ratio of OD260nm/OD280nm typically around 1.8. 

For short-term storage, samples were stored at -20°C, for long-term storage (up to 6 months), RNA 

was stored at -70°C. 

1.6.9.3 Gel electrophoresis 

To detect and separate amplified DNA fragments by their size, agarose gel electrophoresis was 

used. Negative charges on the phosphate residues of the DNA result in the movement to the positive 

pole in an electric field. A gel electrophoresis chamber was filled with 1 x TAE buffer, and the 

agarose gel was added. DNA samples were diluted with 6 x loading dye (Thermo Scientific) and 

loaded in the gel slots. A power supply was switched on (120 V, GPS 200/400). Size analysis was 

performed by loading of 1 kb DNA ladder (Thermo Scientific) along the samples. DNA bands were 

detected by UV light excitation of the DNA intercalating dye Midori Green at 270 nm. Emission 

at 530 nm using a GelDoc™ XR+ (BioRad) system was detected and visualized by the Image Lab 

3.0 software (Bio Rad). 

Agarose gel (2.5%):     2.5 g Agarose 

       5 μl Midori Green 

       100 ml 1 x TAE Buffer 

1.6.9.4 Generation of cDNA from RNA samples 

For each experiment, equal amounts of RNA (generated in 1.6.9.2) were used to perform cDNA 

synthesis from samples. At least 50 ng of RNA was used as starting material for random hexamer 

binding. Further steps were performed using manufacturer’s instructions from the “First strand 

synthesis Kit” (Fermentas). After 1:1 dilution, samples were directly used for RT-PCR (1.6.9.6) or 

stored at -20°C. 
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1.6.9.5 Polymerase chain reaction (PCR) 

PCR is a method to amplify DNA by the use of heat-insensitive enzymes, nucleotide triphosphates, 

target specific DNA amplification primers and the cognate DNA template in a thermocycler. For a 

successful amplification, 3 main steps are required: 

1. Denaturation of the double stranded target DNA 

2. Annealing of primers to the DNA 

3. Elongation of DNA 

Under optimal conditions, this results in an exponential increase of DNA fragments of the target 

sequence. For standard PCRs, a ready-to-use PCR master mix (2x) was used. Cycling conditions 

were the following: 

1. Denaturation: 20’’ 95°C 

2. Annealing:  20’’ xx°C  (xx: melting temperature of used primers) 

3. Elongation: yy’’ 72°C (yy: depending on fragment size; ~1 kb/min) 

Informations about primer melting temperatures were taken from the Fermentas website 

(www.fermentas.com). 

Elongation times for primers genotyping DNA from Cd4cre, Nfatc1fl/fl and Nfatc2-/- mice were 

30’’. Analysis of PCR products were performed by agarose gel electrophoresis (1.6.9.3). 

  PCR reaction mix:     1 μl DNA 

         0.25 μl Primer 1 (100pmol) 

         0.25 μl Primer 2 (100pmol) 

         10 μl PCR Master Mix (2x) 

         8.5 μl H2O 

1.6.9.6 Real-Time PCR 

To quantify cDNA amounts within a probe, Real-Time PCR (RT-PCR) is a standard method to 

precisely measure initial RNA copy numbers. This method is based on fluorescence intensity 

detection of substances, such as SYBR-Green, which intercalates into double stranded (ds) DNA. 

The more dsDNA appears, the more the fluorescence intensity increases until a saturation of 

amplified DNA copy level is reached. The fluorescence-intensity curve follows a logistic growth 

function. The beginning of the exponential growth curve – where fluorescence intensity increases 

significantly compared to background signals – marks the threshold cycle (Ct) value. Cycling 
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conditions for Real-Time PCR were 2’ 50°C, 10’ 95°C, 40 cycles: (15’’ 95°C, 1’ 60°C), 15’’ 95°C, 

20’’ 60°C, 15’’ 95°C. 

For calculation of induced gene expression values compared to different treatment conditions, the 

ΔΔCt method was used104. A reference housekeeping gene (here: Actb), whose induction is not 

affected by the treatment, was used for normalization. 

1.6.10 Graphical visualization and statistics 

Graphical visualization of experimental results was performed with Prism5 (GraphPad) and ImageJ 

for visualization of time-lapse images. FACS data were processed with FlowJo7 software 

(TreeStar). For data management, Excel 2013 software (Microsoft) was used. Statistical analysis 

was made by two-tailed Student’s t-Test, two-way ANOVA and non-parametric Mann-Whitney 

test. 
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Results 

1.7 Expression of NFAT family members in CD8+ T cells 

To gain a better overview of NFAT induction during CD8+ T cell activation, we first investigated 

the expression of NFAT family members c1 and c2 in CD8+ cytotoxic T cells, compared to their 

already well known expression patterns in CD4+ T helper cells. 

1.7.1 Differential regulation of Nfatc1 and Nfatc2 in CD4+ and CD8+ T cells 

during activation 

NFAT transcription factors are directly linked to the TCR signaling cascade and become activated 

upon TCR stimulation. In a first experiment, naïve CD4+ and CD8+ T cells were purified separately 

from wild-type mice. In order to get all purified T cells activated in vitro, wells of culture dish 

plates were coated with antibodies against CD3ε and CD28. RNA and protein extraction from the 

cultured cells was performed at the indicated time points. 

Another approach for investigating the transcriptional induction of Nfatc1 upon T cell activation 

provides the use of a transgenic mouse model generated in our facility. Those mice bear artificial 

bacterial chromosomes (BAC) in their nucleated cells. In those artificial chromosomes, which were 

introduced into the germ line, an Nfatc1 promoter region was cloned upstream (5’) from a GFP-

gene105. Whenever Nfatc1 transcription is induced in those cells, a GFP-mRNA (and latter protein) 

is transcribed as well. This GFP expression can be monitored by FACS analysis or in western blot. 

In the following experiments, GFP occurrence was measured on the FACS Canto II. 

Expression of NFAT family members c1, c2 and c3 upon activation was measured on cDNA 

(transcribed from mRNA) and protein level. All RNA data were calculated relatively to 

corresponding unstimulated T cell populations. 

The cDNA expression, as a readout for RNA transcript levels, of the inducible P1 promoter of 

Nfatc1 in CD4 and CD8 positive T cell populations is elevated after 3 d of αCD3/CD28 stimulation. 

A 3-4 fold increase of Nfatc1 mRNA is typical for stimulated lymphoid cells. On the other hand, 

the P2 promoter activity in both T cell populations is markedly decreased upon activation. Overall 

Nfatc1 expression is upregulated in CD8+ T cell populations, whereas Nfatc2/c3 mRNA expression 

is not significantly affected upon stimulation. 
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To verify the findings from qRT-PCR assays, experiments with the BAC-transgenic mouse model 

were performed in addition to visualize Nfatc1 promoter activity as a readout of GFP protein 

intensity within the cell. Mean fluorescence intensity (MFI) values of BAC-transgenic T cell 

populations are increasing at 24 h of stimulation with αCD3/CD28. They reach a maximum 

fluorescence level after 3 d. In unstimulated T cell populations, CD8+ T cells show a somewhat 

higher signal strength indicating an elevated basal Nfatc1 promoter activity in those cells compared 

to the CD4+ T cell compartment. Upon stimulation, CD4+ T cells show a higher expression of GFP 

since at the endpoint of the experiment on day 3, CD4+ T cells show a higher MFI compared to 

CD8+ T cells. 

Figure 1: NFAT expression is upregulated upon T cell stimulation. NFAT mRNA (A) and 

protein (B) expression was measured after 3 d of stimulation with plate-bound αCD3/CD28 

antibodies in CD4+ and CD8+ T cells. For western blot analysis (B), cells were additionally re-

stimulated for 6 h with TPA/ionomycin. Measurement of transcriptional Nfatc1 promoter activity 

(C) was performed using a BAC-transgenic mouse model. Labelling indicates the days of 

αCD3/CD28 stimulation. Wild type and Nfatc1-/- CD8+ T cells were stimulated for 3 d, re-

stimulated with TPA/ionomycin and equal protein amounts were blotted on a nitrocellulose 

membrane in (D). Values are shown with mean standard error bars. 
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On protein level, the overall NFATc1 concentration is drastically elevated after one and 3 d of 

αCD3/CD28 treatment. Re-stimulation with TPA/ionomycin does not lead to a further increase of 

total NFATc1 protein amounts neither in CD4+ nor CD8+ T cells compared to β-actin (The strong 

signal from NFATc1 in re-stimulated CD4+ T cells results from a higher general protein amount 

loaded onto the gel). The NFATc2 protein amount is slightly elevated upon activation in CD4+ T 

helper cells and in cytotoxic CD8+ T cells as well. NFATc3 levels are increased only after 

prolonged stimulation (for 3 d) in both T cell populations. 

To investigate if the Cd4 cre transgene is also expressed in CD8 + T cells and acts on the cognate 

loxP sites in the Nfatc1 gene, western blots of purified CD8+ T cells - either from wild type or 

Nfatc1fl/fl Cd4-cre mice - after 3 d of αCD3/CD28 stimulation were performed (Figure 1 D). 

Successful disruption of the Nfatc1 gene followed by loss of NFATc1 protein expression is shown 

by a clear luminescence signal for NFATc1 in wt but not in Nfatc1fl/fl Cd4-cre CD8+ T cells. During 

T cell maturation in the thymus, cells undergo a Cd4-Cd8 co-expressing stage. Therefore, the 

expression of Nfatc1 is also suppressed in mature CD8+ T cells. 

Taken together, the results of transcriptional activity and the final protein amounts indicate that 

NFATc1 protein is induced in both T cell populations upon stimulation, whereas in CD8+ T cells, 

expression on mRNA and protein level occurs to be stronger and earlier. Post-transcriptional 

mechanisms may also play a role in differential regulation of NFATc1 expression in CD4+ and 

CD8+ T cell subsets.  
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1.7.2 NFATc1 and c2 proteins are translocated to the nuclei of CD8+ T cells 

upon stimulation 

Nuclear translocation is required for the transcriptional activity of NFAT family members and can 

be easily monitored by confocal microscopy. CD4+ or CD8+ T cells were stained intracellularly for 

NFATc1 and c2. Since NFATc3 is not significantly affected during T cell activation (see Figure 

1), antibody stainings were only done with the two most important NFAT family members in 

lymphoid organs - c1 and c2. Acquisition and visualization was done on a confocal microscope 

(TCS SP5 II, Leica) with the ImagePro Plus software (Leica). 

Figure 2: Upon stimulation, NFATc1 and c2 transcription factors are located in the nucleus. 

CD4+ and CD8+ T cells were purified and stimulated in vitro for 3 d with plate-coated CD3/CD28 

antibodies. Representative pictures of cytospins from T cell populations were taken which were 

either re-stimulated with TPA/ionomycin for 6 h (hatched lines) or left in the medium (blank bars). 

Intracellular stainings for NFATc1, NFATc2 and the T cell nuclei were done (A). The overlapping 

light emission with the nuclear DAPI staining was correlated with those from bound NFATc1 (B) 

and NFATc2 (C) antibodies. Total light intensity in CD4+ and CD8+ T cell populations for both 

treatments is plotted in D. For optimal visualization, the brightness of signals from NFATc1 

stainings was increased similarly in all corresponding pictures. Data from two experiments and at 

least 20 cells per condition are presented. Values are shown with mean standard error bars. 
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After 3 d of continuous stimulation, NFATc1 proteins were found to be equally distributed between 

the cytoplasm and nucleus in both cell populations. Ongoing activation leads to an almost complete 

nuclear import resulting in NFATc1-dependent gene transcription. Complete nuclear translocation 

– and NFATc1 protein induction itself – can be maintained by the addition of the phorbol ester 

TPA and the calcium ionophore ionomycin for 6 h. The rising of the signal intensity after re-

stimulation is represented by a 10 fold increase in each T cell population. These findings appear to 

contradict the results from NFATc1 protein expression in T cell populations in Figure 1. Those 

conflicting results may originate from a different 7A6-NFATc1 antibody-binding affinity to the 

inactive/phosphorylated and activated/dephosphorylated protein. Since conformational changes 

upon NFATc1 de-phosphorylation and activation reveal the NLS under physiological conditions, 

this may be a reason for differential (enhanced) binding of antibodies to nuclear NFATc1. De-

naturated proteins (on a nitrocellulose membrane) remain their primary protein structure 

diminishing different antibody binding affinities towards NFATc1. Different from the massive 

increase in NFATc1 protein expression, levels of NFATc2 expression were only slightly affected 

by TPA/ionomycin re-stimulation, as shown in a 2-3 fold increase in fluorescence intensity.  

Similar to NFATc1, re-stimulation of T cells triggers translocation of NFATc2 from the cytoplasm 

to the nucleus. In non-re-stimulated T cells, NFATc2 proteins are mostly located in the cytoplasm 

but also become translocated to the nucleus upon TPA/ionomycin re-stimulation. Different from 

the transcriptional activation of NFATc1 where almost all proteins are located in the nucleus, the 

percentage of signals from cytoplasmatic NFATc2 proteins remains on a level of about 25 % in 

both T cell populations upon activation. 

Taken together, both NFAT family members c1 and c2 are activated and translocated into the 

nucleus upon T cell stimulation to induce gene transcription. A strong activation-induced increase 

of NFAT on protein level can be observed for NFATc1. This may be due to modified antibody 

binding to different activation states because overall NFATc1 protein levels are not affected by 

TPA/ionomycin re-stimulation (see Figure 1).  



Results 

 

52 

 

1.8 Impaired proliferation capacity of NFATc1/c2-deficient T cells 

To characterize the role of NFAT proteins during CD8+ T cell stimulation, we investigated the 

activation of T cells isolated from NFATc1- and NFATc2-single and NFATc1/c2 double deficient 

mice. Purified T cells were stimulated with plate-bound CD3/CD28 antibodies for 3 d. 

Fundamental parameters, as proliferation and apoptosis, were investigated by CFSE staining and 

annexinV/PI measurements respectively.  

The number of late-apoptotic (annexinV+, PI+) cells after 3 d did not significantly differ between 

all three knockout models compared to wild type cells, although in the Nfatc1-/-Nfatc2-/- CD8+ T 

cell populations a tendency to an increased apoptosis was observed. 

Figure 3: Impaired proliferation capacity of NFAT-deficient CD8+ T cells. Purified CD8+ T 

cell populations defective in either NFATc1, NFATc2 or in both transcription factors were labelled 

with CFSE and stimulated for 3 d with αCD3/CD28. The percentage of apoptotic cells was 

determined by annexinV/PI staining (A). CD8+ T cells were either treated with a strong stimulus 

of αCD3 (5 μg/ml) (B) or a low dose of 50 ng/ml CD3 antibodies (C) but a constant concentration 

of αCD28 (2 μg/ml). Statistical analysis was performed by unpaired student’s t-tests; ** P < 0,005. 

Values are shown with mean standard error bars. 
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Single deficient T cell populations only showed a moderate decrease in proliferation whereas 

Nfatc1/c2 deficiency led to a marked drop in proliferative capacity, as visualized by a reduced rate 

of CFSE- cells within the living cell compartment upon strong stimulation (5μg/ml, B). Under those 

stimulating conditions, defects caused by the absence of either NFATc1 or c2 may be – at least 

partially - compensated by the other family members whereas a lack of both transcription factors 

led to a significant drop in the activation and survival rate. 

Suboptimal stimulation of T cells (by 50 ng/ml αCD3) revealed a stronger effect of NFATc1/c2 

absence on CD8+ T cell proliferation. Nfatc1-/- CD8+ T cells showed a significant drop in the 

proliferating cells from approximately 55% for wild type cells to 45% for Nfatc1-/- CD8+ T cells 

whereas Nfatc2-/- CD8+ T cells even showed an elevated proliferation level (Figure 3 C). 

NFATc1/c2-double deficient CD8+ T cells showed a similar phenotype as Nfatc1-/- CD8+ T cells 

in proliferative capacities, emphasizing the importance of NFATc1 during T cell activation and 

proliferation. NFATc2 has an inhibitory function regarding the proliferation capacity of CD8+ T 

cells under suboptimal stimulation.  

1.8.1 Reduced cytokine expression in NFATc1/c2-deficient T cells 

An important physiological function of activated CD4+ and CD8+ T cells is their capacity to secrete 

and release cytokines with the aim to attract other immune cells, to provide stimulatory functions 

to components of the immune system (in the case of CD4+ T helper cells) or to act as a direct 

mediator of cytotoxicity (as for cytotoxic CD8+ T cells). As NFATc1 and c2 are well known 

transcription factors involved in cytokine gene expression, we observed distinct effects of NFATc1 

and NFATc2 ablation of cytokine expression. Two setups were made to investigate the effect of T 

cell differentiation regarding the cytokine production of CD4+ and CD8+ T cell populations. As a 

control, naïve CD3+ T cell populations were stimulated for 6 h with TPA/ionomycin and Golgi 

Plug + Golgi Stop. Other T cells were differentiated towards a Th1/Tc1 phenotype for 3 d and re-

stimulated as described above. To separate CD4+ from CD8+ T cell populations for analysis, 

fluorochrome labelled antibodies were used for flow cytometry. 

In Figure 4, the percentage of cells expressing several cytokines (IFNγ, TNFα and IL-2) already 

characterized as targets of NFAT-dependent gene expression, are shown. In naïve T cell 

populations (Figure 4 A and C), only TNFα is rapidly induced after TPA/ionomycin stimulation 

whereas other cytokines remain low in expression upon TPA/ionomycin stimulation. 
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The surface molecule CD40 ligand (CD40L) was detected by intracellular staining since it is known 

that attached antibodies (or CD40 molecules) may already lead to a mild activation followed by 

internalization of CD40L complexes and the loss of fluorochrome signal. In the naïve state, high 

numbers of CD4+ T cells express CD40L. After 3 d of Th1/Tc1 differentiation, the CD40L signal 

in CD8+ T cells is elevated, even on a higher level compared to stimulated CD4+ T cells. As 

granzyme B expression is not detectable in naïve T cell populations, after T cell differentiation 

about 60% of the generated Tc1 cells produce granzyme B whereas only about 20% of the T helper 

cells generate detectable amounts of granzyme B. However, contrary to naïve CD8+ T cells, 

cytotoxic T cells are able to produce and secrete Granzyme B and other cytolytic components in 

high amounts (see also Figure 10). 

Another mechanism which is important for the eradication of malformed cells is the Fas-FasL 

pathway. We did not observe a significant change in FasL expression on the cell surface neither in 

Figure 4: NFAT-deficient T cell populations are defective in cytokine production after T cell 

differentiation. Whole splenic T cell populations were purified from spleens and lymph nodes. 

Analysis for cytokine production was done upon addition of TPA/ionomycin (A and C) to freshly 

prepared naïve T cells or cells were kept for 3 d under Th1/Tc1 polarizing conditions followed by 

TPA/ionomycin re-stimulation (B and D). After the incubation, CD4+ (A and B) and CD8+ (C and 

D) T cell populations were analyzed by flow cytometry for intracellular IFNγ, IL-2, TNFα, 

granzyme B, CD40L, and FasL expression. Values are shown with mean standard error bars. 
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CD4+ nor CD8+ T cells. In general, Fas ligand surface expression remained low after T cell 

differentiation. Because FasL expression is maintained on a very low level, no significant NFAT 

dependent differences of FasL expression were detectable in all knockout mice although the Fasl 

gene is known to be an NFAT target106,107. 

This model of polyclonal T cell activation seems to depend on cellular-mediated cytotoxicity by 

Fas-FasL interaction. Also, the impact of NFAT deficiency on cytokine expression upon activation 

could be monitored well in this context. A general, but moderate inhibition of cytokine production 

and secretion occurs under all three Nfatc knockout conditions, compared to wild type cells. Most 

striking effects were found for IFNγ production of differentiated T cell populations. 

With respect to IFNγ and IL-2 expression, NFATc1/c2-double deficient T cells show a phenotype 

similar to Nfatc1 single deficient T cells. In naïve T cells, TNFα+ producing Nfatc1/c2-/- cells were 

detected in similar numbers than Nfatc2-/- cells suggesting that the Il2 and Ifng genes are NFATc1 

targets whereas TNFα production depends more on NFATc2. 

Broad variations in the appearance of intracellular CD40 ligand are not correlated with significant 

differences between activated cells of the four NFAT lines. Only naïve CD4+ T cells showed a 

dampened CD40L expression upon TPA/ionomycin stimulation when Nfatc2 is inactivated. 

Beside perforin, granzymes – especially granzyme B – are mandatory for the cytotoxic capacities 

of generated CTLs. Granzyme B protein expression was measured as an evaluation of the 

availability of cytolotic granules within the cells. No statistical significant differences were found 

for Tc1 cytotoxic T cells, but a slight reduction in numbers of GzmB+ CD8+ T cells for Nfatc1, 

Nfatc2 and Nfatc1c2 knockout mice was found, compared to wt T cells. This led to the conclusion 

that NFAT function is involved in granzyme B expression and cytotoxic granule formation. Still, 

high granzyme B levels can be maintained in the cells for providing their cytotoxic capacities. 

Taken together, the transcription factors NFATc1 and c2 are important for an efficient effector 

cytokine production in both Th1 and Tc1 cells whereas other important key factors for CTL 

physiology, such as granzyme B and CD40L, are less affected by the loss of NFAT factors. 
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1.8.2 Allogeneic target cell killing is reduced in the absence of NFATc1 

Since some effector functions of CD8+ T cells are strongly affected by NFAT-deficiency (as for 

the production of IFNγ, IL-2 and TNFα) and others less (as granzyme B and FasL expression), the 

classical function to lyse and kill allogenic or infected target cells appear to be performed in the 

absence of NFAT. To investigate the killing capacity of polyclonally activated cytotoxic T cells, 

CD8+ T cell populations from wt, Nfatc1-/-, Nfatc2-/- or Nfatc1/c2 double deficient mice were 

stimulated with plate-bound antibodies against CD3 (5μg/ml) and CD28 (2μg/ml) for 3 d prior to 

a killing assay. Living cells were counted and set at different effector:target cell ratios for the time 

intervals indicated. In addition to the measurement of luciferase signals, intracellular granzyme B 

expression and Lamp1 (CD107a) appearance on the surface of effector cells were measured by 

flow cytometry. 

Figure 5: Contrary to Luc+ A20J cells, MOPC cells are resistant to Fas-mediated killing. 
Luminescence signals from different cell amounts of Luc+ MOPC cells cultured for 30 min were 

measured in (A). R2 shows the correlation coefficient from cells cultured in medium. Flow 

cytometry staining for surface Fas expression was performed for MOPC (red) and control Luc+ 

A20J cells (blue) in (B).  A whole splenic T cell population was taken as negative control (green). 

The impact of different concentrations of multimeric Fas antibodies on cell luminescence/viability 

was investigated in (C). Values are shown with mean standard error bars. 
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To ensure that only granule-mediated killing is determined - and not additional Fas-FasL 

interaction followed by target cell death - the susceptibility of the MOPC cell line to execute Fas-

induced cell death was determined as well. 

In Figure 5, the linear dependence of light emission from luciferase positive cells is shown to 

demonstrate the correlation between the amount of target cells and the corresponding luciferase 

signal intensity. The more Luc+ MOPC cell were seeded in a 96-well plate for 30 min prior analysis, 

the higher the luciferase activity was measured in cell lysates. As a negative control, same amounts 

of cells were treated with culture medium containing 0,1 % Triton X 100. This chemical acts as a 

detergent, incorporates into the cell membrane and leads to a disruption of the whole cell complex 

and induces apoptosis. From these cells, no significant increase of luciferase signal upon elevated 

cell amounts was detected as values remained at a basal background level. 

To ensure that cell death induction can only be delivered by granule release from cytotoxic T cells, 

MOPC cells were tested for the expression of the Fas-receptor on their cell surface. As a 

verification for intact Fas-Fas ligand induced apoptosis induction, Fas antibodies were added at 

different concentrations to cell cultures overnight. To induce cell death, Fas-antibodies were 

administered as multimers to obtain a clustering of available Fas proteins on the cell surface. On 

the next day, the luminescence of cellular lysates was measured. As positive control, A20J cells, 

which were also transfected with a luciferase gene and originate from a murine BALB/c B-cell 

lymphoma, were used. Contrary to the MOPC cell line, A20J cells express Fas proteins on their 

cell surface, and, therefore, are susceptible to Fas-mediated killing, even upon administration of 

very low amounts of Fas antibodies. Moreover, the luminescence from MOPC cells remained 

unaffected by increasing amounts of Fas antibodies in the supernatant so a decrease of cell 

luminescence can only originate from reduced cell amounts not being affected by Fasl expression 

on effector cells. 

In a first experiment for the evaluation of a CTL killing capacity, purified CD8+ T cell from wild 

type mice were either stimulated with plate-bound αCD3 + αCD28 or were left unstimulated for 3 

d. Polyclonally activated and unstimulated T cells were counted and seeded in a 96-well plate in 

various CD8+ T cell and MOPC target cell concentrations and left overnight at 37°C and 5% CO2 

in the incubator.  
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To track the kinetics of the killing capacity from pre-stimulated wt and Nfatc1-/- CTLs, CTL-MOPC 

co-cultures were set in a 2:1 effector/target cell ratio and investigated at different time points from 

2 h to 48 h after addition of target cells. The luminescence signals as readout for the amount of 

surviving target cells were recorded. A significant decrease in the luminescence from target cells 

was observed after overnight co-culture in both wt and Nfatc1-deficient cells, compared to target 

cells cultured without effector CD8+ T cells. The luminescence signals were found to be decreased 

when co-cultures were kept for longer time periods. Co-cultures containing Nfatc1-/- effector cells 

showed a stronger luminescence readout compared to those from wt cells indicating a higher 

amount of living MOPC target cells (see Figure 5). 

Figure 5 C shows the luminescence from target cells after overnight MOPC cultures with 

unstimulated wt CD8+ T cells as a negative control or with wt CTLs or CTLs deficient for NFATc1, 

c2 or both family members. The effector:target cell ratio was set to 2:1, so that about 50% of the 

luminescence signal got lost in the killing assay containing wild-type cytotoxic CD8+ T cells. Naïve 

CD8+ T cells do not show any killing activity to allogeneic MOPC target cells whereas the light 

Figure 6: Allogeneic target cell killing depends on NFATc1. Splenic CD8+ T effector cells (E) 

were either left untreated or stimulated with CD3/CD28 antibodies for 3 d. For the killing assay, 

effector cells were co-cultured with allogeneic MOPC target cells (T) at indicated ratios overnight 

followed by a luciferase assay (A). A comparative kinetics experiment between wild type and 

Nfatc1-/- CTLs shows their killing capacities (B). Luciferin signal from living target cells was 

determined after overnight co-culture with naïve wild type or primary stimulated CTLs from wild 

type, Nfatc1 and Nfatc2 knockout T cell populations (C). Surface Lamp-1 (CD107a) and 

intracellular granzyme B appearance on activated CD8+ T cells was determined upon addition of 

target cells in (D); ** P < 0,005. Values are shown with mean standard error bars. 
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emission from the luciferase is decreased to about 50% (Figure 6 A) upon addition of polyclonally 

pre-activated CTLs. This goes in line with the kinetics experiment shown before. CTLs lacking 

NFATc1 show only a mild decrease in target cell luminescence signals to 75% whereas NFATc2 

deficient T cells don’t show a different phenotype from wild type cytotoxic T cell co-cultures 

(Figure 6 C).  

To investigate the decreased killing capacity of Nfatc1-/- cytotoxic T cells in more detail, flow 

cytometry stainings for surface expression of CD107a and intracellular granzyme B accumulation 

as indicators for lytic granule appearance were performed. Degranulated (CD107a+) CTLs and 

granzyme B protein expression upon target cell-induced activation were traced after a time period 

of 6 h. 

No significant differences were found for the activation-induced CD107a expression in both 

NFAT-deficient cells compared to wild type cells. A general increase in the percentage of CD107a+ 

cells indicates successful MOPC-induced activation of several effector cells followed by fusion 

and degranulation of cytotoxic granules with the cell membrane for target cell killing. 

Figure 7: GzmB+ lytic granules appear in stimulated CD8+ T cell populations lacking 

NFATc1. Purified CD8+ T cells were stimulated with αCD3/CD28 for 3 d. Cells from stimulated 

CD8+ T cell populations were labelled with DAPI and antibodies against granzyme B (A)and 

analyzed by confocal microscopy. Green spots close to single cells were enumerated and are shown 

in (B).The figures show representative single cells from two experiments. Values are shown with 

mean standard error bars. 
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Measurement of granzyme B-expressing compartment of cytotoxic cells showed an interesting 

phenotype: The expression of granzyme B was markedly upregulated from initially 20 to about 

40% when target cells were added during the time of incubation in wt and Nfatc2-inactivated CTL 

populations. In Nfatc1-/-cells, the percentage of GzmB+ CTLs was at a level of 50% of the whole 

CTL population after polyclonal stimulation for 3 d, and got not further increased in a co-culture 

with MOPC target cells (see Figure 6 C). 

In accordance to the elevated numbers of granzyme B+ cells observed in the population of Nfatc1-

deficient cytotoxic T cells, stainings of lytic vesicles with antibodies against granzyme B of 

polyclonally activated wild-type, Nfatc1-/-, Nfatc2-/- and Nfatc1/c2-/- CD8+ T cells for confocal 

microscopy were performed. After 3 d of αCD3/CD28 treatment, 1 x 105 cells were directly taken 

from the cell culture and used for cytospins. In addition to the detection of granzyme B, DAPI 

stainings were performed for the localization of nuclei. 

Binding of FITC-labelled antibodies against granzyme B shows the presence of lytic granules in 

cytotoxic T cells. Only in Nfatc1-/- T cells (i.e. in single Nfatc1-inactivated T cells and Nfatc1/c2-

deficient T cells), cytotoxic granules appeared in the cytoplasm. In wild-type and single Nfatc2-/- 

cells, virtually no granzyme B+ spots were found close to nuclei. These findings confirm the 

tendency of the flow cytometry results indicating that polyclonally activated Nfatc1-/- CD8+ T cells 

contain a higher percentage of granzyme B+ cells than those from wild-type mice (Figure 6). This 

seems to be the result of an accumulation of lytic vesicles in Nfatc1-/- CTLs suggesting an impaired 

granule release that contributes to the impaired killing capacities of cytotoxic Nfatc1-/- T cells. 

1.9 The phenotype of allogeneically primed NFATc1-deficient CD8+ T cells 

To generate a viable CD8+ T cell population with high affinity to a defined group of antigens, naïve 

CD8+ T cells were purified from wild type and Nfatc-/- mice in a first step and incubated in co-

cultures with irradiated BALB/c splenocytes. Lethal irradiation of BALB/c splenocytes with 30 

gray led to an inhibition of transcription and, thereby to the inactivation of cells. Therefore, 

BALB/c splenocytes (H-2Kd) serve as a primary allogeneic stimulator for naïve B6 CD8+ T cells 

(H-2Kb) without affecting the physiology of B6 CD8+ T cells. BALB/c splenocytes die soon after 

cell culture for 2 d. After 6 d of cell culture, the surviving CD8+ T cells were analyzed for various 

parameters. 
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1.9.1 Increased apoptosis of NFATc1-deficient CTLs 

Proliferation and apoptosis are major events which regulate the pool of CTLs during immune 

responses. Those basal parameters of CD8+ T cell survival were recorded by CFSE labelling and 

annexinV PI-staining after 6 d of MLR culture, respectively. 

Counting of total viable cells by staining with trypan blue solution in a Neubauer chamber showed 

that only about 50% of the Nfatc1-deficient CD8+ T cells survived after 6 d of cell culture compared 

to wt cells which were set to 100% for each experiment. Ablation of Nfatc2 expression did not 

significantly influence the number of CTLs after 6 d of MLR culture whereas CTLs double 

deficient for NFATc1 and NFATc2 showed a cell number similar to Nfatc1-/- cytotoxic T cells.  

To gain a better insight into the cause for the decreased cell numbers of Nfatc1-/- cells, the apoptosis 

of the cells was measured after 6 d, and kinetics in the BALB/c cell stimulation via CFSE staining 

of CD8+ T cell were measured. 

Stainings for annexinV and propidium iodide showed a significant drop in the percentage of AV- 

PI- events representing the viable cell compartment. The number of surviving cells decreased from 

about 30% in wt CD8+ T cells to 15% in NFATc1-deficient T cells. In contrast, Nfatc2-/- CD8+ T 

cells were not significantly reduced in cell viability, compared to wild type CTLs. 

The other potential mechanism – i.e. decreased cell proliferation – was investigated by CFSE 

staining. Only a small fraction of CD8+ T cells in both wild type and Nfatc1-/- populations is reactive 

to allogeneic MHC complexes in the naïve state. Therefore, a detectable fraction of CFSE- CD8+ 

T cells rises from the mixed lymphocyte reaction at 3 d of cell culture. Because unstimulated CD8+ 

Figure 8: Apoptosis contributes to reduced generation of NFATc1-deficient CTLs during a 

mixed lymphocyte reaction. After 6 d of co-culture of B6 CD8+ T cells together with irradiated 

BALB/c splenocytes, the remaining cells were investigated by counting trypan-blue- cells in a 

Neubauer chamber (A), moreover, and annexinV/PI staining for FACS analysis (B) was performed. 

In addition, a CFSE staining showing the percentage of proliferated (CFSE-) CTLs at indicated 

days of co-culture was done (C). Values are shown with mean standard error bars. Statistical 

analysis was performed by unpaired student’s t-tests; * P < 0,05; ** P < 0,005; *** P < 0,0005. 
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T cells die after several days in cell culture whereas the proliferation of H-2Kd-reactive T cells 

progresses, the percentage of viable CFSE- CTLs compared to the naïve (CFSE+) T cell fraction 

rises up to about 80% in wt and Nfatc1 inactivated cytotoxic T cells until day 6. Both CTL 

populations did not show any significant difference in number of proliferating cells at each time 

point during the whole period of the allogeneic stimulation. On the other hand, a fraction of about 

20% CFSE+ unstimulated naïve CD8+ T cells remained alive in the whole T cell fraction and did 

not gain any effector function after incubation. 

As a primary result, one significant defect of Nfatc1-/- CD8+ T cells compared to wild type and 

Nfatc2-/- CD8+ T cells is the increased ratio of activation-induced cell death whereas the general 

proliferative capacity is maintained in this model of allogeneic reactive CTL generation. 

1.9.2 NFATc1-deficiency does not affects the expression of T cell activation 

markers 

Since NFAT transcription factors play an important role in T cell activation, naïve and generated 

BALB/c reactive CD8+ T cell populations were examined for general T cell activation markers. 

About 10% of cells from the spleen are CD8+ T cells. This ratio does not differ between wt and 

NFATc1-deficient T cell populations. A high percentage of CD62l (L-selectin)+ and a low amount 

of CD44+ CD8+ T cells represents typical naïve T cell populations which develop towards a CD44+ 

CD62l- effector memory cell population during antigen-induced stimulation. No differences in the 

expression of these markers were found neither in wild type nor in Nfatc1-/- cytotoxic T cells before 

and after allogeneic stimulation of CTLs. 

The secretion of IL-2 by activated T cells enhances T cell proliferation in an intrinsic and extrinsic 

manner through the IL-2 receptor. CD25, which is a part of the IL-2 receptor (notably the α chain), 

is expressed upon activation to increase the reactivity towards secreted IL-2, and therefore acts as 

an additional marker for activated T cells. The increase of CD25 expression on unstimulated naïve 

CD8+ T cells from 4% to 20% in effector CTLs visualizes the activation process during the MLR 

culture. Interestingly, both CTL populations didn’t show any differences in CD25 expression after 

initial activation. 

The early T cell activation marker CD69 is expressed on a low level in unstimulated CD8+ T cells. 

After extensive MLR co-culture, CD69 levels are slightly increased but not significantly different 

between wt and Nfatc1-/- CTLs. 



Results 

 

63 

 

Interestingly, the expression of Fas-ligand in naïve NFATc1-deficient CD8+ T cells is markedly 

increased to 5% compared to 2% Fasl+ cells in wild type CD8+ T cells. After 6 d of co-culture with 

BALB/c target cells, the difference disappears, and about 10% of each T cell population show a 

Fasl+ phenotype. 

Taken together, the expression of activation markers in Nfatc1-/- CD8+ T cells was not significantly 

different to those in wt CD8+ T cells. After 6 d of allogeneic priming of CD8+ T cell population, 

typical activation- and memory markers were upregulated (CD25, CD44), whereas markers for 

naïve T cell were down-modulated (CD62l) in both CTL populations. Therefore, the wild type and 

Nfatc1-/- CD8+ T cells showed virtually no difference in T cell activation.  

Figure 9: T cell activation markers are not altered in Nfatc1-/- CD8+ T cells after allogeneic 

stimulation. Freshly prepared splenocytes from wild type and Nfatc1-/- mice were investigated for 

CD8+ T cell populations (A) and several activation markers (B). After 6 d of CD8+ T cell 

stimulation with irradiated BALB/c splenocytes, surface marker expression was determined again 

(C). Values are shown with mean standard error bars. Statistical analysis was performed by 

unpaired student’s t-tests; ** P < 0,005. 
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1.9.3 Cytokine expression of MLR-generated Nfatc1-/- CTLs is impaired 

NFAT transcription factors bind to several promoter regions of key cytokines upon T cell 

activation. Beside NFATc1, NFATc2 is also able to bind to promoter elements to induce gene 

transcription for various cytokines. In the following experiment, the expression of classical Th1/Tc1 

cytokines as IFNγ, IL-2 and TNFα as well as IL-17 expression was determined by intracellular 

flow cytometry of the generated CTLs after 6 d of the mixed lymphocyte reaction. After 6 h of 

TPA/ionomycin re-stimulation, and the addition of brefeldin A and monensin to trap proteins in 

the Golgi complex, cells were treated according to the IC staining protocol and recorded on a flow 

cytometer (BD FACS Canto II). However, intracellular granzyme B and perforin expression was 

only measured in freshly prepared CTL populations after the MLR culture without any re-

stimulation. To get a better understanding of target-cell-induced CTL degranulation, granzyme B 

protein levels in the supernatants were determined by ELISA assays after the incubation of wild 

type and Nfatc1-/- CD8+ T cells for 6 d with BALB/c target cells. 

The percentage of IFNγ, IL-2 and TNFα expressing cytotoxic T cells was found to be reduced in 

all Nfatc1/c2 single and double knockout CTL populations compared to the wild-type cytotoxic T 

cells. The lack of NFATc2 led to a somewhat milder reduction of cytokine-producing T cells, 

especially for TNFα and IL-2. The strongest decrease occurred in NFATc1/c2-double deficient T 

cells for IFNγ and TNFα, emphasizing the importance of both NFAT proteins for cytokine gene 

transcription in cytotoxic T cells. This underlines the overlapping function of NFATc1 and c2 in 

promoter activation of distinct target genes.  

Measurement of perforin and granzyme B expression in CTLs showed slightly different results. 

NFATc1-deficient CTLs exhibited a higher percentage of cells containing perforin and granzyme 

B proteins compared to wild type and Nfatc2-/- CTLs. To investigate the question whether the lytic 

granule release from the primed CD8+ T cells remains functional, cell culture supernatants from 

the MLR assays were taken and investigated for granzyme B amounts in ELISA assays. 

In several parallel experiments, a significant difference was detected in granzyme B levels between 

wild type and Nfatc1-/- CD8+ T cells showing a marked drop in granzyme B levels in the 

supernatants of Nfatc1-/- CTLs. 
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NFATc1 and c2 are mandatory for efficient cytokine production in CD8+ T cell populations to 

sustain effector functions as well as to deliver cytotoxicity to infected or allogeneic target cells. 

Therefore, a lack of NFATc1 and/or NFATc2 led to a strong decrease in expression of several 

important cytokines, such as IFNγ, TNFα and IL-2. 

1.9.4 Due to the lack of NFATc1, allogeneic target cell killing is reduced  

In addition to natural killer (NK) cells, cytotoxic CD8+ T cells deliver direct cell-mediated 

cytotoxic signals to any non-self cell. As one of the two major mechanisms for mediating cytotoxic 

activity, lytic granule release from the effector CTL towards a target cell at the immunological 

synapse is an important step to mediate target cell apoptosis. Prominent components of cytolytic 

granules are Lamp-1 (CD107a, to prevent cytotoxicity towards the effector cell itself), perforin and 

Figure 10: Cytokine expression of CD8+ T cells lacking NFATc1 and c2 is altered. Allo-

reactive cytotoxic T cells were stained for IFNγ, IL-17, TNFα and IL-2 (A). The appearance of 

lytic granules was determined by intracellular measurement of granzyme B and perforin (B). 

Granzyme B protein amounts in the culture supernatant were determined in (C). Values are shown 

with mean standard error bars. In general, analysis was done by unpaired student’s t-test but in (C) 

a paired t-test was used; * P < 0,05; ** P < 0,005; *** P < 0,0005. 
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granzyme B. Perforin facilitates the uptake of granzyme B and other cytolytic proteins through the 

target cell membrane to induce target cell apoptosis.  

A first set of experiments was set up to observe the effects of calcineurin-mediated NFAT inhibition 

in MLR-generated cytotoxic T cells upon addition of cyclosporin A (CsA). 

The IFNγ promoter is a well-investigated target for NFAT upon T cell activation. Therefore, wild 

type allogeneic CTLs were investigated regarding their effector functions upon target cell and CsA 

addition. Unstimulated cytotoxic T cells show hardly any IFNγ producing cells. Addition of 

allogeneic A20J target cells for 4 h led to a marked increase of IFNγ-producing cells since the 

CD8+ effector cells were initially stimulated with allogenic BALB/c target cells for 6 d. They share 

the same genetic H-2Kd background. Following the protocol for detection of intracellular proteins, 

cells were treated with monensin and brefeldin A during the assay. 

Blockage of the calcineurin-NFAT pathway by addition of 100 nM CsA during the incubation time 

did not lead to any detectable IFNγ production in the effector CD8+ cells during the allogeneic re-

stimulation. This shows that IFNγ production is clearly NFAT-dependent. 

Figure 11: Although cytotoxic functions of Nfatc1-/- CTLs are inhibited, defective killing 

capacity of Nfatc1-/- CTLs is not directly linked to Nfat transcriptional function. BALB/c 

primed CTLs from wild type mice were re-stimulated with A20J cells for 4 h and effector cell 

capacity for degranulation (A), IFNγ production (B) and target cell killing (C) are shown in the 

presence (dotted bars) or absence (blank bars) of 100 nM CsA. Degranulation (D) and Granzyme 

B expression (E) upon target cell contact of cytotoxic T cells from Nfatc1 and Nfatc2 knockout 

mice and corresponding induction of cell death in A20J target cells (F) were determined. The 

effector:target cell ratio was set to 1:1. Values are shown with mean standard error bars. Statistical 

analysis was performed by unpaired student’s t-tests; * P < 0,05; *** P < 0,0005. 
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However, other effector functions were shown to be calcineurin-NFAT independent. In the same 

setup as mentioned above – but without monensin and brefeldin A in the supernatant – the addition 

of CsA to a final concentration of 100 nM did neither influence the degranulation (Figure 11 A) 

nor the A20J target cell killing (Figure 11 C) of CD8+ cytotoxic T cells.  

These results reveal that some CTL effector functions directly depend on NFAT transcriptional 

activity (as IFNγ production) whereas others do not (such as CTL degranulation and short-term 

target cell killing). 

The characterization of CD8+ cytotoxic T cells generated by MLR co-culture showed an increase 

in intracellular granzyme B in wild type CTLs after re-stimulation with A20J target cells compared 

to non-re-stimulated T cells (see Figure 11 E). In all NFAT-deficient CD8+ T cell populations, a 

stimulation-induced increase of granzyme B-producing CTLs was observed. 

CD107a (Lamp-1) expression on the effector cell surface was also measured after A20J target cell 

stimulation. By fusion of lytic granules with the CTL membrane to release cytolytic components, 

CD107a proteins are distributed on the effector cell surface so that CD107a+ cells can be followed 

as successfully de-granulated cells. Wild type CD8+ T cells showed a strong increase of CD107a+ 

cells from about 15 to 45 % after contact with A20J target cells for 4 h. NFATc1-deficient CTLs 

did hardly upregulate CD107a proteins upon cultivation with A20J target cells. NFATc2-

deficiency led to a phenotype which did not differ from wild-type CTLs whereas lack of both 

NFATc1 and c2 resulted in no further CD107a up-regulation similar to the Nfatc1-/- CD8+ T cells. 

Thus, the induction of apoptosis in A20J target cells by Nfatc1-/- CTLs was not as efficient as 

apoptosis induction delivered by wild type cytotoxic T cells where about 65% of the A20J cells are 

apoptotic after  CTL co-culture for 4 h compared to only 35% non-viable cells with Nfatc1-/- CD8+ 

T cells. Incubation of Nfatc2-/- cytotoxic T effector cells together with A20J targets only induced 

apoptosis in 20% of the target cell population. 

In summary, Nfatc1-/- cytotoxic T cells showed a decreased cytotoxic capacity towards allogeneic 

target cells. This is not a direct effect of NFATc1 deficiency and its role of TCR-induced activation 

and cytokine gene expression, as shown by the CsA-inhibition experiments (see Figure 11 A and 

C). 
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1.9.5 Cell-intrinsic Ca2+ signaling is mandatory for lytic granule release but 

unaffected by the absence of NFATc1 

CD8+ T cells from wild type and Nfatc1fl/fl Cd4-cre mice were stimulated for 3 d with plate-bound 

αCD/CD28 and used to determine the calcium flux of activated T cells. Removal of extracellular 

calcium and addition of thapsigargin in the flow chamber was performed by exchanging the 

Ringer’s solution containing 1 mM free Ca2+ with calcium free medium and other reagents. 

Cells were kept under resting conditions in medium containing 1 mM calcium. Upon addition of 

Ca2+ free medium together with thapsigargin, a relatively small peak – resulting from elevated 

calcium levels in the cytosol – occurs and is reduced within minutes. After addition of medium 

containing 1mM Ca2+, a fast and massive calcium influx into the cells – shown by an increase in 

the 340/380 nm ratio - occurs and a mild decrease of calcium was observed over time in both T 

cell populations. When Ca2+ is no longer available in the medium, the ratio indicating intracellular 

calcium rapidly drops. This shows the loss of the Ca2+ ions in the cell. By measurement of at least 

60 cells per assay – wild type or Nfatc1-/- CTLs - a statistical significant difference between both 

populations was found. By showing a higher 340/380 nm ratio in general, NFATc1-deficient CD8+ 

T cells exhibit a higher capacity for intracellular calcium uptake and an elevated basal calcium 

level in resting cells after 3 d of αCD3/CD28 stimulation.  

Calcium stores and calcium flux are basic components for efficient TCR signaling and CTL granule 

release. The lack of NFATc1 does not negatively affects the intracellular calcium flux of CTLs. 

Figure 12: Calcium flux in CTLs lacking NFATc1. αCD3/CD28 stimulated CTLs from either 

wild type or Nfatc1fl/fl x Cd4-cre mice were stained with the Ca2+ sensor dye Fura-2/AM and treated 

as described at the top of the graph. Values from one experiment are shown with standard mean 

error bars. 60 cells per condition were evaluated. Values are shown with mean standard error bars. 



Results 

 

69 

 

1.9.6 Cellular reorganization upon T cell re-stimulation is disturbed in 

Nfatc1-/- cytotoxic T cells 

Cytotoxic granule release marks the final step of CTL activation upon contact with malformed 

target cells. To prevent unwanted reactions towards nearby healthy cells, a stable formation of an 

immunological synapse with the cell has to be maintained. Between those two hallmarks, various 

processes in intracellular signaling and cellular reorganization are taking place to induce directed 

lytic granule release at the IS. As the transport processes as well as the lytic granule fusion with 

the cell membrane requires ATP, mitochondria are also directed towards the effector-target cell 

contact zone. Mitochondria are also able to modulate Ca2+ levels at the IS for calcium-dependent 

granule release.  

Wild type and Nfatc1-/- allo-reactive cytotoxic CD8+ T cells were generated in a mixed lymphocyte 

reaction as described before. Cells were labelled with cell-permeable dyes – Mitotracker red and 

Lysotracker green – to track mitochondrial and lysosomal polarization within single viable cells.  

Figure 13: NFATc1-deficient CTLs do not recruit mitochondria and lytic granules towards 

the immunological synapse. Overlays of bright field and fluorescence pictures from wild type and 

Nfatc1-/- cytotoxic T cells show a kinetics of CTL binding to a spheric bead (dark spots) coated 

with αCD3/CD28 (A). Mitochondria were labelled with mitotracker-red and lytic granules with 

lysotracker-green. Asterisks mark the cell of interest for each genotype. (B) Percentage of cells 

showing a continuous localization of mitochondria towards the IS upon bead contact in wild type 

(red) and Nfatc1-/- (gray) CTLs. Values are shown with mean standard error bars. Data of at least 

15 cells from three wild type and Nfatc1fl/fl x Cd4-cre mice were compiled; ** P < 0,005. 



Results 

 

70 

 

To induce a strong artificial immunological synapse, αCD3/CD28-coated microbeads (Invitrogen) 

were added to the cell suspension, and the attachment of living cytotoxic T cells to those structures 

was followed over a total time of 2 h. The microbeads are smaller than viable activated cells and 

appear as dark round spheres absorbing light in the bright field microscope. 

Viable cells containing fluorescence labelled organelles – mitochondria (red) and lytic granules 

(green) - show an active movement over the plate surface. In Figure 13, two representative 

cytotoxic T cells of either wt or NFATc1-deficient CTLs are shown in the center during different 

time points of de-novo formation of an immunological synapse. The wild type CTL recognized and 

attached to the bead at 2 min, and even the distal area of the cell approached to the contact zone. 

After 2 min, the mitochondria and acidic granules got into dense contact with the magnetic sphere 

residing at the contact zone for several min. NFATc1-deficient CTLs showed a significantly 

different phenotype. The effector cell also recognizes the coated target sphere but is unable to form 

a stable synapse towards the target cells. In line with this, mitochondria as well as lytic granules 

hardly get in dense contact with the target structure. In numerous cells which were investigated, 

their mitochondria still resided at the distal pole upon target sphere binding of the cytotoxic T cell 

(Figure 13, B). 

Obviously, in CD8+ T cells, NFATc1 enhances the polarization of mitochondria and lytic granules 

towards the immunological synapse. 

1.10 Nfatc1-/- mice cannot properly clear Listeria monocytogenes infections in vivo 

Pathogens are known to induce distinct cellular subsets of the immune system. Listeria 

monocytogenes is an intracellular bacterium which infiltrates the liver and attacks hepatocytes and 

- to a lesser extent - the spleen. The attenuated ΔActA Lm-Ova strain used for the experiments here 

shows the same phenotype as wild type Listeria but exhibits a reduced pathogenicity102. As CD8+ 

T cells are recognizing peptides derived from intracellular pathogens to mediate lysis of infected 

cells, Listeria infections are a versatile model to study CTL generation and effector function in an 

in-vivo model. 

Several parameters from splenic CD8+ T cells of mice infected with the pathogen were measured 

5 d after i.p. injection of 5 x 105 CFU of the ΔActA Lm-Ova strain. 

In several liver lysates from Nfatc1fl/fl x Cd4-cre (8 of 15), Listeria monocytogenes bacteria were 

detected by plating out lysates in serial dilutions on agar plates selective for Listeria bacteria. In 

liver lysates from wild type mice, only in fluids from two individuals a low amount of bacteria was 
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detected, so most of the wt mice successfully eradicated the pathogen until day 5. In general, a 

slight decrease in mouse weights to about 97% was observed in the following days after Lm 

injection in mice of both groups. During this short period of time until day 5, individuals from both 

groups did not gain any additional mass. 

To verify the generation of similar CD8+ T cell amounts which are reactive towards Listeria 

peptides, surface CD25 (IL-2 receptor α chain) expression and the binding capacity towards 

SIINFEKL-MHC tetramer complexes were measured. CD25 serves as a typical activation marker 

of stimulated T cells providing reactivity towards extracellular IL-2. However, no difference in 

activated CD25+ CD8+ T cell populations between wt and Nfatc1fl/fl x Cd4-cre mice was detected. 

Figure 14: The clearance of intracellular Listeria bacteria is disturbed in Nfatc1fl/fl x Cd4-cre 

mice. Mice were infected with Lm-Ova ΔActA. After 5 d, they were sacrificed to determine the 

bacterial titers in the liver (A). The hatched line shows the detection level of liver-derived bacteria. 

Until the end of the experiment, daily weight changes were monitored (C). By flow cytometric 

analysis, splenic CD8+ T cell populations were analyzed for CD25 (B), perforin (D), Ova257-264 

specific T cells (E), CD62l and CD44 - for determination of T cell subpopulations (F, naïve: 

CD62l+CD44-; TEff: CD62l+CD44+; TMem: CD62l-CD44+), several key cytokines (G) and the 

relative CD4+ and CD8+ T cell numbers (H). For (A), combined results from two experiments are 

shown. Values are shown with standard mean error bars, and the analysis was done by two-tailed 

student’s t-test; * P < 0,05; ** P < 0,005. 
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Due to the fact that the Lm-Ova transgenic mouse strain expresses the Ovalbumin protein, the 

strong T-cell stimulating OVA257-264 SIINFEKL peptide is also expressed and presented on MHC 

class I molecules of infected cells. OVA257-264 reactive CD8+ T cells are activated, proliferate and 

rise in number. The overall number of splenic CD4+ and CD8+ T cells did not significantly differ 

between wt and Nfatfl/fl Cd4 cre mice 5 d after the i.p. injection of Lm-Ova (H). Related to that, an 

investigation of  wild type and Nfatc1-/- CD8+ T cells from infected mice did not show any 

difference between both genetic backgrounds in the percentage of SIINFEKL-tetramer+ reactive 

CD8+ T cells. This indicates a similar generation of an immune response and reactivity towards the 

intracellular pathogenic infection. Thus, absolute CD8+ T cell numbers do not play a major role for 

the clearance of the infection.  

On the other side, perforin expression in Nfatc1-/- CD8+ T cell populations was slightly, but not 

significantly increased compared to wild type CD8+ T cells. 

To differentiate between major CD8+ T cell activation stages, fluorescence labelled antibodies 

against CD62l and CD44 were used for the determination of naïve (CD62l+, CD44-), effector 

(CD62l+, CD44+) and memory (CD62l-, CD44+) cells108. The percentage of effector CD8+ T cells 

was drastically increased whereas the memory cell compartment is reduced in Nfatc1-/- CD8+ T 

cells, in comparison with wild type populations suggesting a different CD8+ T cell composition. 

This leads to the conclusion that T cell maturation is negatively affected in the absence of NFATc1. 

Another important point is the decreased capacity of Nfatc1-/- CD8+ T cells to produce cytokines 

that are important for direct apoptosis-induction (TNFα), Th1 differentiation and proliferation 

(IFNγ and IL-2). Significantly less CD8+ cells were able to produce those cytokines in the Nfatfl/fl 

Cd4 cre mice after 5 d of Lm infection, compared to wt mice. 

Taken together, the eradication of Listeria infections is decreased in mice bearing Nfatc1-/- T cells. 

Although similar amounts of antigen-reactive CD8+ T cells arise during infection, defective 

cytokine production (of IFNγ, IL-2 and TNFα) and disturbed CD8+ T cell maturation may lead to 

diminished T cell reactivity. Contrary to these findings, perforin-expressing CD8+ T cells are not 

affected, but even slightly elevated in number.  
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Discussion 

1.11 NFATc1 regulates CD8+ T cell proliferation and cytokine production 

The T cell receptor signaling cascade is the main step for NFAT activation that controls CD4+ and 

CD8+ T cell activation, proliferation and differentiation68 as well as T cell tolerance109. The role of 

NFAT itself – as a transcription factor – relies on the nuclear import of the activated 

dephosphorylated version followed by promoter binding to specific target genes together with 

distinct interaction partners, either as NFAT monomers, homodimers110 or as cooperative 

complexes with partner proteins as e.g. AP-1111,112. The cooperative binding of NFAT-AP-1 

complexes to promoter elements is needed for a strong induction of a T cell effector program113. 

These various possibilities of transcriptional activities of NFATs lead to a context-dependent 

induction of a broad transcriptional program114. For example, a genetically modified version of 

NFATc2 not being able to interact with AP-1 emphasizes the need of functional NFAT proteins to 

prevent a clinical phenotype, called T cell exhaustion that leads to an impaired CD8+ T cell function 

in vivo115. 

Physiological activation of naïve CD4+ and CD8+ T cells is performed by a strong TCR interaction 

with the cognate MHC-peptide complex116 on antigen-presenting cells in the context of CD28 co-

stimulation. Otherwise, T cells enter a state called T cell unresponsiveness or anergy117. In vitro, 

TCR signaling can be mimicked by a strong antibody mediated CD3 + CD28 activation. As shown 

in Figure 1, activation of T cells for 3 d induces an upregulation of Nfatc1-P1 promoter transcripts 

and down-modulation of P2 transcripts as well as a strong increase in overall NFATc1 protein 

amounts. For CD4+ T cells, Hock et al. showed similar findings in 2013105. The switch from the 

transient P2 promoter towards the highly inducible P1 promoter is a typical finding for activated 

lymphoid cells118. Interestingly, overall comparison of P1 transcript induction and P2 suppression 

did not show a massive activation-induced Nfatc1 RNA upregulation (as well as the overall Nfatc1 

expression in CD4+ T cells), although protein levels were drastically increased after 3 d in both 

populations indicating important post-transcriptional mechanisms in NFAT protein expression. 

Contrary to CD4+ T cells, Nfatc1 expression in CD8+ T cells is about 3-fold upregulated leading to 

the conclusion of a differential regulation of Nfatc1 expression in those T cell populations, although 

the GFP-expression as an indicator for Nfatc1- promoter activity is not severely changed. Only a 

slightly higher activity level was observed in unstimulated CD8+. In line with these findings, 
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Leung-Teung-long et al. found that the activation-induced transcriptional activity of Nfat family 

differs between CD4+ and CD8+ T cells80. This confirms the results from the Nfatc1-BAC-

transgenic T cell experiments shown in Figure 1 C and that a differential transcriptional activity on 

Nfat in CD8 may base on a defective phosphorylation site. This group also found that NFATc1 is 

not completely localized in the nuclei of CD4+ and CD8+ T cells upon αCD3/CD28 stimulation. 

Instead, the nuclear localization was enhanced upon addition of the calcium ionophore ionomycin 

for 4 h prior to confocal microscopy (see also Figure 2). 

On mRNA level, Nfatc2 is not severely affected during T cell stimulation, but a peak expression 

of NFATc2 proteins was observed after 3 d of stimulation with αCD3/CD28 in CD4+ T cells. NFAT 

proteins are able to regulate and bind to several cytokine promoter regions – namely to the IL-2, 

IL-3, IL-4, TNFα, CD40l and IFNγ promoter32,119, being important for T cell activation and CD4+ 

T helper cell differentiation. Exemplarily, the opposing functions of NFATc1 and NFATc2 in gene 

expression can be demonstrated for the IL-4 gene. Whereas mice lacking NFATc1 proteins in the 

lymphoid compartment showed a mildly decreased proliferation and a reduced IL-4 expression in 

the T cell compartment53,54, T cells from NFATc2-/- mice showed a different phenotype. Nfatc2-/- 

cells were hyperproliferative, and the levels of Th2 cytokines, such as IL-4, were markedly 

elevated. Finally, the susceptibility towards Th1 mediated infections with Leishmania major was 

increased57,65,120 as well. These contradictory functions of NFAT family members show their 

potential action not only as an activator but also as a repressor during T cell activation. 

Depletion of NFATc1 and c2 leads to a massive drop in protein expression for IL-2, IL-4 and IFNγ 

emphasizing the need of both family members to gain optimal T cell effector functions121. In a 

group of patients suffering from bronchial adenocarcinoma, Maxeiner et al. found a reduced 

NFATC2 expression. This finding was verified in an Nfatc2-/- carcinoma mouse model developing 

more and larger lung carcinomas through an altered induction of CD4+ CD25+ Foxp-3+ T cells by 

elevated IL-2 levels and a defective TNFα production in general78. 

NFATc1 is thought to have an activating and anti-apoptotic function whereas NFATc2 shows 

apoptosis-inducing activity. Whereas NFATc1 and c2 are mandatory for the activation and 

differentiation of mature T cells122, NFATc3 does not directly affect cytokine expression of mature 

single positive CD4+ or CD8+ T cell populations but is rather important for their generation during 

maturation in the thymus.  

In line with these findings made by several groups before, we observed that NFATc1-/- CD8+ T 

cells show a stimulus-dependent reduced activation-induced proliferation (Figure 3) and an 
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increased rate of apoptosis (Figure 8). One reason for the defective proliferation displays the 

cytokine expression profiles of Tc1 differentiated CD8+ T cell populations lacking NFATc1 and c2 

(Figure 4). IL-2 is the major proliferation-associated cytokine for CD4+ and CD8+ effector cell 

generation123 and CD8+ memory cell expansion73 but it also promotes activation-induced cell death 

of T cells124. Regarding the generation of Th1 cells, IL-2 also provides their generation and 

maintenance75. As we observed a decreased percentage of IL-2 and IFNγ expressing CD4+ and 

CD8+ T cells, the T cell differentiation towards a Th1/ Tc1 phenotype was inhibited in the absence 

of NFATc1 and/or NFATc2. NFATc2 (together with NFATc3) was reported earlier to enhance a 

Th1 phenotype125 so that those NFATc2-/- CD8+ T cells are inhibited in the generation of a T1 

immune response. In MLRs, the generated NFAT-deficient cytotoxic CD8+ T cells also showed a 

decreased cytokine expression (see Figure 10) indicating a defective Tc1 function. Although 

surface activation markers remained unaffected by the absence of NFATc1 (see Figure 9), the 

reduced cytokine expression to maintain an antigen-reactive CTL population may be one 

explanation for a defective allogeneic target cell killing. The reduced number of surviving cytotoxic 

T cells on the Nfatc1-/- background (see Figure 8) results from a suboptimal activation, as seen for 

less CD8+ T cells being able to produce IL-2. 

Regarding surface receptor expression, the Fasl promoter is known to be activated by IL-2126 and 

is an indirect, through Egr3-expression and cooperation127, NFATc2-dependent target gene128. We 

did not observe an induction of surface Fasl expression after T cell differentiation neither in 

NFATc1 nor NFATc2-deficient T cells. In this context, the expression of Fasl remained at a very 

low level. After 6 d of CTL generation in MLR cultures, an increase in Fasl expression on both wt 

and Nfatc1-/- CTLs was observed. In naïve CD8+ T cells from Nfatc1fl/fl x Cd4-cre mice, an elevated 

basal number of CD8+ T cells which express Fasl was found (Figure 9 B). This finding is contrary 

to the Fasl dependence on NFAT32 but as the final percentage of Fasl+ CD8+ T cells does not differ 

between both genotypes after CTL generation (Figure 9 C), the Fasl induction in general is 

decreased in Nfatc1-/- CD8+ T cells. 

Other classical activation markers for T cell differentiation in wild type and Nfatc1fl/fl x Cd4-cre 

mice were investigated as well (Figure 9), but significant differences resulting from initial T cell 

activation were not detected. Effect mediated by altered cytokine expression patterns (as described 

above) may contribute to a defective T cell maturation and surface receptor expression as seen in 

the in vivo model for Listeria monocytogenes (Figure 14 F and G).  
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1.12 NFATc1 is a critical factor for CTL function in vitro 

Several CD8+ T cell specific hallmarks are affected by the lack of NFATc1 and c2. Mature naïve 

CD8+ T cells are activated, differentiate towards cytotoxic effector T cells and eradicate target cells 

infected with bacteria and viruses. Moreover, they are able to detect an MHC-mismatch on cellular 

surfaces. This is a very important step since some viruses are able to modulate peptide presentation 

on MHC-I proteins of infected cells. For this reason, regulating the CD8+ T cell response after 

transplantation of MHC-mismatched organs or hematopoietic stem cells is mandatory to prevent 

allograft-rejection in a graft-versus-host disease (GvHD). CD8+ T cells mainly mediate a strong 

cytotoxic response and release cytokines in the acute phase of GvHD90,129. In clinics, this disease 

is mostly treated by administering CsA/FK506 to the patients130. CsA and FK506 are calcineurin-

inhibitors. After application, a down-modulation of any NFAT-dependent immune reaction131 

occurs, not only in T cells but also in other immune cells (like B cells, NK cells and dendritic cells). 

Therefore, patients treated with those agents after transplantation are potentially prone to other 

severe microbial infections, such as Clostridium difficile132. The discovery by Putz et al. in 2012 

that the PI3Kδ is essential for a successful allogeneic tumor cell clearance in vivo showed that 

NFAT-signaling in CD8+ T cells mediates the clearance of malformed cells for this kind of antigen-

challenge133. In the context of TCR activation, PI3Kδ is a catalytic protein enhancing the 

phosphorylation of phosphatidylinositol which is an important step of TCR signaling upstream of 

the calcineurin-NFAT pathway134. So, depletion of this enzyme led to similar findings in CD8+ T 

cell cytokine expression compared to our in vitro data. 

The discovery of FK506 and cyclosporine A led to the finding that NFAT activity could be blocked 

by those reagents trough inactivation of the Ca2+ sensitive phosphatase calcineurin135. Although 

some reports showed a clear CsA-mediated dependence of CTL degranulation and target cell 

killing from calcineurin activity95, we did not observe a cyclosporine A-dependent inhibition of 

these effector functions after generating cytotoxic CD8+ T cells by MLR cultures (see Figure 11). 

As the first experiments were made with cell lines and not mature naïve CD8+ T cells, the 

physiological basis and activation status was drastically different regarding freshly prepared 

murine CD8+ T cells and stimulating them in an MLR for 6 d or for 3 d with αCD3/CD28. 

After activation by viral or bacterial antigens in vivo, T cell populations undergo different stages 

of expansion, contraction and memory. Those populations are all defined by distinct functions and 

can be followed up by a distinct pattern of surface markers136,137. After 6 d of an allogeneic co-
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culture with irradiated target cells (here: BALB/c splenocytes), most of the cytotoxic T cells are in 

the effector phase of CTL maturation. They efficiently eradicate infected or allogeneic target 

cells138. As seen for the high expression of CD44 and the down-modulation of CD62l (see Figure 

9), naïve CD8+ T cells developed towards full effector and memory CTLs139 in wild type and 

Nfatc1-/- populations. 

The in vitro MLR-model for the generation of allo-reactive CTL populations to generate a large 

amount of reactive cytotoxic T cells was established long ago with BALB/c derived dendritic cells 

(DC’s)140. Inaba et al. showed that irradiated BALB/c DC’s serve as “stimulating agent” for naïve 

C57BL/6 CD8+ T cells even without the help of CD4+ T helper cells to provide CD8+ T cell 

proliferation and cytokine secretion. In our findings, a direct TCR-signaling-cascade-dependent 

block of CTL degranulation and allogenic target cell killing was excluded for the MLR-generated 

allo-reactive cytotoxic T cells by the CsA experiments (Figure 11 A and C). Since a drop in CTL 

killing function was detectable in both killing assays (CTLs and MOPC cells in Figure 6, allo-

reactive CTLs and A20J cells in Figure 11) in cytotoxic T cells lacking NFATc1, another pathway 

must be involved which is affected by NFATc1. Earlier findings by Smyth and Ortaldo in 1993 

already suggested some alternative – NFAT independent and therefore CsA insensitive - roles of 

the calcineurin activation cascade directly involving CD8+ T cell cytotoxic functions94 depending 

on the stimulus delivered to the cytotoxic T cell. Interestingly, in both cases of CTL-generation in 

vitro done here, the percentage of GzmB+ CD8+ T cells from Nfatc1-/- mice was markedly higher 

to those of wild type CD8+ T cells, whereas after in vitro MLR culture, the supernatant contained 

lower levels of granzyme B (Figure 11). This indicates that the lytic granules were somehow stuck 

in the cytosol and unable to fuse with the CTL membrane upon target cell recognition. 

As a possible explanation for the defective granule release, we observed a significantly reduced 

polarization of mitochondria and lysosomes towards the immunological synapse in a life-cell-

imager (see Figure 13) in NFATc1-/- CD8+ T cells compared to wt cells. This may explain the 

diminished degranulation and target cell killing. Several steps are needed to maintain cytotoxic T 

cell effector function, starting with centrosome reorganization and microtubule formation141 to 

provide a polarized secretion of cytotoxic granules towards the IS142. During the formation of an 

IS, in addition to other cell organelles, mitochondria are usually polarized towards the contact zone 

to deliver reactive oxygen species (ROS) and to maintain a continuous Ca2+ influx across the 

plasma cell membrane by its Ca2+ buffer capacities143. This ensures successful fusion of lytic 

granule to the synaptic cleft81. Due to a defective mitochondrial function (e.g. in the generation of 



Discussion 

 

78 

 

ROS), NFAT activation, for example, is also reported to be impaired144. One explanation may be 

a malfunction in degranulation of NFATc1-deleted CTLs which is based on a defective 

mitochondria movement towards the IS. In turn, this may not provide the cognate “environment” 

for granule-mediated killing. A general defect in the transportation mechanism to generate a 

functional IS which cannot be induced in Nfatc1-/- CTLs may serve as another explanation. As a 

result, this leads to an accumulation of lytic granules in Nfatc1-/- CTLs during their generation (see 

Figure 6 D, Figure 7 and Figure 10 B). Those granules are not able to get secreted towards the 

synaptic cleft upon stimulation (see Figure 10 C) followed by an impaired degranulation upon re-

stimulation (see Figure 11 D). Finally, a reduced target cell killing was observed in different 

experimental setups for CTL-generation (see Figure 6 D and Figure 11 F). 

An NFATc1-related defect which affects the Ca2+ release from internal and external stores was 

excluded by our findings (see Figure 12). Calcium is an important molecule involved in various 

intracellular signal transduction events. While calcium release from internal stores like the ER and 

the influx from the extracellular environment is not only mandatory for neuronal signal 

transmission and maintaining synaptic activity145, Ca2+ flux is necessary for lytic granule release 

from cytotoxic T cells and NK cells to kill malformed cells29. Therefore we investigated the 

capacity of internal ER stores and cell-membrane-bound CRAC channels to provide a Ca2+ flux in 

wild type and Nfatc1fl/fl x Cd4-cre CD8+ T cells. Therefore, no differences in the Ca2+ release and 

flux through the ER- and plasma cell membrane were found. A more physiological stimulus would 

clarify the role of misleading mitochondrial polarization and its’ impact regarding the activation-

induced store-operated calcium entry (SOCE). 

Another explanation for the decreased killing potential of Nfatc1-/- cytotoxic T cells is the reduced 

expression of the tumor-necrosis factor α (TNF α). Earlier findings showed that TNFα secretion by 

CD8+ T cells induces clearance of virus-infected cells146,147 by binding to TNF receptors on target 

cells. This induces cell death by activation of the caspase cascade in a caspase-8-dependent 

manner148,149. Regarding the cytokine-expression data after 6 d MLR (see Figure 10 A), TNFα-

production is markedly impaired in CTLs lacking NFATc1 as well as we found a tendency for 

Nfatc2-/- CTLs to produce less TNFα. This is in line with published data showing Tnfa as a target 

of NFATc2150. 

But still, the role of TNFα-induced apoptosis in cytotoxic T cells seems to be smaller compared to 

the main Fas-Fasl and granule-exocytosis pathways which are the main players for the eradication 

of malformed cells13,14. 
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These findings shed light on a novel mechanism by which NFATc1 regulated CTL function beside 

the already well known feature of its’ influence on the cytokine expression profile in T cells, and 

other important target genes for cell proliferation. This may be one reason for a decreased 

functionality and a reduced cytotoxicity. NFATc1 has an impact on the generation of functional 

CTLs not only for the cytokine production, but is probably also involved in a more complex 

physiological context, i.e. in intracellular transport processes. 

Another hint for an important role of NFATc1 to be involved in cellular physiology, beside 

classical B-/T- cell signaling, was given by Semsarian et al. and Musaro et al.151,152. These groups 

found that NFATc1 is continuously activated in cases of skeletal and cardiac hypertrophy in a CsA-

dependent manner. Studies on calcineurin-, connexin 45- and NFATc1-deficient mice also 

suggested a gap-junction related malformation of cardiac valves which influences the cellular 

morphology by  the generation of intracellular NFAT-gradients153. NFATc1 was also found to 

mediate the migration and proliferation of vascular smooth muscle cells by binding to and 

activating Cyclin A and Cyclin D elements154,155. For keratinocytes, Brun et al. showed in 2014 a 

direct NFATc1-dependence of the actin-cytoskeleton mediated by the actin-bundling protein T-

plastin whose synthesis is under the control of the calcineurin-NFAT pathway156. 

Although it is still unknown, which NFATc1-dependent genes are involved in the defective 

formation of a cytotoxic synapse are, some NFATc1-dependent target genes may play an important 

role in the formation of the cytotoxic synapse. As the defective target-cell-killing capacity is not a 

short-term malfunction (see CsA experiments above), a dysregulation of target genes must have 

occurred already during CTL generation. 

To emphasize the necessity of NFATc1 in CTL function in vivo, we investigated the well-

established intracellular Listeria monocytogenes infection model157. 

1.13 Proper clearance of intracellular Listeria infection requires NFATc1 

One of the main function of CD8+ cells is the recognition and the eradication of intracellular 

pathogens which reside and replicate in host cells. Listeriosis mediated by Listeria monocytogenes 

is a food-borne disease158 being able to cause gastroenteritis, meningitis and abortion in pregnant 

women157. Listeria bacteria are taken up from contaminated food, enter the intestine - where they 

are taken up by macrophages in the phagosome159. Finally, Listeria monocytogenes is able to enter 

draining lymph nodes for intracellular replication and spread by cell-to-cell transmission. The two 

major target organs which are infected by Lm are the spleen and the liver160. 
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For the efficient eradication of intracellular Listeria particles, CD8+ T cells are mandatory but a 

productive generation of long-lived CD8+ effector memory cells demands also for CD4+ T cell 

help161. Exclusively, an optimal protection against a re-infection can be provided by perforin-

expressing CD8+ T cells whereas inactivation of Pfn in CD8+ T cells does not lead to an increased 

outcome of disease during primary Listeria infections162. The role of perforin expression in CD8+ 

T cells during Listeria infections is not completely understood since in some reports perforin was 

reported not to be required for pathogen clearance163,164. 

During an immune response towards a secondary infection with Listeria, it was shown that IFNγ 

secretion by memory CD8+ T cells provided rapid protection165. This emphasizes the need of a 

rapid chemokine availability for a productive CD8+ T cell-mediated immune response to also 

involve the innate immune system166,167, e.g. by activation of microbicidal macrophages168. 

Therefore, CD8+ T cells – as well as CD4+ T cells - are required to maintain a successful potent 

immune response169. Parts of the innate immune system also play an important role for the 

clearance of Listeria infections170. 

Finding of several CFU Listeria in liver lysates from Nfatc1fl/fl Cd4-cre mice (see Figure 14 A) and 

hardly any in lysates from wildtype mice infected 5 d before shows a diminished clearance of this 

pathogen when NFATc1 was knocked out in the T cell compartment. This suggests that Listeria-

derived peptide presentation on MHC I molecules did not induce strong CD8+ T cell activation to 

secrete cytolytic components169. 

The mutant dActA Listeria strain shows a reduced pathogenicity by the inactivation of the cell-to-

cell transmission102 compared to the wt strain. As the natural transmission pathway is blocked, the 

bacteria are trapped in those cells because the dActA strain is highly susceptible to autophagy171. 

As a result, the virulence is drastically reduced157. Only few Listeria particles enter the blood stream 

to reach their primary target cells for replication – hepatocytes in the liver – where they are 

eradicated by CD8+ T cells172. The replication in infected target cells is not affected by the mutant 

strain so that a productive antigenic presentation of infected cells can still be maintained. Due to 

the reduced pathogenicity, we could only extract and cultivate Listeria cultures from 10 of overall 

26 livers in two combined experiments. In those assays, 8 of 10 infected livers were derived from 

Nfatc1fl/fl Cd4-cre mice. 

Because we showed a reduced proliferation and cytokine expression of Nfatc1-/- CD8+ T cells in 

vitro (see Figure 3 and Figure 4), we were interested to see if similar amounts of Lm-reactive CD8+ 

T cells were generated within the whole T cell pool of the spleen for the eradication of the infection. 



Discussion 

 

81 

 

Neither the relative CD4+ T cell numbers nor those from CD8+ T cells differed between wt and 

Nfatc1-/- Cd4 cre mice. For CD8+ T cells, these findings go in line with the cell numbers in untreated 

individuals (see Figure 9 A). Only a small fraction in both groups – about 15% (from the values of 

Pfn expressing cells among all splenic CD8+ T cells, Figure 14 D) of the overall T cell pool is 

reactive towards a defined pathogen, like Listeria monocytogenes. The similar values from wt and 

Nfatc1fl/fl Cd4-cre mice do not to show a general impaired ability to generate Pfn+ cytotoxic CD8+ 

T cells. 

For the verification of a similar CD8+ T cell activation, the expression of the T cell activation 

marker CD25173 – the IL-2 receptor α chain - was measured. But a significantly different expression 

was not detected between both groups. By the usage of the OVA257-264-expressing Listeria strain, 

the CD8+ T cell-reactivity towards a specific (model-) antigen was measured by fluorochrome-

labelled SIINFEKL-tetramers and evaluation by flow cytometry. This model antigen was used, 

since a higher percentage of naïve CD8+ T cells is able to react and expand towards challenging 

with the OVA257-264 peptide compared to Listeria-related epitopes like LLO91–99, p60217–225, p6049–

457 and mpl84–92
163,174. Similar to the Pfn and CD25 expression, tetramer stainings of SIINFEKL-

epitopes did not show a significant difference in the generation of antigen-reactive CTL 

populations (Figure 14). 

As there were lots of other Listeria-derived antigens around and the generation of a robust antigen-

specific CD8+ T cell population occurs few days later at day 8 in infected organs163, the percentage 

of SIINFEKL-tetramer+ CD8+ T cells remained relatively low but significantly higher than in non-

infected wt mice. Observations from Pope et al. in 2001 from mice which received a primary 

Listeria infection by gavage revealed a peak level of SIINFEKL-reactive CD8+ T-cells after 8-9 

days p.i. whereas after 5 days, only a small fraction of splenic CD8+ T cells expressed the cognate 

SIINFEKL-MHC I reactive T cell receptor. However, the percentage of tetramer-reactive CD8+ T 

cells did not differ between Listeria-experienced wt and Nfatc1-/- mice on d 5 p.i. (Figure 14 E). 

Intracellular stainings of freshly prepared splenocytes for perforin expression from 5 d infected 

mice also did not show a significant difference in the percentage of lytic-granule-containing CD8+ 

T cells. As a general remark, a slightly higher – though not significant – percentage of CD8+ T 

cells from Nfatc1fl/fl Cd4-cre mice showed a perforin+ phenotype. This may contribute to the 

defective capacity of Nfatc1-/- CTLs to secrete lytic granules as already described from the in vitro 

studies before. Comparing the expression of cytokines like IFNγ, IL-2 and TNFα in the in vivo 

Listeria model, the results from our findings in vitro - Th1/ Tc1 differentiation (see Figure 4) and 
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allogeneic challenge (see Figure 10 A) - were confirmed in all experimental setups. After CD8+ T 

cell activation/differentiation in vivo, NFATc1 is also mandatory for an efficient cytokine 

expression to clear intracellular pathogens. 

Although a similar generation of Listeria-restricted CD8+ T cell populations was shown for both 

wt and Nfatc1-/- genotypes, the transition from CD8+CD62l+CD44+ effector T cells to CD8+CD62l-

CD44+ memory T cells was defective in Nfatc1fl/fl Cd4-cre mice (see Figure 14 F). This may be 

due to the fact that IL-2 (and IL-15) mediate the conversion towards CD8+ memory T cells175 to 

generate an optimal immune response upon re-infection73. Central memory and effector memory 

CD8+ T cells (TCM and TEM) show specific functions: TCM reside in lymphoid organs, do not show 

cytotoxic activity and are CD62l+ CCR7+ whereas TEM are mostly found in non-lymphoid tissue, 

show a rapid effector function and are CD62l- CCR7- 8,108. However, the same antigen specificity 

was found in both populations176. Interestingly, a higher percentage of splenic CD8+ T cells from 

Nfatc1fl/fl Cd4-cre mice show an effector T cell phenotype compared to wild type mice (see Figure 

14). Those mice show distinct defects in the clearance of Listeria particles - although elevated in 

number - indicating reduced effector functions in the T cell compartment. 

Together with the findings for a decreased cytokine expression and impaired lytic-granule-

exocytosis in vitro (see Figure 4 and Figure 10), the reduced clearance of Listeria monocytogenes 

infections in Nfatc1fl/fl Cd4-cre mice contributes to defects in the cytokine production of the CD8+ 

T cell compartment when challenged with bacteria. The lack of NFATc1 in CD4+ T cells also 

impairs their cytokine-secretion similarly to CD8+ T cells, as already shown for a GvHD mouse 

model in vitro (see Figure 4 A and B) and in vivo90. CD4+ T cells are also necessary for the 

clearance of intracellular bacteria, especially for the CD8+ memory cell generation to protect from 

re-infection161 since CD8+ memory T cells are a key factor for the rapid protection from an anew 

re-infection177. To clarify the question which T cell compartment contributes more to the outcome 

of the reduced bacterial clearance, either an adoptive transfer model with mixed T cell populations 

has to be established, or a cre-recombinase strain has to be used that expresses cre exclusively in 

CD8+ T cells178. But as seen from the in vitro experiments with allogeneic target cells, the reduced 

granule polarization of CTLs followed by a reduced lytic granule release may also be important for 

the defective clearance of intracellular pathogens. Beside the possibility of other structural defects 

in Nfatc1fl/fl Cd4 cre mice, the disability of mitochondria to get in contact with the IS upon target 

structure binding and IS formation may lead to a reduced T cell activation. Normally, T cell 
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activation is enhanced by polarized mitochondria enabling a continuous calcium flux in an ORAI-

dependent manner179. 

In general, an efficient delivery of cytolytic compounds like granzymes and perforin contributes to 

an effective immune response after vaccination against pathogens like Listeria monocytogenes180. 

In our experiments, we showed an altered function for Nfatc1-/- CD8+ T cells to execute lytic 

granule release upon stimulation either by allogeneic cells or upon αCD3/CD28 activation. Due to 

this phenotype (together with other defects, like a reduced cytokine expression), Nfatc1fl/fl Cd4 cre 

mice showed a defective clearance of intracellular Listeria monocytogenes infections. 

To the best of our knowledge, these novel findings haven’t been made before and shed another 

light on the role of NFATc1 beside its’ well-investigated function as transcription factor.  
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Abbreviations 

5′   5 prime 

3′   3 prime 

A   adenine 

ABB   AnnexinV binding buffer 

ActA   Actin assembly-inducing protein 

Ag   antigen 

AP-1   activator protein 1 

APC   antigen presenting cell 

APC-Cy7  allophycocyanin-Cy7 

APS   ammonium persulfate 

ATP   adenosine triphosphate 

b   bases 

BAC   bacterial artificial chromosome 

BALB/c  laboratory white inbred mouse strain 

BLT   benzyloxycarbonyl-L-lysine thiobenzyl ester 

BSA   bovine serum albumin 

BSS   balanced salt solution 

C   cytosine 

C57/B6  laboratory black inbred mouse strain 

Ca2+   calcium ion 

Can   calcineurin 

CCR-7   chemokine receptor 7 

CD   cluster of differentiation 

cDNA   complementary DNA 

CFSE   carboxyfluorescein diacetate succinimidyl ester 

CFU   colony forming unit 

CO2   carbon dioxide 

CRAC    Calcium-release-activated Ca2+ channel 

cre   cre-recombinase 

CsA   cyclosporine A 
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CTL   cytotoxic T cell 

D   diversity (locus) 

DAG    diacylglycerol 

DAPI   4′, 6-Diamidin-2-phenylindol 

DC   dendritic cell 

dH2O   distilled water 

DISC   death-inducing signaling complex 

DMEM  Dulbecco’s Modified Eagle Medium 

DMSO   dimethyl sulfoxide 

DNA   deoxyribonucleic acid 

DTT   dithiothreitol 

e.g.   exempli gratia 

ECL   enhanced chemiluminescence 

EDTA   ethylene diamine tetraacetic acid 

eGFP   enhanced GFP 

EGTA   ethylene glycol tetra-acetic acid 

ELISA   enzyme-linked immunosorbent assay 

ER   endoplasmatic reticulum 

et al.   et aliter 

EtBr   ethidium bromide 

EtOH   ethanol 

ex3   exon 3 

FA   formaldehyde 

FACS   fluorescence activated cell sorting 

FADD   Fas-associated protein with death domain 

Fc   fragment-cristalline 

FCS   fetal cow serum 

Fig.   figure 

FITC   fluorescein-isothiocyanate 

FK506   tacrolimus 

fl   loxP site (floxed) 

G   guanine 
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GA   gauge 

GC   germinal centre 

GFP   green fluorescing protein 

GITR    glucocorticoid induced regulatory T cells 

gLB   genomic lysis buffer 

GvHD   graft-versus-host disease 

HEK   human embryonic kidney 

hIL   human interleukine 

HIV   human immunodeficiency virus 

HRP   horseradish peroxidase 

I   ionomycin 

i.e.   id est 

IFN   interferon 

Ig   immunoglobulin 

IL   interleukin 

IMDM   Iscove's Modified Dulbecco's Medium 

i.p.   intraperitoneal 

IP3    inositol 1,4,5-triphosphate 

IS   immunological synapse 

ITAM   immunoreceptor tyrosine based activation motif 

iTreg    induced regulatory T cells 

J   joining (locus) 

KO   knock-out 

Lamp   lysosomal-associated membrane protein 

LAT   linker of activated T cells 

LB   lysogeny broth 

Lck   lymphocyte-specific protein tyrosine kinase 

Lm   Listeria monocytogenes 

Lm-Ova  Listeria monocytogenes, expressing the OVA proteine 

LPS   lipopolysaccharide 

MACS   magnetic cell sorting 

MES   2-(N-morpholino) ethanesulfonic acid 
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MFI   mean fluorescence intensity 

MHC   major histocompatibility complex 

mIL   murine interleukin 

MLR   mixed lymphocyte reaction 

MOPC   mineral oil induced plasmacytoma cell 

mRNA   messenger RNA 

N2   nitrogen 

NEAA   non-essential amino acid 

NES   nuclear-export signal 

NFAT   nuclear factor of activated T cells 

NF-κB   nuclear factor kappa-light-chain-enhancer of activated B cells 

NHD   NFAT-homology domain 

NK   natural killer 

NLS    nuclear-localization signal 

NO   nitric oxide 

nTreg    natural regulatory T cells 

OD   optical density 

ORAI   calcium-release activated calcium channel 

OVA   ovalbumin 

Ova257-264   peptide sequence derived from OVA: SIINFEKL 

p.i.   post-infection 

P1   promoter 1 

P2   promoter 2 

PAMP   pattern-associated molecular pattern 

PBS   phosphate buffered saline 

PCR   polymerase chain reaction 

PE   phycoerythrin 

PI   propidium iodide 

PIP2   phosphatidyl-Innositol-biphophate 

PLCγ    phospholipase C γ 

polyA    polyadenylation 

PRR   pattern-recognition receptor 
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qRT-PCR  quantitative RT-PCR 

Rag-1   Recombination activating Gene-1 

RBL   red blood cell lysis 

RHD   Rel-homology domain 

RNA   ribonucleic acid 

ROS   reactive oxygen species 

RPMI   culture medium (developed at the Roswell Park Memorial Institute) 

RPM   rounds per min 

RSD   Rel-similarity domain 

RT-PCR  reverse transcriptase-PCR 

SDS    sodium dodecyl sulfate 

SERCA  sarco- and endoplasmic reticulum ATPase 

SRR   serine-rich regions 

STIM   stromal interaction molecule 

T   thymine 

T1   T cells differentiated towards the Th1 and Tc1 subsets 

TAD   transactivation domain 

TAE   TRIS-Acetate-EDTA 

TBS   TRIS buffered saline 

TBST   TBS - Tween 

Tc    cytotoxic T cell subset 

Tcm   central memory T cell 

TCR   T cell receptor 

Tem   effector memory T cell 

TEMED   tetramethylethylendiamin 

TGF   transforming growth factor 

Th   T helper cell 

TLR   Toll-like receptor 

Tm   melting temperature 

TNF   tumor necrosis factor 

TonEBP  Tonicity-Responsive Enhancer Binding Protein 

TPA   12-O-Tetradecanoylphorbol-13-acetate 
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wt   wild type 

V   variable (locus) 

ZAP-70  Zeta-chain-associated protein kinase 70  
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SI units and prefixes 

°C   degree celsius 

A   Ampere 

c-   centi- 

d   day 

g   gramm 

Gy   Gray 

h   hour 

k-   kilo- 

l   liter 

m-   milli- 

m   meter 

M   Molar 

μ-   micro- 

min(’)   minute 

n-   nano- 

p-   pico- 

s(’’)   second 

V   volt 

wk   week 
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Summary 

While numerous experiments on NFAT were already performed with CD4+ T cells showing 

defective cytokine release and a reduced T helper cell development, no detailed studies existed for 

CD8+ T cells. From this point, we wanted to examine the impact of NFATc1 and c2 on the 

physiological functions of CD8+ T cells in vitro and in vivo. Therefore, we used a murine infection 

model with the bacteria Listeria monocytogenes and mice in which NFATc1 was specifically 

depleted in the T cell compartment. 

Our first in vitro studies showed a typical NFATc1 and c2 nuclear translocation and changes on 

mRNA levels upon T cell activation similarly in CD4+ as well as in CD8+ T cells extracted from 

wild type mice. NFAT nuclear translocation is important for target gene activation and generation 

of effector functions. Stimulated T cell populations lacking NFATc1 and/or NFATc2 showed a 

markedly decreased expression of Th1/Tc1 cytokines, as e.g. IL 2 and IFNγ being important for the 

clearance of intracellular pathogens. From our in vitro model for the generation of allogenically 

reactive cytotoxic CD8+ T cells, we revealed a decreased killing and lytic granule-release capacity 

in Nfatc1 inactivated CD8+ T cells whereas NFATc2-/- cytotoxic T cells did not show an altered 

cytotoxic response compared to wild type cells. 

Interestingly, we found lytic granules accumulated and mitochondria not getting translocated to the 

immunological synapse upon re-stimulation in NFATc1-deficient CD8+ T cells. Together with 

results showing the CsA insensitivity of the CTL killing/degranulation capacities, we assume that 

some major cellular processes are affected by NFATc1 which are not directly linked to the TCR-

induced signal transduction cascade. 

We also showed the importance of NFATc1 in T cells during intracellular infections with the 

bacteria Listeria monocytogenes in an in vivo mouse model. After five days, only few bacteria were 

detected in wt mice whereas high amounts of Listeria particles were extracted from livers of 

Nfatc1fl/fl x Cd4 cre mice. Although the reactivity towards the pathogen was similar in both groups, 

a decreased cytokine expression in NFATc1-/- CD8+ T cells was observed together with an altered 

memory cell generation. 

Our results show the importance of NFATc1 in CD8+ T cells and give some clue for a possible 

connection to other basal cellular functions, as e.g. the formation of an immunological synapse.  
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Zusammenfassung 

Viele Experimente zur Rolle von NFAT wurden bereits anhand von CD4+ T Zellen durchgeführt 

und zeigten eine veränderte Zellphysiologie. Hingegen wurden CD8+ T Zellen diesbezüglich noch 

nicht intensiv studiert. Deshalb untersuchten wir den Einfluss von NFATc1 und NFATc2 auf die 

Funktion von CD8+ T Zellen in vitro und in vivo anhand des murinen Infektionsmodells mit dem 

Bakterium Listeria monocytogenes. Für die Versuche benutzen wir Mäuse, in denen  das Protein 

NFATc1 spezifisch im T Zellkompartiment entfernt wurde. 

Erste Ergebnisse zeigten eine typische Translokation von NFATc1 und NFATc2 in den Zellkern. 

Eine Veränderung in der mRNA Expression nach Aktivierung, sowohl in CD4+ T Zellen als auch 

in CD8+ T Zellen, fand ebenfalls statt. NFATc defiziente CD4+ und CD8+ T Zellen wiesen eine 

verminderte Expression von Th1/Tc1 Zytokinen wie z.B. Interleukin-2 und Interferon γ auf, welche 

für die Bekämpfung intrazellulärer Pathogene wichtig sind. In unserem in vitro Modell fanden wir 

eine verminderte Abtötungsfähigkeit und eine Reduktion in der Freisetzung lytischer Granula in 

NFATc1-/- CD8+ T Zellen wohingegen eine NFATc2 Defizienz keine Auswirkungen auf die 

Zytotoxizität - verglichen mit wildtypischen Zellen - aufweist. 

Interessanterweise fanden wir eine Anhäufung von lytischen Granula und eine verminderte 

intrazelluläre Migration von Mitochondrien nach Ausbildung einer immunologischen Synapse in 

NFATc1-/- CD8+ T Zellen. Zusammen mit den Ergebnissen unserer CsA-Inhibierungsversuche 

nehmen wir an, dass einige allgemeine zelluläre Prozesse von NFATc1 beeinflusst werden, die 

nicht direkt von der T Zellrezeptor-induzierten Signalkaskade abhängen. 

Anhand eines in vivo Mausmodells zeigten wir auch die wichtige Rolle von NFATc1 in T Zellen 

während der Infektion mit Listeria monocytogenes. Fünf Tage nach Infektion konnten aus Nfatc1fl/fl 

x Cd4 cre  Mäusen mehr Bakterienpartikel extrahiert werden als aus wt Mäusen. Wie in den in 

vitro Versuchen konnte auch hier eine geringere Zytokinproduktion der CD8+ T Zellen festgestellt 

werden allerdings wiesen die Mäuse auch eine geringere Bildung von Gedächniszellen auf. 

Unsere Ergebnisse zeigen, dass NFATc1 in CD8+ T Zellen eine wichtige Rolle spielt und auch 

Auswirkungen auf grundlegendere zelluläre Funktionen, wie die Ausbildung einer 

immunologischen Synapse, hat.  
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