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Abstract 

Embryonic stem cells (ESCs) hold great promises for regenerative medicine since they are able to 

differentiate into any cell type of an adult body. However, transplantation of these cells is 

associated with at least two severe risks: the risk of tumor formation in the recipient and the risk 

of an immune rejection. Since ESCs have to be transplanted in an allogeneic setting, major 

histocompatibility complex (MHC) mismatch could lead to rapid immune rejection of these cells. 

Recently, the usage of autologous pluripotent stem cells for transplantation became conceivable 

by description of induced pluripotent stem cells (iPSCs) and multipotent adult germline stem cells 

(maGSCs). But even autologous transplantations could lead to immune rejection, caused by the 

expression of differentiation antigens that act as mHC antigens, leading to immunogenicity of 

these cells. 

This PhD thesis aims to further characterize the immunological properties of pluripotent stem 

cells (PSCs) and differentiated cells derived from them. In addition, the different types of PSCs 

were systematically compared. In particular, the impact of mHC antigens on the susceptibility of 

PSCs to cytotoxic T cells (CTLs) was analyzed. Moreover, the immunogenicity of different PSCs 

types was studied, involving the assessment of their ability to activate the immune system as well 

as their potential to suppress immune functions.  

In previous studies our group has shown that PSCs can be killed by CTLs, although they were 

negative for MHC class I expression in flow cytometry. In these experiments, PSCs were pulsed 

with an antigenic peptide before they were exposed to activated, peptide-specific CTLs. In this 

thesis endogenously expressed Ovalbumin (OVA) was used as model antigen and CTLs, transgenic 

for a T cell receptor (TCR) that is specific for an OVA-derived peptide, were used to assess the 

capability of PSCs to process and present antigens. The analysis of two different, OVA-expressing 

ESC lines and an iPSC line revealed that they were not able to present OVA-derived antigens, 

whereas an analyzed maGSC line exhibited a weak antigen presentation capability. Gene 

expression studies of several proteins that are part of the peptide loading complex revealed that 

the transporter associated with antigen processing (TAP) genes were only low expressed in 

pluripotent stem cells. Since peptide loading is crucial for MHC class I stability and also for the 

transport to cell membrane, this could explain the failure of most stem cells to present antigens. 

Furthermore, co-culture of OVA-expressing PSCs with naïve OVA-specific CD8+ and CD4+ T cells 

revealed that PSC were not only unable to stimulate those cells but actively inhibited their 

proliferation. Transplantation studies with OVA-expressing iPSCs in syngeneic hosts revealed that 

the expression of OVA as a model of a mHC antigen render these cells immunogenic. The 

transplanted iPSC OVA cells were rejected or tumor growth was significantly impeded in 

immunocompetent but not in immunodeficient hosts. CTLs could have contributed to this result 

since OVA-specific CTLs, which were able to kill OVA-expressing RMA cells, were found in the 

majority of the hosts, especially in those which successfully rejected the OVA-expressing iPSCs. 
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1 Introduction 

1.1 Pluripotent stem cells – a prospect for transplantation medicine 

The future medicine is facing severe challenges – a lack of transplant donors and a population that 

constantly ages. Currently the united network for organ sharing (UNOS) reports that about 

116000 candidates in the USA are waiting for a transplant, while only about 19000 transplants 

were available from January to August 2012. In addition, the frequency of age-related diseases 

such as heart and liver failure or Parkinson’s disease will rise within the next decades. Until 2050, 

the number of people aged 65 or older is expected to rise from now 11 % to 26 % in low-fertility 

countries like Germany (DESA/PD, 2011). For these reasons, pluripotent stem cells (PSCs) hold 

great promises for regenerative medicine, since they possess the ability to self-renew and develop 

into virtually any desired cell type (see 1.2). Thus, PSCs could provide the basis for cell or tissue 

transplants, as well as the treatment of age-related diseases associated with irreversible tissue 

injury.  

However, for successful stem cell transplantation several immunological hurdles have to be 

overcome, similar to classical transplantations. Embryonic stem cells (ESCs) are usually derived 

from other individuals than the potential recipients and could be rapidly rejected by the immune 

system if the major histocompatibility complex (MHC) of transplanted cells is mismatched or 

minor histocompatibility (mHC) antigens are expressed (see 1.5). In addition, the use of ESCs is 

restricted due to ethical concerns, since isolation of human ESCs destroys human embryos. For 

this reason other pluripotent or multipotent cells, such as induced pluripotent stem cells (iPSCs) 

and multipotent adult germline stem cells (maGSCs) have became attractive for medical research. 

In addition to the fact, that using these cells is not ethically objectionable, further potential 

advantages might be associated with their medical use. These cells or their differentiation 

products could be transplanted in an autologous setting, associated with a lower risk for rejection 

after transplantation. However, even these MHC-matched cells could potentially induce an 

immune rejection in the recipient due to the expression of mHC antigens to which no tolerance 

has been established in the recipient (see 1.5.2). Immune reactions due to mHC antigen 

expression could also limit the success of the proposed establishment of MHC-matched PSC 

biobanks. Especially, the impact of mHC antigen expression on successful stem cell 

transplantation has not been addressed sufficiently.  

A second major problem, also significantly limiting possible studies in humans, is the risk of 

teratoma formation in the recipient due to the capability of PSCs to proliferate virtually 

indefinitely. Teratomas are tumors which comprise cells derived from all three germ-layers. In fact 
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this property is frequently used as a proof of  pluripotency of stem cells (Brivanlou et al, 2003).  As 

few as 2 murine or 245 human ESCs have been reported to be sufficient to induce teratoma 

growth in immunodeficient hosts (Hentze et al, 2009; Lawrenz et al, 2004). Differentiation into 

the desired cell type in vitro could solve this problem, since terminally differentiated cells lose 

their tumorigenic potential (Kolossov et al, 2006). However, prolonged in vitro culture could lead 

to uptake of xenogeneic or allogeneic antigens thereby increasing the immunogenicity of PSCs. 

Stringent quality tests would be needed to ensure the purity of ESC-derived cells gained from in 

vitro culture. Furthermore, differentiation could also reduce the ability of the grafted cells to get 

functionally integrated into the host’s tissue. Currently, mouse models provide the best possibility 

to further analyze these immunological issues and allow the characterization of PSCs in 

transplantation studies. 

 

1.2 Immunology of pluripotent stem cells 

1.2.1 Embryonic stem cells 

Embryonic stem cells (ESCs) are undifferentiated cells from the inner cell mass of the early 

blastocyst (Evans & Kaufman, 1981; Martin, 1981). The most prominent characteristic of ESCs is 

their potential to differentiate into virtually any adult cell type including germline (Figure 1) 

(Bradley et al, 1984). For developmental reasons, trophoblast cells represent the only cell type 

ESCs are unable to differentiate into. The second important characteristic of ESCs is their ability to 

self renew almost incessantly. Therefore, human ESCs, since their first description in 1998, got 

into the focus of regenerative medicine (Thomson et al, 1998).  

Compared to other pluripotent cell types, the immunogenicity of ESCs is probably best 

characterized, since they have been studied for the longest time. Differences between human 

ESCs (hESCs) and murine ESCs (mESCs) in MHC class I expression, IFNγ responsiveness and further 

immunological properties were reported. Since in this thesis especially murine PSCs were studied, 

this section focuses primarily on the immunology of mESCs.  

Using standard flow cytometry, neither MHC class I nor MHC class II complexes were detected on 

the cell surface of mESCs (Magliocca et al, 2006; Tian et al, 1997). However, even very few MHC 

class I complexes on target cells are sufficient to induce transient calcium signaling and killing 

activity in cytotoxic T cells (CTLs) (Brower et al, 1994) and the ability of CTLs to kill mESCs was 

shown in vitro (Dressel et al, 2009). Since mESCs became targets of CTLs the amount of MHC class 

I molecules expressed on the surface of mESCs must be under the detection limit of flow 

cytometry. 
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The presence of MHC class I molecules on mESCs was also demonstrated utilizing lacZ-inducible, 

antigen/MHC class I specific T cell hybridomas (Abdullah et al, 2007). These T cell hybridomas 

comprised a lacZ reporter gene under control of the IL-2 promoter. Following TCR-dependent 

activation upon co-culture with αPIG ESCs, the T cell hybridomas were positively stained with a β-

galactosidase staining kit. In addition, T cell-mediated responses against mESCs were 

demonstrated in vivo (Boyd & Wood, 2009; Dressel et al, 2009; Robertson et al, 2007; Wu et al, 

2008). 

 

 

Figure 1: Differentiation capacity of embryonic stem cells (ESCs)  
ESCs, derived from the inner cell mass of the early blastocyst-staged embryo, can be cultured and 
differentiated into various cell types in vitro (Fischbach & Fischbach, 2004). 

 

Conflicting data were published regarding the ability of mESCs to respond to IFNγ signaling. One 

the one hand it was reported that the expression of MHC class I molecules was not enhanced 

after IFNγ treatment, neither on transcript nor on protein level (Abdullah et al, 2007; Nussbaum 

et al, 2007; Tian et al, 1997). On the other hand Bonde and Zavazava reported that MHC class I 

molecule expression raised after IFNγ treatment in mESCs (Bonde & Zavazava, 2006). Likewise, it 

remains uncertain how the expression of MHC class I molecules changes upon differentiation of 

mESCs. It was reported that MHC class I molecules were generally up-regulated when mESC 

differentiate into teratomas in vivo (Nussbaum et al, 2007). Another study suggests that mESCs 

only transiently, between day 4 and day 6 of differentiation, slightly up-regulate the MHC class I 
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expression (Abdullah et al, 2007). Also regarding the susceptibility of mESCs to the cytotoxic 

activity of natural killer (NK) cells conflicting results were published. Several groups were able to 

show that mESCs are efficiently killed. This  was most likely due to low MHC class I molecule 

expression, which serve as ligand for inhibitory NK cell receptors, combined with expression of 

ligands for activating NK cell receptors (Dressel et al, 2010; Dressel et al, 2008; Frenzel et al, 

2009). However, other groups reported that mESCs or their derivatives were resistant to NK cell-

mediated cytotoxicity (Abdullah et al, 2007; Bonde & Zavazava, 2006; Koch et al, 2008; 

Mammolenti et al, 2004). The reasons for these discrepancies are unknown, but most likely result 

from the analysis of different stem cell lines, cell culture conditions and the experimental set up 

e.g. whether NK cells were activated prior to the assay or not. For this reason, during this thesis 

several PSC lines derived from different mouse strains were analyzed in order to validate the 

results. In summary, the findings published so far suggest that ESCs are probably more 

immunogenic than initially proposed in many early studies, in which a general immune privilege of 

ESCs was suggested (Bonde & Zavazava, 2006; Koch et al, 2008; Li et al, 2004; Magliocca et al, 

2006). 

 

1.2.2 Multipotent adult germline stem cells 

Multipotent adult germline stem cells (maGSCs) are PSCs derived from spermatogonial stem cells 

(SSCs) of the testis. SSCs are located at the basal membrane of the tubuli seminiferi and are 

responsible for the generation of sperms during whole life-time of adults. The SSCs arise from 

primordial germ cells (PGCs) during embryonic development. The pluripotency of PGCs derived 

from embryos between 8.5 and 12.5 days post coitum was first demonstrated in 1992 (Matsui et 

al, 1992; Resnick et al, 1992). In 2004, SSCs were generated from neonatal mouse testis and for 

the first time pluripotency of these cells was achieved using specific cell culture conditions 

(Kanatsu-Shinohara et al, 2004). However, for clinical applications SSCs need to be generated also 

from adult testis. In 2006 SSCs from adult mouse testis were isolated and gave rise to pluripotent 

maGSCs for the first time following culture under ESC conditions. Pluripotency of these cells was 

shown in vivo by injection into immunodeficient hosts. MaGSCs formed teratomas consisting of 

cells derived from all 3 germ layers. Moreover, maGSCs were successfully differentiated in vitro 

using embryoid body (EB) formation. Resulting cells were positive for specific markers of all 3 

primary germ layers (Guan et al, 2006). Subsequently, even more specialized cell types were 

generated in vitro from maGSCs including cardiomyocytes, functional endothelial cells as well as 

functional neurons and glia cells (Cheng et al, 2012; Glaser et al, 2008; Guan et al, 2007; 
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Streckfuss-Bömeke et al, 2009). Epigenetics of maGSCs were analyzed and compared to ESCs. DNA 

methylation status and chromatin state as well as the gene expression pattern resemble those of 

ESCs, further confirming their pluripotent nature (Khromov et al, 2011; Meyer et al, 2010; Zechner 

et al, 2009). Moreover, maGSCs and ESCs have similar miRNA and proteomic profiles (Dihazi et al, 

2009; Zovoilis et al, 2008). 

MaGSCs and maGSC-derived differentiated cells could potentially be transplanted in an 

autologous setting, what reduces immunological barriers of transplantation. However, the 

immunological properties of this relative new pluripotent cell type are insufficiently characterized 

and the expression of differentiation antigens could increase the immunogenicity of these cells. 

Furthermore, in clinical applications only male patients could benefit. In previous studies our 

group demonstrated, that maGSCs were negative for the MHC class I molecules H2K and H2D in 

flow cytometry similarly to ESCs. Moreover, maGSCs were susceptible to the cytotoxicity of IL-2 

activated NK cells in vitro, most likely resulting from the combination of low MHC class I 

expression and expression of ligands for activating NK cell receptors. However, not all maGSC 

lines tested in this study were positive for ligands of activating NK cell receptors, suggesting that 

the low expression of MHC class I molecules might be sufficient to render maGSCs susceptible to 

killing by NK cells. In addition, the susceptibility of maGSCs was analyzed in vivo. Following 

injection into SCID mice, that lack T and B cells but possess functional NK cells, teratomas were 

formed in six of six animals. In contrast, after NK cell activation in vivo using poly (I:C) injection 

teratomas formed only in four of six animals. These results suggest, that only proper activated NK 

cells are able to kill maGSCs (Dressel et al, 2010). In addition, maGSCs were also moderately killed 

by antigen-specific CTLs in vitro (Dressel et al, 2009).  

 

1.2.3 Induced pluripotent stem cells 

Induced pluripotent stem cells (iPSCs) are somatic cells that are reprogrammed to pluripotency by 

expression of a set of defined transcription factors. IPSCs were generated for the first time in 2006 

by retroviral transfection of fibroblasts with expression constructs of the transcription factors 

Oct4, Sox2, c-Myc and Klf4 (Takahashi & Yamanaka, 2006). These iPSCs resembled ESCs in terms 

of morphology and differentiation potential, which was shown by teratoma growth assays in 

immunodeficient mice. The iPSCs formed tumors consisting of cells of all three primary germ-

layers. Moreover, their DNA methylation and chromatin state as well as their global gene 

expression pattern were similar to those of ESCs albeit minor differences exist depending on the 

generation method (Li et al, 2011; Liu et al, 2012). IPSCs can form viable chimeras, contribute to 
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the germline and – the gold standard proof of pluripotency – they generate living embryos when 

injected into tetraploid blastocysts (Okita et al, 2007; Takahashi & Yamanaka, 2006; Wernig et al, 

2007). However, in 20 % of firstly generated iPSC chimeras tumors arose, due to overexpression 

of the proto-oncogene c-Myc. Shortly after this observation, a first report demonstrated 

successful reprogramming of somatic cells in the absence of c-Myc (Nakagawa et al, 2008).  

Utilizing a G9a histone methyltransferase inhibitor and an L-type calcium channel agonist further 

reduced the number of crucial transcription factors. Introduction of Oct4 and Klf4 alone was in 

this combination sufficient to generate iPSCs (Shi et al, 2008). However, these iPSC lines still have 

alterations in their genomes due to integration of the used retroviral vector. In between even 

more elegant methods to reprogram somatic cells into iPSCs were reported. IPSCs were 

generated by the use of non-integrating adenoviral vectors or by repeated transfection of non-

viral expression vectors (Okita et al, 2008; Stadtfeld et al, 2008). Another advance is the 

generation of iPSCs using recombinant proteins for transfection. Polyarginine protein 

transduction domains fused to Oct4, Sox2, c-Myc and Klf4 proteins enables their transport into 

the cell and the nucleus (Zhou et al, 2009).  

The immunogenicity of iPSCs is less well characterized compared to ESCs. Like maGSCs these cells 

or their differentiation products could theoretically give rise to autologous transplants thereby 

avoiding a MHC mismatch. However, especially after retroviral transfection the alterations in the 

genome could lead to expression of minor histocompatibility antigens, thereby possibly inducing 

rejection of transplanted cells. Furthermore, the risk of teratoma formation might increase in 

autologous transplantations due to reduced immune surveillance. However, studies addressing 

these questions are rare. For murine iPSCs it was shown that MHC class I expression is not 

detectable. Moreover, it was demonstrated that these cells can become targets of CTLs and NK 

cells (Dressel et al, 2009; Dressel et al, 2008). In addition, also human iPSCs express only low 

amounts of HLA molecules in addition to weak or absent expression of genes that are part of the 

peptide loading complex (see 1.4.1). Suarez-Alvarez et al. therefore concluded that the 

deficiencies in peptide loading combined with the lack of β2-microglobulin (β2m) limited the 

expression of MHC class I molecules on the cell surface. Furthermore, they demonstrated that 

epigenetic mechanisms may be responsible for these findings. The absence of HLA-DR and HLA-G 

was mediated by DNA methylation while the chromatin structure of the HLA-B and β2m gene 

acquired the H3K4me3 modification to inhibit their transcription. In addition, expression of the 

NKG2D ligands MICA and MICB was observed, but the functional relevance of these molecules 

was not investigated (Suarez-Alvarez et al, 2010). Zhao and colleagues compared the 

immunogenicity of murine iPSCs either generated by retroviral transfection (ViPSCs) or by an 

episomal approach (EiPSCs) without genomic integration. They found that ViPSCs were mostly 
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immune-rejected from syngeneic hosts and generally unable to form teratomas. In contrast, 

EiPSCs efficiently formed teratomas but showed infiltration of T cells and tumor regression in 10 

% of the recipients. Analysis of both iPSC lines revealed a variety of abnormally expressed genes 

including tumor antigens. The authors concluded that these abnormally expressed proteins could 

induce T cell-mediated immune responses, even when iPSCs are not genomically altered (Zhao et 

al, 2011). In a previous study of our group it was shown that murine iPSCs, generated by retroviral 

transfection of tail-tip fibroblasts, can become targets of activated NK cells. After transplantation 

into SCID mice, which lack T and B cells but possess functional NK cells, teratomas formed in six of 

six animals. However, teratomas formed only in three of six SCID mice, in which NK cells were 

activated by poly (I:C) injection prior to transplantation, demonstrating that activated NK cells can 

contribute to the rejection of iPSCs. This finding was confirmed by in vitro killing assays, in which 

this iPSC line was highly susceptible to killing by IL-2-activated NK cells (Dressel et al, 2010). 

  

1.3 Immune-modulating properties of PSCs 

In addition to the proposed immune privilege of PSCs due to undetectable MHC class I expression 

further mechanisms of PSCs to evade immune responses were reported. Such mechanisms are 

evolutionary reasonable for ESCs since these cells, derived from the early blastocyst, need 

immune escape mechanisms to evade the maternal immune response (Trowsdale & Betz, 2006). 

Abdullah et al. reported that murine ESCs are protected against immune responses, due to high 

expression of serpin 6 (Abdullah et al, 2007). This protein is an endogenous inhibitor of granzyme 

B, the serine protease that enables NK cells and CTLs to lyse target cells via the granule exocytosis 

pathway (Medema et al, 2001a). However, previous studies of our group did not confirm these 

observations for other PSCs. Various PSC lines, including ESCs, maGSCs and iPSCs from different 

genetic backgrounds were analyzed but no expression of serpin 6 was detectable in western blots 

and only low amounts of serpin 6 mRNAs were detectable by qPCR (Dressel et al, 2010).  

Another known protective protein against cellular cytotoxicity is Cathepsin B. Cathepsin B is a 

protease that inactivates the pore-forming activity of perforin, thereby inhibiting the transport of 

granzyme B into target cells. It was shown that CTLs protect themselves against perforin of their 

own cytotoxic granules by transient exposure of membrane bound Cathepsin B (Balaji et al, 2002). 

In previous studies, our group was able to demonstrate that Cathepsin B was indeed expressed in 

a maGSC line, an iPSC line and four different ESC lines. However, a functional relevance of 

Cathepsin B was not detected, since the expression of Cathepsin B did not correlate with the 

resistance to cytotoxic T cells (Dressel et al, 2010). 
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Furthermore, it was reported that expression of Fas ligand (FasL) on murine ESCs play a crucial 

role for their immune escape (Bonde & Zavazava, 2006). FasL is a transmembrane protein on 

cytotoxic cells that induces apoptosis in Fas receptor expressing cells. In addition to the granzyme 

B pathway, the expression of FasL is a mechanism of CTLs to induce apoptosis in target cells 

(Nagata, 1996). Cells of immune privileged areas such as testis or cornea express FasL, thereby 

avoiding the cytotoxic activity of infiltrating CTLs by a counter attack (Ferguson & Griffith, 1997; 

Griffith & Ferguson, 1997; van Parijs et al, 1998). Accordingly, Bonde et al. reported that 75 % of 

pre-activated T cells became apoptotic following exposure to murine ESCs and apoptosis was 

inhibited by addition of a FasL neutralizing antibody in a dose dependent manner (Bonde & 

Zavazava, 2006). However, in other studies no FasL expression on several murine ESCs was 

detected (Brunlid et al, 2007; Frenzel et al, 2009). In addition, no FasL expression was detected on 

human ESCs (Drukker et al, 2006; Grinnemo et al, 2006).  

Yachimovich-Cohen et al. reported that the expression of Arginase I in hESCs and mESCs inhibits 

the activation of T cells. Arginase I is an enzyme responsible for the degradation of L-arginine from 

the cellular microenvironment. Depletion of L-arginine leads to reduced expression of the CD3 ζ 

chain of the T cell receptor (TCR) thereby inhibiting T cell activation (Bronte & Zanovello, 2005). 

ESCs were cultured together with peripheral blood mononuclear cells (PBMCs) and IFNγ 

production as well as proliferation of CFSE-stained PBMCs was used to monitor activation. 

Separation of hESCs and PBMCs with a permeable membrane did not restore T cell activation, 

suggesting a contact independent mechanism. Moreover, the supplementation of the culture 

medium with L-arginine restored PBMC activation in a dose dependent manner (Yachimovich-

Cohen et al, 2010).  

Koch et al. reported that ESCs evade the immune response by secretion of TGFβ. It is well 

established that TGFβ, released by regulatory T cells, inhibits the activation of naive T cells. The 

release of TGFβ by ESCs (R1 and 129SvJ ESC line) was demonstrated using ELISA and ESC-

conditioned medium was able to suppress proliferation of CD4 positive T cells. Proliferation was 

largely restored after addition of a TGFβ sRII/Fc fusion protein or addition of a TGFβ neutralizing 

antibody (Koch et al, 2008).  

It was reported that Indoleamine 2,3-dioxygenase (IDO), a tryptophan-catabolizing enzyme, 

suppress immune reactions. T cell proliferation is inhibited by tryptophan depletion from the 

cellular microenvironment and further studies demonstrated that the tryptophan catabolite 

kynurenine induces apoptosis in T cells by activation of caspase-8 (Fallarino et al, 2002; Mellor & 

Munn, 1999; Munn et al, 1999). Plumas et al. reported that IDO expression in adult mesenchymal 

stem cells (MSCs) induces apoptosis of activated T cells (Plumas et al, 2005). However, 

contribution of IDO to the immune suppressive activity of ESCs was not confirmed in another 
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study (Han et al, 2011). In summary, many possible mechanisms to avoid immune responses were 

reported for single ESC or MSC lines but a contribution of these mechanisms in other PSC lines 

often cannot be confirmed. Cell line specific variations or different cell culture conditions could 

provide an explanation for the conflicting findings, generated in independent studies. However, 

up to now comparative studies of different PSC lines are largely missing and investigations of 

immune suppressive mechanisms in iPSCs or maGSCs are rare. 

 

1.4 Antigen presentation 

The antigen processing pathway has evolved as part of the adaptive immune system and is 

responsible for the presentation of antigens to T cells. Antigen presentation pathways can be 

divided into the MHC class I and the MHC class II pathway. The MHC class I molecules are 

expressed on nearly every nucleated cell and display intracellular antigens, i. e. peptides 

generated almost exclusively in the cytoplasm of the cell, to CTLs. In contrast, MHC class II 

molecules are restricted to professional antigen presenting cells of the immune system, i.e. 

macrophages, dendritic cells and B cells. In addition to presentation of antigens derived from 

peptides generated in the cytoplasm, these cells capture antigens from extracellular space in 

order to display them to CD4+ T helper cells via MHC class II molecules. 

 

1.4.1 MHC class I pathway 

Under non-pathological conditions MHC class I molecules continuously present peptides derived 

from endogenous proteins. These peptides are generated mainly in the cytoplasm of the cell by 

the ubiquitin-proteasome pathway. After viral infection or malignant transformation an additional 

set of peptides is generated from the pathogens or tumor antigens. This mechanism enables CTLs 

to recognize and kill pathologic cells. The peptides generated by the proteasome have a size 

distribution of 3 to 30 amino acids (Ehring et al, 1996; Kisselev et al, 1999). Upon stimulation with 

IFNγ the catalytical β-subunits of the proteasome are exchanged for βi-subunits, also known as 

LMP 2 and LMP 7 (low molecular mass peptides). This exchange leads to the formation of the 

immunoproteasome that exhibits a different cleavage pattern and creates more suitable peptides 

for MHC class I binding (Rock & Goldberg, 1999). Especially peptides with hydrophobic and basic 

C-termini are preferred in binding to MHC class I molecules but also for transport by the 

transporter associated with antigen processing (TAP). Proteasomally generated peptides which 

have bound to TAP are subsequently transported into the lumen of the endoplasmatic reticulum 
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(ER) in an ATP-driven process. It was shown that cells lacking TAP exhibit strongly reduced levels 

of MHC class I molecules on their cell surface (Ljunggren et al, 1990; Townsend et al, 1989). In the 

lumen of the ER the N-termini of the peptides are further trimmed by aminopeptidases (Beninga 

et al, 1998). The resulting peptides consist of 8 to 10 amino acids. The length of peptides is crucial 

for binding since N- and C- termini interact with structures at the ends of the MHC class I molecule 

binding pocket.  

 

 

Figure 2: Antigen processing and presentation via the MHC class I pathway 
Newly synthesized MHC class I molecules are loaded within the ER with antigenic peptides generated by 
proteasomal degradation of endogenously expressed proteins. The transporter associated with antigen 
processing mediates the transport of these peptides from the cytoplasm into the lumen of the ER. There, 
TAPBP (or tapasin) mediates the peptide loading onto MHC class I molecules. Subsequently, the transport of 
assembled MHC class I molecules to the cell surface via the Golgi apparatus is initiated.  
(Lankat-Buttgereit & Tampe, 2002) 
 

 

The MHC class I molecule is a dimer consisting of a transmembrane heavy chain (HC) and β2-

microglobulin (β2m). MHC class I proteins are cotranslationally translocated into the lumen of the 

ER, where this dimer is stabilized by the membrane-bound chaperone Calnexin. Calnexin is 

subsequently exchanged for another chaperone - Calreticulin. The soluble Calreticulin together 

with its co-factor ERp57, a thiol reductase that assists in the generation of disulfide bonds, further 

stabilizes the MHC class I molecule. Both chaperones are also known to be involved in quality 
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control. They bind incomplete or misfolded proteins and prevent them from being exported via 

the golgi apparatus. The TAP binding protein (TAPBP) mediates the interaction of TAP and the 

MHC class I molecules and assists in loading peptides onto the MHC class I molecules (Sadasivan 

et al, 1996). TAPBP is furthermore involved in retention and stabilization of MHC class I molecules 

(Grandea & Van Kaer, 2001). In addition, TAPBP is responsible for the optimization of the peptide 

cargo, accelerates the dissociation of low-affinity peptides and favors the binding of high-affinity 

peptides to MHC class I molecules (Praveen et al, 2010). Upon peptide binding, the MHC class I 

molecule is stabilized, Calreticulin is released and the transport to the cell surface via the Golgi 

apparatus is initiated (Lankat-Buttgereit & Tampe, 2002; Pamer & Cresswell, 1998). There, the 

peptides (antigens) are presented to CTLs that recognize structures of the MHC class I molecule 

binding pocket in combination with the peptide structure with their T cell receptor (TCR). A 

schematic overview of the MHC class I antigen processing pathway is shown in Figure 2.  

Antigens captured from the extracellular space can also be presented to CTLs on MHC class I 

molecules. This process is termed cross-presentation and mediated by professional antigen 

presenting cells (APCs), particularly macrophages and dendritic cells (Rock et al, 1993). This 

important mechanism enables the adaptive immune system to respond to viruses that do not 

infect APCs or against tumor cells which not act as APCs themselves. Antigens of virally infected or 

malignantly transformed cells that become necrotic or apoptotic are taken up by phagocytosis or 

macropinocytosis. Subsequently, antigens are translocated into the cytosol for entry into the 

proteasome- and TAP-dependent MHC class I pathway (Kovacsovics-Bankowski & Rock, 1995; 

Norbury et al, 1995). Additional pathways for cross-presentation were suggested. Instead of 

protein translocation into the cytosol for proteasomal degradation and subsequent translocation 

into the ER, it was suggested that parts of the ER, including TAP and MHC class I transporters, are 

incorporated into the phagosomes and lysosomes (Ackerman et al, 2006). In this model, antigens 

are proposed to enter the cytosol and re-enter the phagosome/ER compartment following 

proteasomal degradation (Guermonprez et al, 2003; Houde et al, 2003). In addition, a cross-

presentation pathway was described, which functions independently of proteasome activity or 

TAP transporters. In this pathway proteases such as Cathepsin S generate antigens, which are 

suitable for loading on MHC class I molecules, within the phagosomes. MHC class I molecules are 

also present in these compartments and can be loaded directly (Pfeifer et al, 1993; Shen et al, 

2004). 
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1.4.2 MHC class II pathway 

As mentioned before the MHC class II pathway enables professional antigen presenting cells 

(APCs) to display antigens, mainly captured from the extracellular space, to CD4+ T cells. 

Professional APCs are mainly dendritic cells (DCs) but also macrophages and B cells. Furthermore, 

stimulation with IFNγ can induce the expression of MHC class II molecules on the surface of non-

professional APCs such as endothelial and epithelial cells as well as fibroblasts. Professional APCs 

mainly capture antigens via endocytosis and process them in the endosomal/lysosomal pathway. 

However, also antigens derived from endogenously expressed proteins have access to the MHC 

class II antigen presentation pathway (Schmid et al, 2007; Zhou et al, 2005). The main proteases 

mediating the processing of antigens in the endosomal/lysosomal pathway are cathepsins 

(Colbert et al, 2009). In general, peptides bound by MHC class II molecules have a size of 12 to 19 

amino acids, but also the binding of longer peptides was reported (Davidson et al, 1991; 

Engelhard, 1994; Moss et al, 2007).  

 

 

Figure 3: Antigen processing and presentation via the MHC class II pathway 
Antigen presentation via MHC class II molecules is mainly mediated by professional APCs. The professional 
APCs are able to capture proteins from the extracellular space. These proteins are degraded by proteases in 
endosomes and the resulting antigenic peptides are loaded on MHC class II molecules in specialized cellular 
organelles called MIIC. (adapted from(Neefjes et al, 2011)) 
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MHC class II complexes are assembled in the ER and consist of an α- and a β-chain. This dimer is 

stabilized by binding of the chaperone molecule invariant chain (Ii) (Cresswell, 1996; Sant & 

Miller, 1994). The invariant chain exhibits a cytoplasmic tail containing a motif that targets the Ii-

MHC class II complexes to endosomal/lysosomal compartments. There, Ii is degraded by acidic 

proteases to the class II-associated invariant chain peptide (CLIP), a fragment which remains 

associated with the MHC class II peptide binding groove (Maric et al, 1994; Riese et al, 1996). The 

MHC class II-like chaperone DM catalyzes the removal of CLIP and further stabilizes the MHC class 

II complex (Denzin & Cresswell, 1995; Sherman et al, 1995). Moreover, DM catalyzes the 

association of antigenic peptides to MHC class II molecules by altering MHC class II conformation 

(Narayan et al, 2009). Thereby, DM is also able to mediate the dissociation of sub-optimal 

peptides from the MHC class II binding groove (Kropshofer et al, 1996). Another class II MHC-like 

chaperone called DO regulates the activity of DM. DO probably has an inhibitory function in order 

to broaden the range of possible presented peptides (Watts, 2012). This process occurs in a 

specialized cellular organelle, the MHC class II compartment (MIIC) (Pieters, 1997). The 

endosomal/lysosomal compartments, containing antigenic peptides intersect MIICs which contain 

the pre-assembled MHC class II molecules. Upon antigen binding, MHC class II molecules are 

transported to the cells surface and display antigens to CD4+ T cells (see Figure 3). 

Recently, additional pathways for MHC class II antigen presentation were reported including 

macroautophagy and chaperone-mediated autophagy as well as a TAP-dependent pathway and 

intercellular antigen transfer (Crotzer & Blum, 2009; Taylor et al, 2006; Tewari et al, 2005). 

 

1.5 Immune rejection pathways 

1.5.1 MHC mismatch 

MHC class I as well as MHC class II molecules are polygenic and co-dominantly expressed. Mice, 

depending on the different strains, comprise up to three MHC class I allels (one H2-K, -D, -L from 

each parent) encoding the α chain that build the MHC class I molecule together with the invariant 

β2-microglobulin. The MHC class II molecules in mice consist of a α chain and a β chain each, 

which are encoded in two allel pairs (one H2-A- and -E from each parent). Moreover, the MHC 

genes are highly polymorphic and several hundreds of different alleles exist within the population. 

Due to the polymorphic nature of the MHC molecules, CTLs are able to discriminate between self 

and non-self or host and donor, respectively, since CTLs not only recognize the antigens presented 

via MHC molecules but also structures of the MHC molecules itself. Therefore, transplanted cells 

expressing foreign MHC molecules can immediately become targets of CTLs leading to an acute 



  Introduction 

14 
 

immune rejection. As mentioned before MHC class I molecules are expressed on nearly every 

nucleated cell whereas MHC class II molecules are restricted to cells of the immune system. 

However, cytokine stimulation can induce MHC class II expression also on a variety of somatic 

cells. Whether ESCs could become targets of CTLs due to MHC mismatch is currently studied. 

Since neither mESCs nor hESCs express MHC class II complexes (Drukker et al, 2006; Grinnemo et 

al, 2006; Li et al, 2004; Tian et al, 1997), even after IFNγ stimulation, it is unlikely that these 

molecules elicit an immune rejection. However, for hESCs it is reported that small amounts of 

MHC class I molecules are expressed and several studies demonstrated their existence on mESCs 

(albeit beyond the detection limit of flow cytometry) (Abdullah et al, 2007; Dressel et al, 2009). 

Thus, ESC could indeed become targets of CTL-mediated cytotoxicity after transplantation. 

Moreover, transplanted ESCs could become targets of NK cells, since ESCs lack MHC class I 

molecules that act as inhibitory signal for NK cells (Dressel et al, 2010; Frenzel et al, 2009). In 

addition, transplanted pluripotent cells differentiate into a variety of somatic cells which exhibit a 

higher expression of MHC molecules at least in certain cell populations at specific time points of 

differentiation (Abdullah et al, 2007). Other PSC sources like iPSCs or maGSCs seem to be more 

suitable for transplantation, since these PSCs could be transplanted in an autologous setting, 

thereby avoiding a MHC mismatch.  

 

1.5.2 The minor histocompatibility antigens 

About one third of newly synthesized proteins in cells are rapidly degraded by the proteasome 

and the generated peptides can be presented on MHC class I molecules to CTLs (Schubert et al, 

2000). Therefore, every expressed protein that differs from the host, e g. due to polymorphisms, 

could potentially elicit an immune response even when donor and recipient are identical at the 

MHC locus. Cells which express such mHC antigens are immunogenic, albeit less strongly than 

cells with MHC mismatch. In the context of PSC transplantation, mHC antigen expression could be 

critical. Even autologously transplanted PSCs might express mHC antigens e.g. in form of 

differentiation antigens or other gene products expressed only in early development or 

pluripotent cells, respectively. Since the immune system never encountered such gene products 

before, tolerance towards these antigens might lack. In humans it was already demonstrated that 

T cells exist, which were specific for the transcription Oct4, a key factor of pluripotency 

(Dhodapkar et al, 2010). However, whether the expression of mHC antigens render murine PSCs 

indeed immunogenic is currently insufficiently analyzed and a key question of this thesis. 
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1.5.3 The allorecognition pathways 

The allorecognition pathways are mainly mediated by professional APCs and T cells and can be 

divided into the direct and the indirect allorecognition pathway. In the direct allorecognition 

pathway donor derived APCs, contained within the graft, move to near lymph nodes where they 

interact with host CD4+ and CD8+ T cells. Due to the expression of foreign MHC class II molecules 

resident CD4+ and CD8+ T cells become activated and elicit an immune response leading to acute 

graft rejection. 

In the indirect allorecognition pathway professional APCs of the host capture antigens derived 

from transplanted cells which became necrotic or apoptotic. These mHC antigens, would 

subsequently been displayed to host CD4+ and CD8+ T cells in draining lymph nodes what induces 

the immune rejection of all somatic cells which display these antigens. In the context of murine 

PSC transplantation mainly the indirect pathway would be involved due to lacking MHC class I and 

MHC class II expression. However, since PSCs could theoretically differentiate into APCs, also the 

direct allorecognition pathway could be involved in the immune rejection of transplanted cells. 

 

 

 
Figure 4: Allorecognition pathways 
The illustration shows the direct and the indirect allorecognition pathway. The direct allorecognition 
pathway is mediated by donor derived APCs, which activate CD4

+
 and CD8

+
 T cells in draining lymph nodes 

due to MHC mismatch. The indirect allorecognition pathway is mediated by host derived APCs, which 
display mHC antigens, derived from proteins of apoptotic donor cells, to CD4

+
 and CD8

+
 T cells. 

(Saric et al, 2008) 
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1.6 Aims of this thesis 

The major goal of this thesis was to characterize the immunogenicity of PSCs and their derivatives. 

Therefore, the three different PSC types ESCs, maGSCs and iPSCs were analyzed and 

systematically compared. Several lines of each PSC type, derived from different mouse strains, 

were used in order to determine the extent of cell type and cell line specific variations. 

 

1) Immunogenicity of PSCs which express a mHC antigen 

Using endogenously expressed Ovalbumin (OVA) as a model for a mHC antigen, the ability of 

these PSCs to induce immune responses was analyzed in vivo and in vitro. It was tested, whether 

the OVA-expressing PSCs were able to activate naïve OVA-specific CD4+ and CD8+ T cells in co-

culture assays. Moreover, the ability of syngeneic hosts to induce an OVA-specific immune 

response and to reject OVA-expressing cells was investigated. In these teratoma growth assays 

also the effect of the immune response against a mHC antigen on the tumorigenicity of iPSCs was 

assessed. 

 

2) Capability of PSCs to process and present antigens 

Recognition of mHC antigens requires antigen presentation by MHC class I molecules. Despite low 

MHC class I expression, PSCs can become targets of activated peptide-specific CTLs after pulsing 

with the appropriate peptide. However, it has remained unclear so far whether PSCs can process 

endogenous antigens. It is possible that defects in antigen presentation pathway are responsible 

for the low MHC class I expression on PSCs.  Using the OVA-expressing PSC lines as model, the 

ability of different PSC types to process and present antigens was analyzed. Moreover, the 

expression of peptide loading complex related genes was determined.  

 

3) Immune escape mechanisms 

Several mechanisms conferring an immune privilege of ESCs in addition to low MHC class I 

expression have been described in the last years. In embryo-derived ESCs it might be evolutionary 

reasonable to exhibit immune escape mechanisms due to their semi-allogeneic nature in the 

maternal environment. However, iPSCs and maGSCs lack this fetal origin. Therefore, it was 

investigated whether these types of PSCs are also immune privileged. The expression of several 

molecules, potentially involved in immune escape mechanisms was analyzed and compared in 

different PSC lines.  
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2 Materials 

2.1 Biological material 

2.1.1 Bacterial strains 

The chemo-competent E. coli strain One Shot® Top10F` from Invitrogen was used for cloning 

procedures and plasmid preparation. This bacterial strain had the following genotype: 

F´ lacIq Tn10 (TetR) mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara-

leu)7697 galU galK rpsL endA1 nupG. 

 

2.1.2 Cell lines 

Table 1: Cell lines 

Label Origin Description  

ESC (BTL-1) 129/Sv mouse blastocyst-derived embryonic stem cell  

ESC (C57Bl/6) C57Bl/6 mouse blastocyst-derived embryonic stem cell  

ESC (FVB) FVB/N mouse blastocyst-derived embryonic stem cell  

ESC (MPI-II) 129/Sv mouse blastocyst-derived embryonic stem cell  

ESC (R1) 129/Sv mouse blastocyst-derived embryonic stem cell  

iPSC (129/Sv) 129/Sv mouse iPSCs; clone 11.1; derived from MEFs  

iPSC (C57Bl/6)  C57Bl/6 mouse iPSCs; clone 6-5-120; derived from MEFs  

TTF-iPSC 129/Sv mouse iPSCs derived from tail tip fibroblasts  

maGSC (129/Sv) 129/Sv mouse multipotent adult germline stem cell  

maGSC (C57Bl/6) C57Bl/6 mouse multipotent adult germline stem cell  

maGSC (FVB) FVB/N mouse multipotent adult germline stem cell  

maGSC (Stra8) Stra8-eGFP/Rosa26 mouse multipotent adult germline stem cell  

F9 129/Sv mouse teratocarcinoma cell line  

J774 BALB/cN mouse monocyte/macrophage cell line  

RMA C57Bl/6 mouse T cell lymphoma cell line  

YAC-1 A/Sn mouse Lymphoma cell line  

 

The TTF-iPSC line was provided by R. Jänisch, Whitehead Institute for Biomedical Research 

(Meissner et al, 2007). IPSC as well as maGSC lines were kindly provided by Kaomei Guan-Schmidt, 

Cardiology and Pneumology, University Medical Center Göttingen (Guan et al, 2006). The ESC line 

MPI-II was kindly provided by Ahmed Mansouri, Department of Molecular Cell Biology, Max-

Planck-Institute for Biophysical Chemistry Göttingen and the remaining ESC lines by Wolfgang 

Engel, Department of Human Genetics, University Medical Center Göttingen. 
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2.1.3 Laboratory animals 

All animals were bred in the central animal facility of the University Medical Center of the 

University of Göttingen and are listed in Table 2. 

 

Table 2: Laboratory animals 

Label Organism Description Reference 

OT-I  mouse TCR transgenic for SIINFEKL/H2Kb (Hogquist et al, 1994) 

OT-II mouse 
TCR transgenic for  
ISQAVHAAHAEINEAGR/ H2Ab 

(Barnden et al, 1998) 

C57Bl/6  mouse  MHC haplotype: H2b 
 

129/Sv mouse MHC haplotype: H2b 
 

SCID/beige 
(CB-17) 

mouse 
severe combined immunodeficiency 
affecting B, T and NK cells  

RAG/2-/- cγ-/- 
(C57Bl/6) 

mouse 
severe combined immunodeficiency 
affecting B, T and NK cells 

(Mombaerts et al, 1992) 

LOU/c rat MHC haplotype: RT1u 
 

BUF rat MHC haplotype: RT1b 
 

 

2.1.4 Antibodies 

Antibodies were used according to manufacturer's instructions and diluents as well as 

concentrations are listed in the corresponding method section. 

Table 3: Primary antibodies 

Label Host Isotype/clone Supplier 

anti-β Actin mouse IgG1/AC-15 Sigma 

anti-CD3 rat IgG1/CD3-12 AbD Serotec 

anti-CD3 PE rat IgG2b/17A2 BioLegend 

anti-CD4 PE rat IgG2b k/PJP6 Immunotools 

anti-CD4 FITC rat IgG2a/RM4-5 Caltag 

anti-CD4 TC rat IgG2a/RM4-5 Invitrogen 

anti-CD8a rat IgG2a/53-6.7 Biolegend 

anti-CD8 PE rat IgG2b/YTS 169.4 ImmunoTools 

anti-CD8 FITC rat IgG2b/YTS 169.4 ImmunoTools 
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anti-CD15 (SSEA1) mouse IgM/MC-480 Biolegend 

anti-CD45R rat IgG2a/RA3-6B2 Biolegend 

anti-CD49b (DX5) rat IgM/DX5 Biolegend 

anti-CD80 rat IgG2a/1G10-B7 BD (Becton Dickinson) 

anti-CD86 rat IgG2a/GL1 BD 

anti-CD276 LEAF rat IgG2a/MIH35 Biolegend 

anti-CtsB goat IgG R&D Systems 

anti-F4/80 rat IgG2b/A3-1 Biolegend 

anti-H2Db PE mouse IgG2b/KH95 Biolegend 

anti-H2Kb PE mouse IgG2a/AF6-88.5 Biolegend 

anti-IDO rat IgG2b/m-IDO48 Biolegend 

anti-Ki-67 rat IgG2a/TEC3 DAKO 

anti-NKp46 rat IgG2a/29A1.4 Biolegend 

anti-Oct3/4 mouse IgG1/40-Oct3 BD 

anti-OVA ascites mouse IgG1/OVA-14 Sigma 

anti-SIINFEKL/H2Kb APC mouse IgG1/25-D1.16 eBioscience 

anti-TCR Vβ 5.1,5.2 FITC mouse IgG1/MR9-4 BD 
 

 

Table 4: Secondary antibodies 

Label Host Isotype/clone Supplier 

anti-mouse APC goat IgG/Poly4053 Biolegend 

anti-mouse Cy3 donkey IgG F(ab')2-Fragment Jackson ImmunoResearch 

anti-mouse FITC goat IgG/Poly4053 Biolegend 

anti-mouse-IgG TC goat IgG1/M35006 Caltag 

anti-mouse-IgG1 rat IgG1/A85-1 BD 

anti-mouse-IgG2a rat IgG1/R11-89 BD 

anti-mouse-IgG2b rat IgG2a/R12-3 BD 

anti-mouse-IgG3 rat IgG1/R2-38 BD 

anti-mouse-IgA rat IgG1/C10-1 BD 

anti-mouse-IgM rat IgG2a/II-41 BD 

anti-mouse-IgE rat IgG1/R35-72 BD 

anti-rat TC goat IgG/ R40106 Caltag 
 

 

Table 5: Isotype controls 

Label Supplier 

mouse-IgG1 FITC Caltag 

mouse-IgG1 PE Immunotools 

mouse-IgG2a FITC Pharmingen 

mouse-IgG2a PE Caltag 
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mouse-IgG2b PE Caltag 

mouse-IgM FITC Caltag 

rat-IgG1 FITC Biolegend 

rat-IgG2a FITC Caltag 

rat-IgG2b FITC Caltag 

rat-IgM FITC Caltag 

 

2.1.5 Enzymes 

Table 6: Enzymes 

Label Supplier 

Calf intestine phosphatase NEB (New England Biolabs) 

M-MLV Reverse Transcriptase Promega 

Pfu Polymerase Fermentas 

Phusion Polymerase Finnzymes and NEB 

Proteinase K Merck 

Restriction enzymes NEB and Promega 

RNase A Roche Diagnostics 

RNasin® Plus Ribonuclease Inhibitor Promega 

T4 DNA Ligase  Fermentas and NEB 

Taq Polymerase Genecraft and NEB 

 

2.2 Chemicals and reagents 

All chemicals and reagents, which are only listed in the corresponding method section, were 

purchased at Carl Roth or Sigma. Chemicals and reagents supplied by other companies are 

specified in Table 7. 

Table 7: Chemicals and reagents 

Chemical/Reagent Supplier 

Ammonium chloride (NH4Cl) Merck 

Ammonium persulphate (APS) Serva 

Bromphenol Blue (Na+-salt) Merck 

Bovine serum albumine (BSA) PAA 

Dimethylsulfoxide (DMSO) Merck 

dNTPs Genecraft, NEB 

Dulbecco’s modified Eagle’s medium (DMEM) Gibco 

ECL Western Blotting Substrate Promega 

ESGRO® (LIF) Chemicon (Millipore) 

Ethanol (analytical grade) UMG Apotheke 

Fetal calf serum (FCS) PAA 
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FACSflow Becton Dickinson 

GeneRuler 1kb DNA ladder Fermentas 

Hexadimethrine Bromide (Polybrene) Merck 

Iscove's Modified Dulbecco's Medium (IMDM) Gibco 

Isoamylalcohol Merck 

Isopropanol Merck 

Magnesium chloride (MgCl2) Merck 

Methanol Merck 

Mitomycin C AppliChem 

Natrium chromate (Na2
51CrO4) Hartmann Analytic 

Non-essential amino acids PAA 

Phosphate-buffered saline (PBS) Biochrome 

Pre-stained protein marker, Broad Range NEB 

Propidium iodide (PI) AppliChem 

Protease Inhibitor Cocktail (P2714) Sigma 

Pyruvat Biochrom 

Random primer Promega 

Recombinant mouse interleukin-2 (IL-2) R & D Systems 

Roswell Park Memorial Institute medium (RPMI) Gibco 

Scintillator Optiphase HiSafe 3 PerkinElmer 

SIINFEKL (Ovalbumin amino acid (aa) 257–264) Bachem AG 

N,N,N,N-tetramethyl-ethane-1,2-diamine (TEMED) AppliChem 

TiterMax® TiterMax 

TRIzol® Invitrogen 

Trypsin Biochrom 

UltraPure™ Agarose Invitrogen 
 

 

2.3 Disposables 

Table 8: Disposables 

Label Supplier 

96 - well Wallac plates PerkinElmer 

Top seal for Wallac plates PerkinElmer 

96 - well plates for real-time PCR Applied Biosystems 

Top seal for real-time PCR plates Applied Biosystems 

Blotting paper GB 003 Whatman 

Cell culture 96- and 24-well plates  Sarstedt 

Cell culture flasks (250 ml)  Sarstedt 

Cell culture plates (5 ml, 10 ml & 25 ml) Greiner 

Cell strainer Becton Dickinson 

Conical tubes (13 ml, 15 ml & 50 ml) Greiner/Sarstedt 

Cover slips Sarstedt 

Cryo tubes Greiner 

FACS tubes BD/Sarstedt 
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Microscope slides Menzel 

Multipette® plus Combitips Eppendorf 

Parafilm® Pechiney Plastic Packaging 

Pasteur pipettes Wilhelm Ulbrich Mainz 

Pipette tips (10 μl, 200 μl & 1000 μl) Greiner/Sarstedt 

Reaction tubes (0,2 ml, 1 ml & 2 ml) Greiner/Sarstedt 

Sterile pipettes (1 ml, 2 ml, 5 ml, 10 ml & 25 ml) Greiner 

Sterile filters (pore size 0.2 μm & 0.45 μm) Greiner 

Syringes (2 ml, 5 ml, 10 ml & 20 ml) Becton Dickinson 

Transwell® cell culture inserts (0.4 μm) Nunc 

UVette Eppendorf 

Wheighing paper Machery-Nagel 

 

2.4 Devices 

Table 9: Devices 

Description  Label  Supplier 

Agarose gel trays and chambers  Perfect Blue™ Gel System Peglab 

Aqua bidest. Supply  arium® pro Sartorius 

Autoclave High pressure steam sterilisator FVS Integra Biosciences 

Biological Safety Cabinet  HERASave® Thermo Fisher Scientific 

Centrifuges 

Multifuge 1 b 
Heraeus 

Multifuge 3 S-R 

Mini Centrifuge MCF-2360  LMS Consult 

3K30 Sigma 

RC 3B Plus Sorvall 

Counting chamber Neubauer improved Krannich 

Dispenser Multipette® plus Eppendorf 

Electroporation GenePulser & Cap. Extender BioRad 

Flow Cytometer FACS Calibur Becton Dickinson 

Homogenizer Tenbroeck schuett-biotec 

Imaging devices 
Chemilux Blot Detection Imager  

Intas 
UV workbench GelImager 

Incubators HERACell 150  Heraeus 

Incubator shaker Unitron-plus Infors 

Liquid Scintillation Counters 
MicroBeta Trilux 1450                                                                
MicroBeta2 Plate Counter 

PerkinElmer 

Magnetic stirrer/heater RH basic 2 IKA 

Microscopes 
Axiovert 35 

Zeiss 
LSM 510 Axioplan 2 

pH-Meter inoLab® pH Level 1  WTW 

Pipettes Research® & Reference® Eppendorf 

Power supply EPS-301/-3501 XL GE Heathcare 
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Scales 
ACCULAB Vicon 

Sartorius 
BP 61 

SDS gel chambers Hoefer SE600 Ruby GE Heathcare 

Spectrophotometer 
BioPhotometer  Eppendorf 

NanoDrop™ ND-1000 Thermo Fisher Scientific 

Thermal Cycler 

ABI 7500 Real-Time PCR System Applied Biosystems 

MasterCycler epgradient  Eppendorf 

TPersonal 48 Biometra 

Thermoblocks 
Thermomixer comfort Eppendorf 

Stuart Block Heater SBH130 Bibby Scientific 

Vortexer MS1 Minishaker IKA 

Western blot device Semiphor Transpher Unit GE Heathcare 
 

 

2.5 Buffers and solutions 

The composition of buffers and solutions is listed in the corresponding method section. For 

sterilization the solutions were autoclaved at 125 °C for 30 min or filtrated with a 0,2 μm sterile 

filter. A consistently used buffer was PBS with the following composition: 

           PBS:   137 mM NaCl 

12 mM Phosphate 

2.7 mM KCl 

pH 7.4 

 

2.6 Oligonucleotides 

All primers were synthesized by Metabion international AG or biomers.net GmbH, respectively. 

Restriction site sequences were introduced close to the 5’ end of cloning primers to flank the 

resulting amplicons with new restriction sites if required (Kaufman & Evans, 1990).  

The qPCR primers were designed using IDT's PrimerQuest that incorporates Primer3 software 

developed by the Whitehead Institute for Biomedical Research. The primer specificity was verified 

with the nucleotide BLAST web tool from NCBI. All qPCR primers were designed to span exon-

exon junctions when it was feasible. In case of targets with two isoforms the primers were 

designed to target both transcripts. Some primer sequences were obtained from the RT primer 

database (www.rtprimerdb.org) and their DB-ID is listed in the RefSeq table column. All primer 

sequences are shown in table 10-12. 

http://www.rtprimerdb.org/
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Table 10: Primers for qPCR  

 

# Label Sequence 5'-3' RefSeq 

1 Arg1_F ACC TGG CCT TTG TTG ATG TCC 
NM_007482.3 

2 Arg1_R AGC ACC ACA CTG ACT CTT CCA TTC 

3 B2-M_F CTC ACA CTG AAT TCA CCC CC 
NM_009735.3 

4 B2-M_R CAG TAG ACG GTC TTG GGC TC 

5 B7-H3_F TCA CGG CTC AGT CAC CAT CAC A 
NM_133983.4 

6 B7-H3_R GCT TGA TCT TTC TCC AGC ACA CGA 

7 B7-H3_F_2 TCG TGT GCT GGA GAA AGA TCA AG 
NM_133983.4 

8 B7-H3_R_2 TTT CAG AGG GTT TCA GAG GCC GTA G 

9 B7-H4_F GGA CAT CAA AGT GAC AGA TTC AGA GG 
NM_178594.3 

10 B7-H4_R TCT TAG CAT CAG GCA ACA GGA GAG 

11 Calr_F AGC TGT TTC CGA GTG GTT TG 
NM_007591.3 

12 Calr_R GAT CAG CAC ATT CTT GCC CTT G 

13 Canx_F TGA TCC TCT TCT GCT GTT CTG G 
NM_007597.3 

14 Canx_R TTC ATC CTT CAC ATC TGG CTG G 

15 CD80_F ATT GCT GCC TTG CCG TTA CAA CTC 
NM_009855.2 

16 CD80_R GGT TCT TAT ACT CGG GCC ACA C 

17 CD86n_F TCA GTA TCT CCA ACA GCC TCT CTC 
NM_019388.3 

18 CD86n_R ACT CCG TTT CCA GAA CAC ACA C 

19 CD112_F CGA GAG TCA CCC AGC ACA G 
NM_008990.3 

20 CD112_R TGT TGT CGG CAG ATG AGG ATG  

21 CD155_F AGC ACG AAC ACG GGT GAC TTT C 
NM_027514.2 

22 CD155_R CTA GGG CAT TGG TGA CTT C 

23 eGFP_qRT_F CAA GCA GAA GAA CGG CAT CAA GGT 
U55761.1 

24 eGFP_qRT_R ACT GGG TGC TCA GGT AGT GGT T 

25 ERp57_F TGA TAA AGA TGC CTC AGT GGT GGG 
NM_007952.2 

26 ERp57_R TGT TGG TGT GTG CAA ATC GGT AG 

27 Gal-1_F CAG GTC TCA GGA ATC TCT TCG CTT 
NM_008495.2 

28 Gal-1_R GGC ACA GGT TGT TGC TGT CTT T 

29 GAPDH_F TGT GTC CGT CGT GGA TCT GA 
RTPrimerDB ID : 7880 

30 GAPDH_R TTG CTG TTG AAG TCG CAG GAG 

31 H2-D1_F CCC TGT GAG CTT GGG TTC AG 
NM_010380.3 

32 H2-D1_R ACA GGG CAG TGC AGG GAT AG 

33 H2-K_F CCT GGA GTG GAC TTG GTG AC 
NM_001001892.2 

34 H2-K1_R GGT GTA GAG GGG TGG ACT GG 

35 H60_F GTG GCT TCT CCA GCA AAG GA  
 NM_198193.2 

36 H60_R GCC ACC ACT CTC ATG GGT TC  

37 HPRT1_F GTC CTG TGG CCA TCT GCC TA 
NM_013556.2 

38 HPRT1_R GGG ACG CAG CAA CTG ACA TT 

39 IdoI_F CCA CAC TGA GCA CGG ACG G 
NM_008324.1 

40 IdoI_R TGC GGG GCA GCA CCT TTC G 

41 LMP2_F ATC TTC TGT GCC CTC TCA GGT TC 
NM_013585.2 

42 LMP2_R AGA TGC GCT AAC AAG TCC TCA C 
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43 LMP7_F GCT TAT GCT ACC CAC AGA GAC AAC 
NM_010724.2 

44 LMP7_R CAC TGA CAT CGG AAC TCT CCA C 

45 OVA_qRT_F AGA GGT GGT AGG GTC AGC AGA GG 
NM_205152.1 

46 OVA_qRT_R TGG TTG CGA TGT GCT TGA TAC AGA AG 

47 PD-L1_F TTT GGA GAT CAC AGC CAG GGC AAA 
NM_021893.3 

48 PD-L1_R ACC GTG GAC ACT ACA ATG AGG AAC 

49 PD-L2_F TGT TGT CTC CTT CTG TCT CCC AAC 
NM_021396.2 

50 PD-L2_R TGT GTC AAT ATC AGC ACC CAG CAC 

51 Qa_1b_F GAT GTT GCT TTT TGC CCA C 
NM_010398.3 

52 Qa_1b_R TAG CCG ACA ATG ATG AAC C 

53 Raet1_consF CCA AGG AGA CGC CAG AGG AG 
NM_020030.2 

54 Raet1_consR CAG GAC CTC TCC AAG AAC AGC A 

55 RCAS1_F CGT GGG ATT GCG TAA CCA GAA A 
NM_019480.4 

56 RCAS1_R CAC TGT TGC TAG GCA GGT ACA AA 

57 Sema3A_F AGC TCC AGT TAC CAC ACC TTC CTT 
NM_001243072.1 

58 Sema3A_R CCA GCC CAT TTG CAT TCA TCT CTC 

59 SPI9_Fnew TGC AGA CAA AAC TTG TGA AGT CCT C 
NM_011452.2 

60 SPI9_Rnew TGC CTG GAC ACC TCT GCT TC 

61 Tap1_F CTG CTC TCC CTC TAC CCC TC 
NM_001161730.1 

62 Tap1_R CTG AGT GGA GAG CAA GGA GTC  

63 Tap2_F GCA GAC GAC TTC ATA GGG GA 
NM_011530.3 

64 Tap2_R GTT GCT TCT GTC CCA CAG C 

65 Tapbp_F ACT GGG AAT GGG ACC TTC TGG 
NM_001025313.1 

66 Tapbp_R ACA CAA CGG GTG CTG GTG TTA G 

67 TGFb1_F GCA ACA ATT CCT GGC GTT ACC TTG 
NM_011577.1 

68 TGFb1_R AAG CCC TGT ATT CCG TCT CCT TG 

69 UBC_F AGG TCA AAC AGG AAG ACA GAC GTA 
RTPrimerDB ID : 42 

70 UBC_R TCA CAC CCA AGA ACA AGC ACA 
 

 

Table 11: Primers for cloning 

# Label Sequence 5'-3' 

1 OVA_PEGFP_Hindlll_F CTA AGC TTG CCA CCA TGG GCT CCA TCG GC  

2 OVA_PEGFP_BamHl_R CCG GAT CCA AAG GGG AAA CAC ATC TGC C  

3 OVA_PEGFP_EcoRI_F CTG AAT TCG CCA CCA TGG GCT CCA TCG GC 
 

 

Table 12: Primers for sequencing 

# Label Sequence 5'-3' 

1 OVAeGFP_Seq_F1 TGT TGG TGC TGT TGC CTG ATG AAG TC 

2 OVAeGFP_Seq_R1 CGG CCA TGA TAT AGA CGT TGT GGC TG 

3 OVAeGFP_Seq_F2 CAA GGA GCT CAA AGT CCA CCA TGC C 
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4 OVAeGFP_Seq_R2 AGA CTT CAT CAG GCA ACA GCA CCA AC 

5 PEGFP-1_Seq_F GTA TTA CCG CCA TGC ATT AGT TAT TAC  

6 PEGFP-1_Seq_R-neu GAA CTT GTG GCC GTT TAC GTC G 

7 T7_Seq_F TAA TAC GAC TCA CTA TAG GG 
 

 

2.7 Vectors 

Table 13: Vectors 

Label Supplier 

pBluescript II SK Stratagene 

PEGFP-1 Clontech 

pTriEx™-1.1 Novagen 
 

 

2.8 Commercial kits 

Table 14: Commercial kits 

Label Supplier 

ABsolute™ Blue QPCR SYBR® Green Low ROX Mix Thermo Fisher 

EndoFree Plasmid Maxi Kit  QIAGEN 

CloneJET™ PCR Cloning Kit 
Fermentas 

GeneJET™ Plasmid Miniprep Kit 

High Pure RNA Isolation Kit  Roche Diagnostics 

Invitrogen TA Cloning® Kit (with pCR®2.1 vector) Invitrogen 

Power SYBR® Green PCR Master Mix Applied Biosystems 

Promega PureYield™ Plasmid Midiprep System 
Promega 

Promega Wizard® SV Gel and PCR Clean-Up System 

TransIT®-293 Transfection Reagent Mirus Bio LLC 

Zymoclean™ Gel DNA Recovery Kit  Zymo Research 
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2.9 Software and databases 

7000 System SDS Software Applied Biosystems 

Bio Edit Ibis Biosciences 

CellQuest Pro Becton Dickinson 

Cyflogic Perttu Terho & CyFlo Ltd 

Endnote X1.0.1 Thomson Reuters 

GENtle Magnus Manske - University of Cologne 

LSM Image Browser Zeiss 

MicroBeta Workstation PerkinElmer 

NCBI database National Center for Biotechnology Information (NCBI) 

NEB-Cutter New England Biolabs 

Oligo Analyzer Integrated DNA Technologies (IDT) 

Primer Quest Integrated DNA Technologies (IDT) 

qPCR primer database RTprimerDB.org 

Works 2007 Microsoft 

WinSTAT Robert Fitch 
 



  Methods 

28 
 

3 Methods 

3.1 Microbiological Methods 

3.1.1 Culture and storage of E. coli 

E. coli was cultured overnight at 37 °C and aerobic conditions in an incubator shaker at 222 rpm. 

For small volumes (3 ml) conical 13 ml tubes were used, for large volumes (100 ml) Erlenmeyer 

flasks. LB medium or LB agar plates supplemented with antibiotics according to the resistance 

gene of the E. coli strain were used for the cultures. For long-term storage, 800 μl of an E.coli o/n 

culture was vigorously mixed with 200 μl 100 % glycerin and stored at -80 °C. 

LB medium: 0.5 % (w/v)   Yeast extract 

  0.5 % (w/v)   NaCl 

      1 % (w/v)   Tryptone 

  dissolved in   dH2O 

LB agar plates: 1.5 % (w/v) agar in LB-Medium 

Antibiotic concentrations:  

Ampicillin:  100 μg/ml 

Kanamycin: 50 μg/ml 

 

3.1.2 Transformation of E. coli 

Plasmid DNA was introduced into competent E. coli using the heat shock method. Therefore, E. 

coli were thawed on ice and mixed with 20 – 100 ng plasmid DNA or 10 – 15 μl of a ligation 

mixture. After 30 min incubation on ice the transformation mixture was heated to 42 °C for 1 min. 

After a brief cooling on ice, 500 μl SOC medium was added and the transformation mixture was 

incubated in a thermoblock at 37 °C and 700 rpm for 60 min. Subsequently the mixture was 

plated on LB agar plates and cultured o/n at 37 °C. 

 SOC medium:                    

 

 

2 % (w/v)  Tryptone 

0.5 % (w/v) Yeast extract 

10 mM  MgCl2 

10 mM         MgSO4 

10 mM        NaCl 

2.5 mM      KCl 

20 mM        Glucose 
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3.2 Molecular biological methods 

3.2.1 Purification of nucleic acids 

3.2.1.1 Extraction of nucleic acids from agarose gels 

DNA fragments were extracted and purified from agarose gels using the Zymoclean™ Gel DNA 

Recovery Kit or the Promega Wizard® SV Gel and PCR Clean-Up System according to 

manufacturer's instructions. 

 

3.2.1.2 Precipitation of nucleic acids 

Nucleic acids were precipitated from aqueous solution by adding 1/10 volume of 3 M sodium 

acetate, pH 4.8 stock, (0.3 M final) and one volume isopropanol or 2.5 volumes pure ethanol, 

respectively. Sodium acetate was exchanged by 1/3 volume of 7.5 M ammonium acetate (2.5 M 

final) when short oligonucleotides should not be co-precipitated. Samples were centrifuged and 

the resulting DNA pellet was solubilized in an appropriate volume of dH2O. 

 

3.2.1.3 Phenol chloroform extraction 

Nucleic acid solutions were purified from proteins and other contaminants using phenol 

chloroform extraction. Therefore, 1 volume of a nucleic acid containing solution was thoroughly 

mixed with 1 volume phenol chloroform isoamylalcohol (15:24:1) solution. The solution was 

centrifuged and the aqueous phase was transferred into a new reaction tube. In order to remove 

phenol remains the nucleic acid containing solution was mixed with 1 volume chloroform. 

Following centrifugation the aqueous phase was again transferred into a new reaction tube and 

the nucleic acids were recovered by alcohol precipitation (see 3.2.1.2). 

 

3.2.2 Isolation of nucleic acids 

3.2.2.1 Plasmid DNA preparation 

Plasmid DNA was isolated from an E. coli overnight culture, grown in LB-medium supplemented 

with the appropriate antibiotic, either from 1.5 ml for plasmid mini preparation or from 100 ml 

for plasmid midi preparation according to manufacturer's instructions using kits listed in Table 14: 

Commercial kits. For isolation of non-analytical grade plasmid DNA, E. coli were treated with 
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buffers for alkaline lysis according to standard protocol (Birnboim & Doly, 1979). Subsequently, 

DNA was precipitated by addition of 80 % isopropanol to this mixture (see 3.2.1.2). DNA was 

dissolved in dH2O and stored at -20 °C. 

 

3.2.2.2 RNA and genomic DNA preparation 

RNA and genomic DNA, respectively, was isolated from 1x106 to 5x106 cells or 100 mg tissue using 

TriZol reagent according to the manufacturer's instructions. Genomic DNA was dissolved in 8 mM 

NaOH and stored at 4 °C. RNA was dissolved in dH2o and stored at -80 °C. RNA quality was assured 

by visualization of the integrity of 18S and 28S RNA loaded on a 1 % agarose gel. All DNA and RNA 

samples were quantified with a spectrophotometer at a wavelength of 260 nm. Sample purity was 

assessed by calculating the ratio of the 260 nm to 280 nm values. A ratio of ≥ 1.8 indicated pure 

DNA, a ratio ≥ 2 pure RNA. 

 

3.2.3 Amplification of nucleic acids 

3.2.3.1 Polymerase chain reaction (PCR) 

PCR allowed the rapid amplification of DNA fragments specified by a sense and an antisense 

primer in vitro.  

For analytical proposes Taq polymerase was used and a reaction was set up as follows:  

2.5 μl  10 x Taq PCR buffer 

0.5 μl  dNTP-Mix (10 mM) 

5 pmol sense primer 

5 pmol  antisense primer 

100 ng  template DNA 

5 U  Taq polymerase 

add to 25 μl dH2O 

 

For preparative proposes (cloning procedures etc.) Phusion polymerase was used, since this 

enzyme has proof reading activity. A reaction was set up as follows: 
 

10 μl  5 x Phusion PCR buffer 

1 μl  dNTP-Mix (10 mM each) 

10 pmol sense primer 

10 pmol antisense primer 

100 ng  template DNA 

2 U Phusion polymerase 

add to 50 μl dH2O 
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The PCR cycler program was adapted with respect to temperature and time for denaturation, 

annealing and elongation steps. Denaturation and elongation times were associated with the 

polymerase specifications and were set according to manufacturer's instructions. Annealing 

temperatures were set according to the specific melting temperatures of the primers that were 

used.  

 

3.2.3.2 cDNA synthesis 

RNA samples needed to by completely transcribed into cDNA for qPCR. Therefore, random 

hexamers were used to prime the RNA and M-MLV reverse transcriptase was used for 

transcription into cDNA. 

In the beginning 2 μg RNA were mixed with 2 μl random hexamers and filled up with dH2O to a 

final volume of 15 μl. This mixture was incubated at 70 °C for 10 min to break up secondary 

structures of the RNA. Following incubation, the sample was cooled on ice to prevent reforming of 

secondary structures. Subsequently, the following master mix was added to the sample: 

 

5 μl 5× reverse transcriptase buffer 

2 μl  dNTP mix (10 mM) 

1 μl  DTT (0.1 M) 

1 μl  RNasin plus RNase inhibitor (40 U/μl) 

1 μl  MMLV-reverse transcriptase (200 U/μl) 

 

The complete reverse transcription approach was incubated for 1 h at 37 °C for cDNA synthesis 

and afterwards stored at -20 °C. 

 

3.2.3.3 Quantitative real-time PCR (qPCR) 

Quantitative real-time PCR was performed in 96 well plates using the ABI 7500 Real-Time PCR 

System. All genes were analyzed in triplicates to obtain more valid results. The cDNA was diluted 

1:40 with dH2O prior to reaction, which was set up as follows: 

 

 

 

10 μl  ABsolute™ Blue QPCR SYBR® Green Mix 

5 pmol sense primer 

5 pmol antisense primer 

1 μl template cDNA 

add to 20 μl dH2O 
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The ABsolute™ Blue QPCR SYBR® Green Mix comprised polymerase buffer, dNTPs, a hot start 

polymerase and SYBR green dye to amplify and detect DNA. The following cycler program was 

used: 

1. 50 °C 2 min   

2. 95 °C 10 min   

3. 95 °C 15 sec 

   
40 cycles 

4. 60 °C 60 sec 

5. 60 °C to 90 °C + 1 °C per min   

 

The stepwise increase in temperature during the 5th step (dissociation stage) was used to verify 

product specificity. Since SYBR green dye intercalates non-specifically into DNA, unintended 

products like primer dimers, contaminations and mispriming artifacts can cause a false positive 

fluorescence signals. Since the melting temperatures of intended products were known, their 

specificity was assured by comparison with the temperature peak of the according dissociation 

curve. No quantitative real-time PCR data were calculated, if the ct-values were above 33 since 

this late amplification was considered to be unspecific.  

 

Efficiency of primer pairs 

Primer efficiencies were estimated by a dilution series of pooled cDNA samples and calculating a 

linear regression based on the obtained Ct values. Subsequently the efficiency was inferred from 

the slope of the line. The following formula was used for efficiency calculation: 

 

             
  

      

 

 

Relative quantification with Pfaffl 

The Pfaffl method is an efficiency correlated quantification model (Pfaffl, 2001). Thereby 

differences in the expression of genes are normalized to the efficiency of target gene and 

reference gene amplification. The ratio of the target to the reference gene was calculated 

according to the following formula: 
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Estimating the most accurate reference gene 

In order to ensure the stability of the reference (housekeeping) gene expression between 

different samples, three different reference genes were amplified in all samples. The reference 

gene should not be differentially regulated between different cell lines and therefore only the 

most accurate one was used for normalization. The following formulae were used for the 

calculation of the reference gene stability (M) as described (Vandesompele et al, 2002). 

For every combination of two reference genes (j and k) an array (Ajk) of m elements was 

calculated: 

 

         

   

   
     

   

   
       

   

   
       

   

   
 
     

 

 

Subsequently, the pairwise variation (Vjk) for two reference genes (j and k) was defined as the 

standard deviation of the Ajk elements: 

 

                

 

Finally, the gene stability measure (Mj) for the reference gene (j) was calculated by the arithmetic 

mean of all pairwise variations (Vjk): 

 

   

    

 

   

   
 

 

 

3.2.4 Molecular cloning 

3.2.4.1 Restriction endonuclease digestion of nucleic acids 

Nucleic acids were digested in a reaction volume of 20 μl according to the specific reaction 

conditions of the different type II restriction enzymes as described by the manufacturer. For the 

linearization of large amounts of plasmid DNA reaction time and volume was modified to assure 

complete digestion. 
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3.2.4.2 Dephosphorylation of nucleic acids 

To avoid unintended re-ligation of vector DNA, especially in case of blunt ended DNA fragments, 

phosphate residues were removed using calf intestine phosphatase (CIP). Typically, 10 U of CIP 

enzyme were added directly to a restriction digestion and incubated for 15 to 30 min at 37 °C. 

Otherwise CIP was used according to the manufacturer's instructions. 

 

3.2.4.3 Ligation of DNA fragments 

DNA fragments and vector DNA were fused using T4 DNA Ligase. Typically 1 μl (5 U) of the enzyme 

in a total reaction volume of 20 μl was prepared and incubated at RT for 1 hr or overnight at 4 °C. 

The corresponding amounts of insert and vector DNA were calculated according to the following 

formula: 

 

                      
                                              

                  
 

 

3.2.4.4 TA cloning 

Invitrogen’s TA cloning kit was used for direct ligation of DNA fragments ampfilified with Taq 

polymerase. DNA amounts and reaction volumes were set up according to manufacturer's 

instructions. For the direct ligation of blunt ended DNA fragments Fermentas’ CloneJET PCR 

Cloning Kit was used according to the manufacturer's instructions. 

 

2.2.5 Agarose gel electrophoresis 

DNA fragments were identified and separated using the Perfect Blue™ Gel System. The agarose 

concentration varied from 0.7 % to 2 % according to the length of DNA fragments. TAE buffer was 

used as chamber run buffer and for agarose solutions (dissolved at 100 °C). In addition, ethidium 

bromide was added in concentrations of 0.1 % (v/v) to identify DNA fragments when exposed to 

UV light. DNA samples were supplemented with 6 x loading dye to aid the loading procedure and 

to visualize the progression. An electric field of 90 – 120 V and 220 mA was applied for 30 – 60 

min according to the fragment length. 
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6 x loading dye:     34 % (w/v)  sucrose 

   0.02 % (w/v) cresol red dye 

   dissolved in  dH2O 

 

1 x TAE buffer:          40 mM Tris-acetate pH 8,0 

              1 mM EDTA 

   dissolved in  dH2O 

 

3.3 Biochemical methods 

3.3.1 SDS-PAGE 

Discontinuous SDS-PAGE was used for the molecular weight depending separation of proteins. 

Protein samples were supplemented with 1/4 volume 4 x protein sample buffer and incubated for 

5 min at 90 °C in order to denature the proteins. Subsequently, protein samples were loaded and 

concentrated in the stacking gel at 20 mA, following separation in the resolving gel at 50 mA. The 

concentration of acrylamide in the resolving gel varied between 8 % and 12.5 % according to the 

molecular weight of the protein that was investigated. Proteins were identified by comparison to 

a pre-stained protein marker. 

 

Protein sample buffer:  100 mM         Tris-HCl pH 8.0 

    4 % (w/v)        SDS 

    0.2 % (w/v)    Bromphenol blue 

    20 % (v/v)       Glycerol 

 

Stacking gel buffer (pH 6.8): 0,5 M            Tris-HCl 

    0,4 % (w/v)    SDS 

 

Stacking gel:   16 % (v/v)       Acrylamid-Bis (30 %) 

    25 % (v/v)       Stacking gel buffer 

    59 % (v/v)       dH2O 

    0.01 % (v/v)   TEMED 

    0.1 % (v/v)      APS (10 %) 

 

Resolving gel buffer (pH 8.8): 1.5 M             Tris-HCl 

    0.4 % (w/v)     SDS 
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Resolving gel (10 %):  33 % (v/v)       Acrylamid-Bis (30 %) 

    22 % (v/v)       Resolving gel buffer 

    45 % (v/v)       dH2O 

    0.01 % (v/v)   TEMED 

    0.1 % (v/v)      APS (10 %) 

 

SDS-Running Buffer:  25 mM            Tris-HCl 

    192 mM         Glycine 

    0.1 % (w/v)    SDS 
 

 

3.3.2 Coomassie blue staining 

Proteins in SDS gels were non-specifically stained using Coomassie blue staining solution. The 

Coomassie blue dye bound to basic side chains of amino acids. After 20 min incubation at RT the 

stained SDS gel was washed with dH2O several times until the background color in the SDS gel was 

removed. 

Coomassie blue staining solution: 

 

 

3.3.3 Western Blot 

Western blotting was used to transfer proteins from a SDS gel onto a nitrocellulose membrane for 

subsequent immunostaining. During this study, the semi-dry blotting technique was used. 

Therefore, the SDS gel was placed on a nitrocellulose membrane and this assembly was enclosed 

by Whattman paper moistened with blotting buffer. This stack was placed in the blotting chamber 

and an electric current of 1 mA/cm2 was applied for 1 hr to transfer the proteins onto the 

membrane. 

Blotting buffer:  

 

 

 

0.25 % (w/v)   Coomassie Brilliant Blue R250  

45 % (v/v)       MeOH 

10 % (v/v)         acetic acid 

48 mM  Tris-HCl 

39 mM  Glycine 

0.0375 % (v/v) SDS 

20 % (v/v) MeOH 

dissolved in  dH2O 
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3.3.4 Immunostaining 

For the staining of specific proteins on a nitrocellulose membrane, unspecific binding of epitopes 

by the applied antibody was inhibited by incubating the membranes in blocking solution for 1 hr. 

The specific antibody was diluted in antibody solution according to the manufacturer's 

instructions and incubated o/n at 4°C with the membrane. Following 3 washing steps with TBST 

for 10 min at RT, the second antibody was supplied for 1 hr at RT in antibody solution with a 

concentration of 1:5000. Subsequently, the nitrocellulose membrane was washed 3 times at RT 

for 10 min and the proteins visualized by 1:1 ECL A and B solutions in a LAS-4000 reader. 

Blocking/antibody solution:  5 % (w/v) milk in TBST  

 

3.4 Cell culture methods 

3.4.1 Culture of cells 

The culture of all cell lines was carried out in a 5 % CO2-humidified atmosphere at 37°C. The 

culture media composition with all additives is shown in table 15. FCS was inactivated at 56 °C for 

30 min. Media additives sterility was assured by manufacturers or achieved by sterile filtration if 

possible. Genecitin (G418) was added to the media for selection of transgenic cell lines. The 

minimal working concentration for different cell lines was estimated in kill curve assays and is 

shown in Table 15. 

 

Table 15: Cell culture media 

Media type Media composition 

SC media  DMEM + Glutamax 

 

+ 10 % (v/v) FCS 

  + 1 % (v/v) 100 x NEAA 

 

+ 50 μM 2-mercaptoethanol 

 

+ 1000 U/ml LIF 

 

+ 50 U/mL Penicillin 

 

+ 50 μg/mL Streptomycin 

 

(+ 300 ng/ml G418) 

  MEF media DMEM + Glutamax 

 

+ 10 % (v/v) FCS 

 

+ 1 % (v/v) 100 x NEAA 
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media for cells of                               

lymphatic origin 

RPMI + Glutamax 

+ 10 % (v/v) FCS 

 

+ 50 μM 2-mercaptoethanol 

 

+ 50 U/mL Penicillin 

 

+ 50 μg/mL Streptomycin 

 

(+ 1000 ng/ml G418) 

 

3.4.2 Freezing and thawing cells 

Cells were harvested from cell culture dishes depending on their specific growth conditions. 

Subsequently cells were centrifuged for 5 min at 1000 rpm and resuspended in an adequate 

volume of cell specific medium. 500 μl of the cell suspension was transferred into cryo tubes and 

500 μl cell specific 2 x freezing medium was added.  Cryo tubes were slowly frozen in a closed 

styrofoam box at -80 °C. After 24 hrs cryo tubes were transferred to -140 °C for long-term storage. 

For thawing cells cryo tubes were briefly incubated in a water bath at 37 °C. Thawed cells were 

diluted in 10 ml MEF medium and centrifuged for 5 min at 1000 rpm. Subsequently, cells were 

resuspended in their specific growth medium and plated in an appropriate cell culture vessel. 

 2 x freezing media: 

     

 

 

3.4.3 Transfection 

DNA fragments and plasmids were introduced into cells using electroporation. For stable 

integration the plasmid DNA was linearized prior to transfection. Only endotoxin free and highly 

purified plasmid DNA was used in order to increase the transfection success rate. In the beginning 

1 x 107 cells were collected and diluted in 800 μl PBS. Subsequently, 40 μg DNA was added. The 

whole mixture was transferred into an electroporation cuvette and pulsed with the following cell 

type specific conditions: 

stem cell lines:  250 mV, 500 μF 

other cell lines: 250 mV, 960 μF 

After a short incubation for 5 min at RT, cells were diluted in 20 ml pre-warmed complete growth 

medium and seeded in a 15 cm cell culture dish. Selection procedure started at earliest 24 hrs 

after electroporation. 

20 % (v/v)   DMSO 

20 % (v/v)   FCS 

60 % (v/v)   cell specific culture medium 
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3.4.4 Stem cell culture 

3.4.4.1 Preparation of MEFs 

The uterus of a pregnant mouse was dissected on day 13.5 and transferred into a cell culture dish 

with 10 ml pre-warmed PBS. Subsequently the embryos were removed from the uterus and 

transferred into a new cell culture dish with 10 ml pre-warmed PBS. Heads, extremities, tail and 

organs were removed. The remaining parts were picked to fine pieces using forceps and 

transferred into an Erlenmeyer flask prepared with sterile ballotinis and 5 ml trypsin. This mixture 

was incubated at 37 °C on a magnetic stirrer for 20 min. The reaction was stopped and 

simultaneously washed by addition of 10 ml MEF medium. After centrifugation for 5 min at 1000 

rpm the pellet was resuspended in 25 ml MEF medium and plated on a 15 cm cell culture dish. 

Following 3 days of culture, cells were frozen (see 3.4.2) and stored at -140 °C. 
 

MEF-trypsin: 0.25 % (w/v)  Trypsin 

  0.02 % (w/v)  EDTA 

  dissolved in  PBS 

 

 

3.4.4.2 Expansion and inactivation of MEFs 

One vial of primary MEFs was thawed and expanded up to passage 4 in 15 cm cell culture dishes. 

After expansion, when they reached nearly confluence, cells were inactivated with Mitomycin C 

or by gamma irradiation in the Department of Transfusion Medicine, University Medical Center, 

Göttingen. For inactivation with Mitomycin C culture medium was exchanged with 10 ml 

inactivation medium and the cells were incubated for 2.5 hrs in a cell incubator. Subsequently 

cells were washed 2 times with PBS and harvested by trypsinization. For inactivation by gamma 

irradiation cells were harvested by trypsinization and subsequently transferred into a 50 ml 

conical tube with pre-warmed MEF medium. Cells were irradiated for a total of 30 Gy. Following 

inactivation procedure cells were counted and 2 x 106 cells were frozen (see 3.4.2) or cells were 

plated directly for later usage. 

Mitomycin C stock solution:  2 mg Mitomycin C dissolved in 2 ml PBS 

Inactivation medium:  1 % (v/v) Mitomycin C stock solution in MEF medium 
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3.4.4.3 Passaging of stem cells 

Stem cells were cultured on a monolayer of inactivated mouse embryonic fibroblasts (MEFs) (see 

3.4.4.2). One day before passaging the stem cells, MEFs were seeded on cell culture vessels 

treated with 0.1 % (w/v) gelatine for 15 min at RT.  Stem cells were washed once with PBS and 

subsequently incubated with 1 volume SC-trypsin at 37 °C until dissociation of stem cell colonies 

occurred. Single cell suspension was prepared by diluting cells in 10 volumes SC medium and 

gently pipetting up and down. About 1/10 volume of this cells suspension was transferred into a 

new cell culture vessel prepared with MEFs for further culture. 

 

SC-trypsin: 0.1 % (w/v)    Glucose 

  0.3 % (w/v)    Tris-HCl 

  0.25 % (w/v)  Trypsin 

  0.02 % (w/v)  EDTA 

  dissolved in PBS 

 

 

3.4.4.4 Stem cell differentiation in Embryoid Bodies (EBs) 

Stem cells were harvested and a single cell suspension was prepared. Cells were subsequently 

pre-plated into a gelatinized dish. After 1 hr of incubation at 37 °C stem cells were collected from 

the supernatant. Since remaining MEFs adhere much faster to the culture dish surface than stem 

cells, both cell types were separated. Pure stem cells were collected from supernatant, counted 

and diluted with EB-medium to a concentration of 2.5 x 105 cells/ml (500 cells per drop). Now, the 

inner side of a bacterial (ultra-low-attachment) culture dish cover was seeded with drops of the 

cell suspension. The dish cover was placed on top of a bacterial culture dish filled with 10 ml PBS 

to avoid dehydration of the hanging drops. After 2 days of culture, hanging drops were collected 

from the dish cover, diluted in 10 ml of fresh EB medium and incubated in suspension for 

additional 1-2 days. The EBs were collected from suspension culture and seeded into gelatinized 

(high- attachment) cell culture dishes which allows the EBs to adhere and further differentiate 

until the desired time points were reached. 

EB medium:  IMDM + Glutamax 

   + 20 % (v/v) FCS 

   + 1 % (v/v) 100 x NEAA 

   + 0.3 % (v/v) MTG stock solution 

 

MTG stock solution: IMDM + Glutamax 

   + 1.3 % (v/v) MTG 
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3.5 Immunological methods 

3.5.1 Immunocytology 

3.5.1.1 Cell fixation 

Adherent cells were cultured on cover slips until the desired density was reached. Suspension 

cells were incubated on Starfrost microscope slides for 15 min at RT. Subsequently, cells were 

washed with PBS and covered with chilled Methanol. After 7 min of incubation at -20 °C cells were 

air dried. For fixation with paraformaldehyde, cells were washed 2 times with PBS and covered 

with 3.7 % paraformaldehyde. After 20 min of incubation at RT, cells were washed 5 times with 

PBS. Fixated cells were directly used for immunofluorescence staining or were covered with PBS 

and subsequently stored at 4°C. 

 

3.5.1.2 Immunofluorescence staining 

Cellular organelles and proteins were detected using specific antibodies and dyes. Prior to 

antibody incubation cells were blocked and permeabilized with PBS supplemented with 1 % (w/v) 

BSA and   0.2 % (v/v) Triton X for 1 hr at RT. Primary antibodies were diluted in PBS according to 

manufacturer's instructions and incubated for 1 hr at RT. After 3 times washing with PBS, primary 

antibodies were detected by secondary antibodies coupled to a fluorescent dye. Therefore, 

secondary antibodies were diluted in PBS according to manufacturer's instructions and incubated 

for 1 hr with the cover slips at RT in dark. Simultaneously, Hoechst 33342 dye (1 μM final) was 

used to stain the nuclei of cells. After 4 washing steps with PBS cells were covered with DAKO 

mounting media to sustain fluorescence signal. Finally, cover slips were fixed on microscope slides 

with nail polish to avoid dehydration. 

 

3.5.2 Flow cytometry 

Flow cytometry allowed rapid counting of cells and detection of different characteristics of a 

single cell suspension. Endogenous fluorescence signals such as GFP and antibodies coupled to a 

fluorescent dye were detected, as well as size and granularity. Single cells were collected from 

suspension cell culture or by trypsinization for adherent cells (see 3.4.4.3) and washed with PBS. 

For staining of cell surface molecules fluorescence conjugated antibodies or a primary antibody 

followed by a secondary fluorescence conjugated antibody was diluted in 100 μl PBS according to 

manufacturer's instructions and incubated with the cells for 30 min at 4 °C. After washing with 
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PBS cells were resuspended in an appropriate volume of PBS for measurement. Propidium iodid 

(PI) was added to the sample (10 μM final) in order to assess the viability of the cells. 

 

3.5.3 Cytoxicity assay 

3.5.3.1 Preparation of Concanavalin A supernatant from rat spleens 

Rat spleens were dissected and homogenized. Splenocytes were subsequently resuspended in 40 

ml DMEM supplemented with 5 % FCS and 200 μl Concanavalin A and incubated 4 hrs at 37 °C. 

Following this stimulation, splenocytes were collected and washed with DMEM before they were 

further cultured in 20 ml DMEM supplemented with 10 % FCS for 24 hrs in a cell incubator. During 

that incubation time stimulated lymphocytes secreted various cytokines. The cytokine 

conditioned supernatant was collected after centrifugation for 10 min at 1100 x g, aliquoted and 

stored at -20 °C. 

 

3.5.3.2 Generation of MHC H2Kb/SIINFEKL-specific CTLs from OT-I mice 

Spleens from OT-I mice were dissected and subsequently homogenized in 10 ml Hepes-buffered 

DMEM using a Tenbroeck homogenizer or a cell strainer, respectively. The spleen cells were 

incubated for 1 min in 5 ml erythrocyte-lysis buffer. Following incubation, spleen cells were 

washed two times with Hepes-buffered DMEM and subsequently taken up in 20 ml DMEM 

supplemented with 10 % FCS, 20 % Con A supernatant, 20 μg/ml recombinant murine IL-2 and 10 

μg/ml SIINFEKL peptide to stimulate antigen-specific CTLs. This splenocyte suspension was plated 

in a 96-well plate and incubated for 4 days in a cell incubator. 

 

3.5.3.3 51Chromium release assay 

51Chromium release assays were performed to assess the susceptibility of different target cells to 

cytotoxic immune effector cells. A single cell suspension of 1 x 106 target cells was incubated in 

300 μl Hepes-buffered DMEM containing 100 μl FCS and 50 μCi Na2
51CrO4 at 37 °C for 1 hr. In 

between, a serial dilution of splenocytes from OT-I mice in DMEM with 10 % FCS was prepared in 

a 96-well plate to achieve different effector target ratios ranging from 10:1 to 0.16:1. After 

washing the target cells three times with Hepes-buffered DMEM, 1 x 104 labeled target cells per 

well were added to the splenocytes, followed by an incubation at 37 °C for 4 hrs in a final volume 

of 200 μl. The target cells either expressed the Ovalbumin protein endogenously or 0.25 μg/ml 
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SIINFEKL peptide (Ovalbumin aa 257–264) was added before the final incubation step was 

performed. After incubation the probes were centrifuged and 50 μl supernatant and 50 μl of the 

sediment part were separated into two 96-well Wallac plates. The sediment part had been 

treated with 10 μl 10 % Triton-X before, to destroy remaining cell membranes and set all 

51Chromium isotopes free. All probes were mixed with 200 μl Scintillator and sealed before 

measurement in the MicroBeta2 Plate Counter. The lysis was calculated according to the 

following formula: 

 

           
                          

                                       
 

 

The specific lysis was calculated by subtracting the values of the spontaneous release 

(51Chromium release in the absence of effector cells) from the determined lysis values. Thereby, 

the cytotoxic activity of the splenocytes was assessed. Furthermore, the relative lysis compared to 

SIINFEKL-pulsed RMA cells, which served as positive control in these assays, was calculated to 

normalize individual experiments. 

 

3.5.4 CFSE proliferation assay 

The influence of stem cells on the activation or proliferation of CD4+ and CD8+ T cells was analyzed 

using a co-culture approach of stem cells (or stem cell supernatant) and CFSE-labeled splenocytes. 

5 x 104 cells from different stem cell lines were seeded on a 24 well plate on day 1. On day 2 

splenocytes from OT-I and OT-II mice were isolated and erythrocytes were lysed (see 3.5.3.2). 

After washing the cells with Hepes-buffered DMEM two times, a small part of the splenocytes was 

saved and cultured as non-stained control. The remaining splenocytes were diluted in 4 ml PBS 

supplemented with 1 % (w/v) BSA and 20 μl CFSE stock solution and incubated for 5 min at 37 °C. 

Following two washing steps with Hepes-buffered DMEM 5 x 105 splenocytes were seeded onto 

stem cells or controls, respectively. The culture media were supplemented with mouse IL-2 (1000 

U/ml) and with or without Ovalbumin as antigen. The final Ovalbumin concentration was 1 μM for 

stimulation of CD8+ T cells from OT-I mice and 100 μM for CD4+ T cells from OT-II mice. The 

splenocytes had either direct contact to the stem cells or were separated by a 0.4 μm permeable 

membrane (Transwell). A typical experimental set up is shown in Figure 5 .  
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Figure 5: Experimental set up of a CFSE proliferation assay 

 

 

After 4 days of co-culture splenocytes from OT-I mice and after 5 days splenocytes of OT-II mice 

were collected and stained either with a PE coupled CD8- or CD4-specific antibody. The 

proliferation of CD4/CD8 positive splenocytes was analyzed using flow cytometry. In assays in 

which anti-B7-H3 blocking antibody was used, the final concentration of the antibody in the 

culture medium was 5 μg/ml as described previously (Prasad et al, 2004). 

 

CFSE stock solution:  5 mM CFSE dissolved in DMSO 

 

3.5.5 Teratoma assay 

In order to proof the retention or loss of pluripotency, stem cells were inoculated subcutaneously 

into immunodeficient mice. Furthermore, either wild type stem cells or transgenic stem cells, 

expressing OVA as minor histocompatibility antigen, were inoculated into syngeneic, 

immunocompetent mice in order to analyze their immunogenicity and tumorigenicity. Stem cells 

were harvested from cell culture and washed in pre-warmed PBS. Following resuspension of the 

cells in pre-warmed PBS, 1 x 106 cells in 100 μl PBS were inoculated subcutaneously into the flank 

of the animals. Tumor growth was monitored for 100 days and regularly observed by palpation. 

Animals were early sacrificed when they showed signs of pain, when they lost more than 20 % of 

their body weight or when the tumor reached a volume of approximately 1 cm3. The tumor size 

was determined using linear calipers and the volume was calculated by the formula V=πabc/2 (a,b 

http://dict.leo.org/ende?lp=ende&p=DOKJAA&search=retention&trestr=0x8001
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and c were the orthogonal diameters). All animals underwent autopsy and tumors, spleens as well 

as blood samples were kept for subsequent analysis. 

 

3.5.6 ELISA 

The presence of OVA-specific antibodies in the serum of animals, that received OVA-expressing 

stem cell transplants, was analyzed using ELISA. The 96-well plates were coated with 1 µg OVA per 

well diluted in 50 µl carbonate buffer at 4 °C o/n. Subsequently, the 96-well plate was incubated 

with   150 µl of 1 % (w/v) gelatine dissolved in PBS at 37 °C for 1 hr in order to block unspecific 

binding sites. The serum of the animals was diluted in PBS/Tween and 100 µl thereof was 

incubated for 2 hrs at 37 °C in the prepared 96-well plate. Subsequently, plates were washed 3 

times with H2O. The peroxidase conjugated goat anti mouse IgG was diluted 1:5000 in 

PBS/Tween, 100 µl per well was added to the plate and incubated for 1 hr at 37 °C. In addition, 

isotype-specific secondary antibodies were used in order to differentiate the Ig isotypes in the 

serum of the animals. These were in turn detected with a peroxidase conjugated goat anti rat 

antibody. Following 5-fold washing with H2O, 100 µl substrate solution was added per well and 

incubated for 5 min at RT. The maximum absorbance at 405 nm was then detected in an ELISA 

reader. 

Carbonate buffer: 85 ml Na2CO3 (0.2 M) 

40 ml NaHCO3 (0.2 M) 

375 ml dH2O 

PBS/Tween:  PBS + 0.05 % (v/v) Tween 

 

Substrate buffer: 0.1 M C2H3NaO2 

   0.05 M NaH2PO4 

   pH 4.0 

Substrate solution: 10 ml substrate buffer 

    500µl ABTS (40mM) 

10µl H2O2 (30 %) 
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3.5.7 Immunohistochemistry  

Paraffin sections (2 µm) were stained with H&E for histological overview and with antibodies to 

detect specific proteins. Therefore, tissue sections were deparaffinized using Xylol (3 x 5 min) and 

rehydrated in a graded alcohol series (EtOH 100%, 96%, 75% and 60% for 5 min each step) and 

washed with dH2O for 5-10 min. After rehydration, the antigen retrieval was performed by boiling 

the samples in citrate buffer (10 mM, pH 6.0) for 3 x 5 min. The samples were cooled down in a 

cold water bath to RT and subsequently incubated with 0.1 % Triton X in PBS for 30 min at RT. 

Subsequently, the samples were incubated for 1 hr at RT in IHC blocking solution. The primary 

antibody was diluted in IHC blocking solution according to manufacturer's instructions and 

incubated o/n at 4 °C with the samples in a humidified atmosphere. The samples were washed 

three times for 5 min with PBS before the secondary Biotin-conjugated antibody, diluted 

according to manufacturer's instructions, was applied (1hr at RT in a humidified atmosphere). 

Following washing with PBS (3 x 5 min), the samples were incubated with HRP-streptavidin diluted 

according to manufacturer's instructions in PBS for 20 min at RT. For Hematoxylin 

counterstaining, the samples were incubated in Hematoxylin for 2 min, rinsed with dH2O for 5-10 

min. After washing with H2O for 5-10 min, stained sections were dehydrated (rising EtOH-series 

60% 1 min, 75% 1 min, 96% 5 min and 100% 5 min and Xylol 3 x 5 min) and mounted with Roti-

Histokitt for imaging. 

IHC blocking solution: 4 % BSA in PBS 
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4 Results 

4.1 Expression of MHC class I genes in pluripotent stem cells 

Pluripotent stem cells (PSCs) are promising tools for new transplantation therapies due to their 

ability to differentiate in all adult tissues. Currently, problems of this concept including teratoma 

formation and immune rejection are not solved and investigations systematically comparing 

various PSCs are rare. In the context of transplantations it is important to determine the presence 

of MHC molecules  on PSCs. Murine PSCs are negative for MHC class I molecules in flow cytometry 

but can nonetheless become targets of peptide-specific CTL, indicating that trace amounts of 

these molecules must be present (Dressel et al, 2009). Therefore, gene expression of H2D, H2K 

and β2-microglobulin (β2m) was analyzed and compared between the different types of PSCs by 

qPCR. Three different housekeeping genes (Gapdh, Ubc and Hprt) were analyzed in all cell lines 

and their gene expression stability was calculated. Hprt was the most stabile housekeeping gene 

between all cell types and therefore chosen for normalization of RNA amounts. The gene 

expression was considered to be negative, if no amplification before cycle 33 occurs, since such a 

late amplification was most likely unspecific. Moreover, specificity of products was confirmed by 

evaluation of the amplification product melting temperature in dissociation curves. RMA 

lymphoma cells, highly susceptible targets for CTL-mediated lysis, were chosen as reference cell 

line and the mRNA expression in this cell line was set to 1. Amounts of H2D, H2K and β2m mRNAs 

in PSCs were quantified relative to RMA cells using the Pfaffl method (see 3.2.3.3) (Pfaffl, 2001). 

This quantification method takes the different efficiencies of the primer pairs into account. In 

addition, the pluripotent teratocarcinoma cell line F9 and mouse embryonic fibroblasts (MEFs), 

from which the induced pluripotent stem cells (iPSCs) were derived, were analyzed for 

comparison. ESCs and maGSCs, obtained from different mouse strains, as well as a iPSC line was 

analyzed to depict cell line and strain specific variations.  

Despite their negativity for MHC class I expression in flow cytometry   (Figure 9), mRNA of H2D, 

H2K and β2m was detected in all analyzed stem cell lines. However, mRNA amounts were low 

compared to the RMA control cells. The amount of H2D and H2K mRNA in PSCs was between 4 % 

and 22 % compared to RMA reference cells, whereas MEFs and F9 teratocarcinoma cells 

comprised similar amounts to reference cells.  The β2m mRNA level in PSCs varied from 4 % up to 

43 % compared to RMA cells while MEFs and F9 teratocarcinoma cells had even 5-fold higher 

amounts of β2m mRNA.  
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Figure 6: Relative gene expression of the MHC class I genes H2D, H2K and β2m. 
Diagrams represent the mRNA amounts in PSCs relative to RMA reference cells under normal conditions 
and after IFNγ treatment (48 hrs; 1000 U/ml). Expression values were calculated from mean of technical 
triplicates after normalization to the housekeeping gene Hprt. 
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The expression of these genes is usually induced in somatic cells by the cytokine IFNγ. However, 

conflicting data regarding the response of ESCs to IFNγ were published while data for iPSCs and 

maGSCs are rare or missing (Abdullah et al, 2007; Bonde & Zavazava, 2006; Nussbaum et al, 

2007). Therefore, the impact of IFNγ treatment on the expression of the MHC class I genes was 

analyzed. Cell lines were cultured in the presence of 1000 U/ml IFNγ for 48 hrs before RNA 

isolation. In the majority of all tested PSCs H2D, H2K and β2m mRNA amounts increased upon 

IFNγ stimulation. However, the majority of these PSCs, which responded to the IFNγ treatment, 

showed only low increase in mRNA expression compared to their non-treated counterparts. In 

contrast, some PSC lines exhibited well detectable changes of H2D, H2K and β2m mRNA amounts 

e.g. an at least 10-fold increase in the ESC line MPI-II. Other PSC lines did not respond to IFNγ: The 

amount of H2D mRNA was not changed in ESC lines Stra8, C57Bl/6 and the maGSC line Stra8. H2K 

mRNA was not increased in the ESC line C57Bl/6. The β2m mRNAs were unaffected in IFNγ 

treated ESC Stra8 and maGSC Stra8 cells. In contrast, H2D mRNA increased 15-fold and H2K mRNA 

30-fold in the MEF positive control compared to their non-treated counterparts (Figure 6). Thus, 

PSCs differed in their response to IFNγ treatment, some responded weakly and others failed to 

induce MHC class I gene expression. 

 

4.2. Antigen presentation in pluripotent stem cells 

4.2.1 Expression analysis of the model antigen Ovalbumin (OVA) 

In order to investigate the ability of murine PSCs to process and present antigens an Ovalbumin 

(OVA) expression construct was introduced into different PSC lines and as control in RMA cells. 

The Ovalbumin cDNA was therefore fused to eGFP to monitor transgene expression. Transgene 

expression was controlled by the ubiquitously active hEF1α promoter. In other iPSC lines the same 

construct controlled by the CAG promoter was used. Both promoters allow similar expression 

rates but the CAG promoter conferred more stable transgene expression in long-term culture 

(Liew et al, 2007). A schematic view of the expression construct is depicted in Figure 7A.  PSCs 

were transfected by electroporation and clones with stable transgene integration were selected 

by Neomycin resistance. Expression of the OVA-eGFP fusion protein was verified by western blot 

analysis, flow cytometric analysis of eGFP expression, qPCR and immunocytology (Figure 7 C). The 

tested clones expressed various amounts of OVA. The mean fluorescence intensity (MFI) of eGFP 

(Figure 10) largely correlated with the intensity of western blot bands and the amount of OVA 

mRNAs (Figure 7 E). Moreover, the presentation of the SIINFEKL peptide on MHC class I H2Kb 

molecules was verified by flow cytometry using an antibody specific for these complexes (Figure 7 
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B). In contrast to RMA transfectants, PSCs expressed only trace amounts of MHC class I H2Kb 

molecules that were beyond the detection limit. 

 

Figure 7: Expression of the model antigen OVA 
(A) Schematic view of the OVA-expression construct used to generate OVA-transgenic cell lines. 
(B) Flow cytometric histogram depicting MHC class I H2K

b
/SIINFEKL expression on wt RMA and RMA OVA 

#13 cells.  (C) Confocal laser scanning microscopy of RMA cells and ESCs (MPI-II) expressing OVA-eGFP 
(green). Nuclei were stained with DAPI (blue). ESCs (MPI-II) were counterstained with the pluripotency 
marker SSEA-1 (red) to distinguish ESCs from feeder cells. (D) Diagram shows relative OVA mRNA amounts 
of OVA-expressing PSCs compared to OVA-expressing RMA cells. The results were calculated as mean from 
technical triplicates and normalized to the housekeeping gene HPRT.  (E) Western Blot analysis of OVA 
expression in different wt cell lines and OVA-expressing clones. 
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4.2.2 Ability of OVA-expressing PSCs to present antigens 

The ability of OVA-expressing PSCs to process endogenous expressed antigens was assessed using 

them as target cells for peptide specific cytotoxic T cells (CTLs). These CTLs derived from 

transgenic OT-I mice express a T cell receptor (TCR) specific for the OVA derived SIINFEKL peptide 

in context of MHC class I H2Kb molecules.  

PSCs of the H2Kb haplotype are susceptible to OT-I CTL mediated killing when artificially loaded 

with SIINFEKL peptide (Dressel et al, 2009). Therefore, OVA-expressing PSCs of this haplotype, if 

able to process and present antigens, are expected to be lysed in similar extend without 

additional incubation with the SIINFEKL peptide. At least two different clones of each cell line 

were analyzed and similar results were obtained for all tested clones independently of their OVA-

expression intensity. Wt RMA cells pulsed with the SIINFEKL peptide served as standard positive 

control in these assays (Figure 8). The relative lysis compared to SIINFEKL-pulsed wt RMA cells was 

calculated for the other analyzed cell lines in order to compare results obtained in different 

experiments. 

The OVA-expressing MPI-II ESCs (clones #1 and #4) were unable to present antigen since the 

relative lysis was similar to that of wt MPI-II ESCs. After addition of SIINFEKL, however, OVA-

expressing MPI-II ESCs were lysed to a similar extend as SIINFEKL-pulsed wt MPI-II ESCs (Figure 8 

B). In contrast, OVA-expressing RMA cells, used as positive controls in order to proof the 

functionality of this construct, were efficiently killed by CTLs from OT-I mice (Figure 8 A). RMA 

OVA cells were even more efficiently killed than wt RMA cells pulsed with the SIINFEKL peptide 

and additional incubation of RMA OVA cells with SIINFEKL did not further enhance the lysis of 

these cells (data not shown). A second ESC line was analyzed in order to validate this result. Like 

MPI-II ESCs the BTL-1 ESCs (clones #1, #4 and #9) were unable to present antigen. OVA-expressing 

BTL-1 ESCs were killed to similar extend as their wt counterparts. Incubation with SIINFEKL 

resulted in moderate killing of the OVA-expressing ESCs similar to wt BTL-1 ESCs (Figure 8 E). Only 

the clone ESC (BTL-1) OVA #9 was slightly killed in the absence of the SIINFEKL peptide. However, 

it turned out later that this clone had lost, at least in part, its pluripotency as indicated by western 

blot analysis of Oct4 expression (Figure 12 B). That particular clone only expressed the Oct4B 

isoform that is known to be unable to sustain ES cell self renewal (Lee et al, 2006). Furthermore, 

in light microscopy the ESC OVA #9 clone exhibited an atypical morphology and it failed to give 

rise to teratomas in immunodeficient mice (data not shown).  

When the iPSCs (129/Sv) were analyzed for their antigen presenting capability similar results as 

for ESC lines were obtained. The OVA-expressing iPSCs (clones #6 and #24) were not killed by 

antigen-specific CTLs, just like wt iPSCs. Both, wt iPSCs as well as OVA-expressing iPSCs were 

moderately killed after incubation with the SIINFEKL peptide (Figure 8 F).  
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OVA-expressing maGSCs (129/Sv) exhibited a slightly increased lysis compared to wt maGSCs 

without additional SIINFEKL incubation in all tested clones. The lysis of OVA-expressing maGSCs 

was still lower than the lysis of SIINFEKL-pulsed maGSCs. Following SIINFEKL incubation the 

relative lysis of OVA-expressing maGSCs was similar to SIINFEKL-pulsed wt maGSCs (Figure 8 D). 

 

 

Figure 8: Susceptibility of OVA-expressing PSCs to peptide specific CTLs 
Diagrams show the mean relative lysis and SEM of the different cell lines mediated by OT-I CTLs at different 
effector to target ratios. The lysis of SIINFEKL-pulsed RMA cells (0.5 µg/ml SIINFEKL peptide) at the highest 
effector to target ratio was adjusted to 100 % in each test and relative lysis of the different target cell lines 
was calculated.  
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RMA cells, ESCs (MPI-II) and maGSCs (129/Sv) were transfected with an eGFP expression construct 

as negative control. These eGFP-expressing cells were not killed by OT-I CTL without SIINFEKL 

incubation, demonstrating the peptide dependency of cell lysis for the RMA cells and PSCs. In 

addition, wt cells were not killed without SIINFEKL incubation (Figure 8 A, C). 

In order to assess, whether the results could have been influenced by NK cell-mediated killing, 

YAC-1 lymphoma cells were used as control cell line, since they are high susceptible targets for NK 

cells but unsusceptible to CTLs. Tests in which the specific lysis of YAC-1 cells exceeded 10 %, 

results were excluded from final analysis since NK cells could have contributed to the killing of 

PSCs in these assays.  

 

4.2.3 MHC class I and OVA-eGFP expression in target cell lines 

Target cell lines were routinely tested in parallel to 51chromium release assays for expression of 

MHC class I molecules by flow cytometry. A summary of these results is shown in Figure 9. RMA 

cells consistently expressed high levels of H2Kb and H2Db and the OVA-expressing RMA cells 

express comparable levels to wt RMA cells. In PSC lines no MHC class I expression was detectable 

by flow cytometry. After prolonged time in culture, the clones partially lost their transgene 

expression. Therefore, the OVA-eGFP transgene expression was routinely observed by flow 

cytometry, in order to ensure sufficient OVA expression for the functional analyses in 51chromium 

release assays (Figure 10). To this end, early passages of all clones were stored at -140 °C and 

thawed if less than 90 % of the clones in culture expressed OVA-eGFP. 

 

 

Figure 9: MHC class I expression in target cell lines 
Expression of MHC class I molecules in target cell lines were analyzed using H2D

b
 and H2K

b
 specific 

antibodies in flow cytometry in parallel to 
51

chromium release assays. Data represent specific MFI 
(fluorescence of specific reagent minus fluorescence of isotype control) and SD. 
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Figure 10: OVA-eGFP transgene expression in target cell lines 
The OVA-eGFP transgene expression was routinely observed by flow cytometry in parallel to 

51
chromium 

release assays. The diagram shows the MFI of eGFP in wt and OVA-expressing target cells and SEM. 

 

 

4.2.4 Ability of OVA-expressing iPSCs to present antigens after IFNγ treatment  

Since iPSCs might have the highest therapeutical potential for future transplantations, due to 

ethical reasons and easy accessibility of autologous cells, their immunological properties were 

analyzed in more detail. After transplantation, iPSCs or iPSC-derived cells are exposed to an 

environment in which pro-inflammatory cytokines might be present. Therefore, the effect of IFNγ 

stimulation on the ability of iPSCs and their corresponding OVA-expressing clones to present 

antigens to peptide specific CTLs was assessed using 51chromium release assays. Target cells were 

stimulated with 1000 U/ml IFNγ for 48 hrs prior to the assay. Again the relative lysis compared to 

SIINFEKL-pulsed RMA control cells at different effector to target ratios was calculated.  

The IFNγ treatment had no effect on the antigen processing capability of iPSCs. Neither the lysis of 

OVA-expressing clones compared to wt iPSCs nor the lysis of SIINFEKL-pulsed iPSCs increased after 

IFNγ stimulation (Figure 11 A). The lysis of IFNγ-treated OVA-expressing iPSCs was similar to IFNγ 

treated wt iPSC when both where pulsed with the SIINFEKL peptide. While flow cytometric 

analysis revealed that MHC class I expression was notably raised in IFNγ treated RMA control cells, 

no increased expression of H2Kb and H2Db was detectable in iPSCs and their OVA-expressing 

counterparts (Figure 11 B).  
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Figure 11: Susceptibility of OVA expressing iPSC to peptide specific CTLs after IFNγ treatment 
(A) Diagrams represent the mean relative lysis and SEM of iPSCs relative to RMA control cells at different 
effector to target ratios. Lysis of iPSCs with and w/o IFNγ treatment (1000 U/ml for 48 hrs) as well as with 
and w/o SIINFEKL pulsing is shown. 
(B) Following IFNγ treatment (1000 U/ml for 48 hrs) H2D

b
 and H2K

b
 specific antibodies were used to detect 

MHC class I molecules in flow cytometry. Diagram represents the mean specific MFI and SD. 

 

 

4.2.5 Ability of OVA-expressing PSCs to present antigens after differentiation 

We were interested to determine, whether PSC-derived cells acquire the ability to process and 

present antigens upon differentiation. Therefore, OVA-expressing PSCs were differentiated for 14 

days in an undirected manner using embryoid body (EB) formation. The effect of differentiation 

on the ability of PSCs to present antigens should be determined using OVA-expressing EB cells as 

targets for peptide specific CTLs. Following the differentiation period potential target cells were 

analyzed for their OVA-eGFP transgene expression and expression of pluripotency markers using 

flow cytometry and western blot. The differentiation of PSCs was confirmed by flow cytometry 

using the pluripotency marker SSEA-1. The majority of EB-derived cells were negative for SSEA-1 
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(data not shown). In addition, differentiation was confirmed for OVA-expressing ESC BTL-1 cells by 

western blot. Oct4-expression, crucial for pluripotency of PSCs, got completely lost in 

differentiated ESCs (Figure 12 B). Functional tests in vitro, such as 51chromium release assays were 

not performed successfully, since in all tested OVA-expressing PSC clones lost transgene 

expression after the differentiation period. This was shown by lost or greatly reduced eGFP 

expression in flow cytometry (Figure 12 A). In addition, OVA expression in EBs derived from 

different ESC OVA clones was not detected in western blot, while undifferentiated ESC OVA clones 

expressed OVA (Figure 12 B). Differentiation of OVA-expressing ESCs, maGSCs and iPSCs was 

repeated several times but transgene expression in the differentiated cells was not sustained in 

any attempt. 

 

 

Figure 12: OVA-expression in differentiated SCs 
(A) Representative histograms showing OVA-eGFP expression as determined in flow cytometry. The 
different OVA-expressing PSC lines before (green) and following differentiation for 14 d using embryoid 
body formation (blue line) are shown. (B) Western blot showing OVA- and Oct4-expression in the ESC line 
BTL-1 and their OVA-expressing clones before and following differentiation. β-actin staining was used as 
loading control. 
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4.2.6 Peptide loading complex gene expression analysis 

To determine why PSCs failed to process and present antigens, the major components of the 

antigen processing machinery were analyzed in all functionally tested PSC lines and their 

corresponding OVA-expressing clones, as well as in RMA control cells by qPCR. The gene 

expression was analyzed in technical triplicates and mRNA amounts in different cell lines were 

normalized using the housekeeping gene Hprt. Subsequently, mRNA amounts were calculated 

relative to RMA cells which comprised high amounts of peptide loading complex associated gene 

transcripts. The transcript amount in RMA cells was set to 1 and relative amounts of PSCs derived 

transcripts were calculated using the Pfaffl method (Pfaffl, 2001). RMA cells were again chosen as 

reference cell line for peptide loading complex gene expression, since RMA OVA cells had proven 

the ability to present antigens of endogenous expressed proteins in 51chromium release assays 

(Figure 8 A).  

The transporter associated with antigen processing (TAP) is responsible for the active transport of 

peptides generated in the cytoplasm into the lumen of the endoplasmatic reticulum (ER). TAP is a 

heterodimer consisting of TAP1 and TAP2 proteins. The according mRNA amounts quantified in 

PSCs were low. Compared to RMA reference cells the mRNA amount of Tap1 was only 7 % to 25 % 

in PSCs. In general, only minor differences in mRNA amounts between wt cells and their OVA 

expressing counterparts were detectable. However, the ESC line MPI-II and the corresponding 

OVA clones as well as RMA and RMA OVA cells exhibited differences, most likely due to clonal 

effects. Tap2 mRNA was not or only in trace amounts detectable in all PSCs. The mRNA amounts 

were similar between wt and OVA-expressing cells.   

The TAP binding protein (TAPBP) or Tapasin is crucial for the interaction of newly synthesized 

MHC class I molecules and TAP. Tapbp mRNA was found in all tested PSCs in well detectable 

amounts. At least 30 % of Tapbp mRNA compared to RMA reference cells was detected. Again 

clonal variations between wt ESC (MPI-II) and ESC (MPI-II) OVA #1 and between RMA and RMA 

OVA cells were detected, whereas the mRNA amounts between wt cell and OVA-expressing cells 

in other PSC lines was similar.  

Calnexin (Canx) and Calreticulin (Calr) are chaperone molecules assisting protein folding and 

stabilization of MHC class I molecules in the ER. Transcripts of both genes were detectable in 

similar amounts in the majority of PSC lines and OVA clones and the expression was never below 

50 % compared to RMA reference cells. Only in the ESC (MPI-II) OVA #1 clone the gene expression 

was again lower but still well detectable. In this clone Canx mRNA amounts were about 50 % and 

Calr mRNA amounts about 40 % of RMA reference. 
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ERp57 is a co-factor assisting in the establishment of disulfide bonds. The mRNA amounts varied 

slightly between different clones and cell lines but were usually not below 40 % compared to RMA 

control.  

In contrast, mRNA of the immunoproteasome subunit LMP 2 was only expressed in trace amounts 

and LMP 7 mRNA was generally not detectable in the PSCs (Figure 13).  

In summary, the majority of genes involved in antigen presentation were expressed in PSCs. 

However, only low amounts of Tap1 and no Tap2 mRNA was detectable in the majority of PSCs. 

Furthermore, no or only trace amounts, respectively, of the immunoproteasomal subunit mRNAs 

were found in PSCs.   

 

 

Figure 13: Expression analysis of peptide loading complex related genes 
Diagrams depict relative mRNA amounts of peptide loading complex genes in different PSCs. The mRNA 
amounts in wt RMA cells were used as reference and set to 1. Results represent mean values of technical 
triplicates after normalization to the housekeeping gene HPRT. 
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4.3 Analysis of immune escape mechanisms in PSCs 

Several mechanisms have been reported, by which PSCs (or tumor cells) inhibit CTL mediated 

cytotoxicity. This might be highly relevant for the survival of PSCs and PSC-derived cells after 

transplantation.  Western blot analysis as well as qPCRs were performed to assess whether these 

escape mechanisms might have contributed to the results of the cytotoxicity assays. Therefore, 

the expression of Cathepsin B (CtsB) and Serine protease inhibitor 6 (SPI-6), known to inhibit CTL-

mediated cytotoxicity, was determined in different PSCs and suitable controls (Figure 14).  

Furthermore, the transcript levels of the amino acid depleting enzymes Indoleamine 2,3-

dioxygenase (IDO) and Arginase 1 (Arg1) were analyzed in PSCs. It was reported, that Arg1 inhibits 

T cell function by depletion of L-arginine from the cell microenvironment (see 1.3). The Arg1 

isoform is primarily located in the cytoplasm of the liver (Iyer et al, 1998). Therefore, Arg1 gene 

expression in PSCs was determined by qPCR and quantified relative to liver RNA. In none of the 

analyzed PSC lines was any expression of this gene detectable. Since the Arg1 gene was not 

expressed in PSCs no additional western blot analysis was performed.  

Similar results were obtained for the expression of IDO. On mRNA level only trace amounts of Ido 

were detected in all tested cell lines, with a maximum of 3 % expression compared to placenta 

RNA in maGSCs from C57Bl/6 mice and MEF control cells from 129/Sv mice. On protein level also 

only very low amounts of IDO were detectable with slightly higher amounts in RMA cells than in 

PSCs. Thus, IDO expression did not correlate with the functional data obtained from 51chromium 

release assays. 

SPI-6 is a specific inhibitor of granzyme B, the serine protease that enables cytotoxic cells to kill 

target cells. It was shown that dendritic cells (DCs) protect themselves from CTL-mediated lysis by 

expression of SPI-6 (Medema et al, 2001b). Therefore, spleen RNA was used for the relative 

quantification of the analyzed RNA. SPI-6 mRNA was found in various but low amounts in all 

tested PSC lines. In maGSC derived from C57Bl/6 mice with 9 % relative to spleen mRNA the 

highest amount of SPI-6 mRNA was detected. Moderate mRNA amounts compared to spleen 

were detected in RMA and MEF cells, which were included as further controls. The relative 

expression of RMA cells was about 15 % compared to spleen mRNA demonstrating that the SPI-6 

expression did not correlate with the susceptibility to CTLs. This confirms previous results 

obtained in western blot analyses (Dressel et al, 2009; Dressel et al, 2010). 

CtsB gene expression was detectable in all PSC lines, ranging from 12 % in the ESC line MPI-II to 31 

% in the iPSC line derived from 129/Sv mice compared to spleen RNA used as control. However, 

again a similar CtsB gene expression level was detectable in RMA control cells. This result was 
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validated by western blot, where mature CTSB protein was detected in all cell lines albeit in less 

amounts than in spleen (Figure 14 B).  

In summary, albeit CTSB and SPI-6 as well as small amounts of IDO mRNA and protein were 

detectable in PSCs, a contribution of these molecules to CTL resistance is unlikely, since similar 

expression levels were detected in CTL-susceptible RMA cells. 

 

 

 

4.4 Analysis of the immunogenicity of PSCs 

PSCs were impaired in their ability to present antigens. Nonetheless, PSCs were killed by activated 

CTLs, if the appropriate peptide was added to the assays. Next the ability of OVA-expressing PSCs 

to activate naive peptide-specific CD8+ T cells was investigated. Therefore, 5 x 105 splenocytes 

derived from OT-I mice were stained with CFSE and co-cultured with 5 x 104 OVA-expressing PSCs 

and RMA OVA cells as control for 4 days. In addition, the activation of peptide-specific CD4+ T cells 
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Figure 14: Expression of immune escape 
molecules in PSCs 
(A) Gene expression analysis of immune 
escape molecules in different PSC lines. 
Detected mRNA amounts were quantified 
relative to appropriate controls and 
normalized to the housekeeping gene Hprt. 
Diagrams represent the mean of technical 
triplicates. 
(B) Western Blot analysis of CTSB and IDO 
expression in PSCs compared to spleen and 
RMA cell lysate. Tubulin was used as loading 
control.  
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was analyzed. The CD4+ T cells were derived from transgenic OT-II mice and express T cell 

receptors (TCR) specific for the OVA derived ISQAVHAAHAEINEAGR peptide in context of MHC 

class II H2Ab molecules. The OT-II splenocytes were cultured for 5 days together with OVA-

expressing PSCs in equal cell numbers. Therefore, the cultures contained in addition to the 

peptide-specific T cells, professional antigen presenting cells from the TCR transgenic mice. The 

culture medium was furthermore supplemented with 1000 U/ml IL-2. Splenocytes from OT-I mice, 

supplemented with 1000 U/ml IL-2 and 1 µM OVA protein, and splenocytes from OT-II mice 

supplemented with 1000 U/ml IL-2 and 100 µM OVA protein were used as positive control. 

Splenocytes alone and splenocytes co-cultured with MEFs without OVA protein were used as 

negative controls to assess the base-line proliferation in absence of antigen. Following co-culture, 

the activation of naive CD8+ and CD4+ T cells was determined by flow cytometric analysis of their 

proliferation frequency. To assess the specific proliferation, splenocytes were gated for viable 

lymphocytes and for CD4+ or CD8+ cells, respectively (Figure 15). The proliferation frequency was 

determined by percentage calculation of cells that divided at least once. 

 

 

Figure 15: Gating strategy to access CD4
+
 and CD8

+
 specific proliferation of viable lymphocytes 

Viable lymphocytes were identified according to their size and granularity (lymphocyte gate: red staining). 
In addition, CD4

+
 and CD8

+
 T cells were identified using antibody staining (CD4/CD8 gate: blue staining). 

Proliferation of cells, detectable in the combination of these gates was determined (green staining). 

 

PSCs expressing OVA completely failed to induce proliferation of OT-I-derived CD8+ T cells specific 

for SIINFEKL/H2Kb. The proportion of proliferating CD8+ T cells co-cultured with wt or OVA-

expressing PSCs was even lower than the base-line proliferation in negative and MEF control. In 

contrast, about 80 % of CD8+ T cells proliferated following co-culture with OVA-expressing RMA 

cells. This proliferation frequency was even 20 % higher than in positive control. However, in co-

culture with wt RMA cells the proliferation frequency of CD8+ T cells was also about 20 % higher 

compared to negative control. Therefore, RMA cells itself possessed the ability to enhance T cell 

proliferation (Figure 16 A).  
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OVA-expressing PSCs were also unable to induce proliferation of peptide-specific, OT-II-derived 

CD4+ T cells. The proliferation frequency was similar to peptide-specific CD4+ T cells cultured with 

wt PSCs. Moreover, in general the proliferation frequency was lower than in negative controls 

once CD4+ T cells were co-cultured with either OVA-expressing or wt PSCs. The proliferation 

frequency of CD4+ T cells co-cultured with wt RMA control cells was again slightly elevated 

compared to the base-line proliferation in standard and MEF control without antigen 

supplementation. However, OVA-expressing RMA cells completely failed to elicit proliferation of 

CD4+ T cells, in contrast to CD8+ T cells (Figure 16 B). In summary, the results of these assays 

demonstrated that PSCs were unable to activate antigen-specific naive CD8+-and CD4+ T cells 

directly. 
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Figure 16: Proliferation frequency of OVA-specific CD8
+
 and CD4

+
 T cells  

Splenocytes derived from OT-I mice (A) or OT-II mice (B) were stained with CFSE and cultured 
together with wt and OVA-expressing PSCs as well as control cell lines. Diagrams represent mean 
proliferation frequencies and SEM of CD8

+
 and CD4

+
 T cells as detected in flow cytometry. The 

proliferation was considered to be positive, when the T cells divided at least once. 
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Several mechanisms have been reported, by which ESCs suppress T cell activation or induce 

apoptosis in T cells. Since all OVA-expressing PSCs were apparently unable to stimulate T cells 

directly, the following assays focused on the analysis whether PSCs used such mechanisms to 

inhibit T cell activation. Therefore, co-cultures of wt PSCs and OVA-specific T cells were 

supplemented with defined amounts of OVA protein to stimulate T cell proliferation. PSCs co-

cultured with OT-I derived CD8+ T cells were supplemented with 1 µM OVA and PSCs co-cultured 

with OT-II derived CD4+ T cells with 100 µM OVA protein. Furthermore, the cytokine IL-2 (1000 

U/ml) was added to support T cell proliferation.  

 

Figure 17: Proliferation of CD8
+
 T cells co-cultured with PSCs 

(A) Representative histograms show the proliferation of CFSE-stained, CD8
+
 T cells (5x10

5 
splenocytes) in 

presence of antigen (1µM OVA) and IL-2 (1000 U/ml) after 4 days of co-culture with 5x10
4
 cells of the 

different PSC lines. Proliferation of CD8
+
 T cells in positive control is depicted in grey in the histograms. 

(B) Diagram represents the mean proliferation frequencies and SEM of CD8
+
 T cells co-cultured with PSC 

lines. CD8
+
 T cells were cultured with and w/o antigen as well as with antigen (1µM OVA) separated from 

PSCs by a membrane (Transwell (TW)). The cells were considered to proliferate, when the CD8
+ 

T cells 
divided at least once. 

 

PSCs were separated from MEFs and plated on gelatine-coated dishes, since preliminary studies 

(data not shown) revealed that MEFs themselves, at least partially, suppress T cell proliferation. 

Therefore, T cells were also co-cultured with MEFs, with and without OVA supplementation as 

further control. Again T cells cultured alone (without OVA protein as antigen) were used as 

negative control to assess the base-line proliferation and T cells cultured in presence of OVA were 
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used as positive control. In addition, the proliferation of T cells, cultured on gelatine coated dishes 

(with and without OVA), was analyzed as further control. In order to assess whether the 

suppressive effect of PSCs on T cell proliferation resulted from cell-to-cell contact or rather by 

release of soluble substances, PSCs and splenocytes were separated by a membrane (Transwell 

(TW), with a pore size of 0.4 μm).  

The proportion of proliferating CD8+ T cells in positive controls was above 65 %, whereas the 

proliferation frequency of CD8+ T cells co-cultured with PSCs was only about 10 %. This 

proliferation frequency was similar to that, observed in absence of antigen in the negative 

control. In contrast, proliferation of CD8+ T cells, which were separated from PSCs by a 

membrane, was largely restored (40 to 60 %) (Figure 17). Moreover, in accordance with higher 

proliferation of CFSE-stained CD8+ or CD4+ T cells, also their cell number was higher when 

separated from PSCs by a membrane. Therefore, it is possible that the T cells did not proliferate 

when cultured directly on pluripotent cells but also that PSCs might induced apoptosis in T cells.  

 

 

Figure 18: Proliferation of CD4
+
 T cells co-cultured with PSCs 

(A) Representative histograms show proliferation of CFSE stained, CD4
+ 

T cells derived from OT-II mice 
(5x10

5 
splenocytes) in presence of antigen (100µM OVA) and IL-2 (1000 U/ml)  after 5 days of co-culture 

with 5x10
4
 cells of different PSC lines. Proliferation of CD4

+
 T cells in positive control is depicted in grey in 

the histograms.  
(B) Diagram represents the mean proliferation frequencies and SEM of CD4

+
 T cells co-cultured with PSC 

lines. CD4
+
 T cells were cultured with and w/o antigen as well as with antigen (100µM OVA) but separated 

from PSCs by a membrane (Transwell (TW)). The cells were considered to proliferate, when the CD4
+
 T cells 

divided at least once. 
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Similar results were obtained for proliferation frequencies of CD4+ T cells. Only 5 to 10 % of CD4+ T 

cells proliferated when cultured together with different PSC lines in presence of antigen (100 µM 

OVA) and IL-2 (1000 U/ml). These proliferation frequencies were equivalent to that in negative 

control, where no antigen was added. In contrast, in positive controls 70 to 80 % of CD4+ T cells 

proliferated. Separation of PSCs and CD4+ T cells by a membrane completely recovered 

proliferation frequencies of CD4+ T cells. However, in single experiments the membrane 

separation failed to recover proliferation frequencies of CD4+ T cells, what most likely resulted 

from technical failures and explain the high variations of the according results (Figure 18). 

The impact of soluble substances, released by PSCs, on the proliferation of CD8+ and CD4+ T cells 

was further analyzed using PSC-conditioned medium. After 24 hrs, PSC culture medium was 

collected and separated from possible cell contaminations by filtration with a 0.45 μm filter. 

Splenocytes from OT-I mice were cultured 4 days, splenocytes from OT-II mice for 5 days in the 

PSC-conditioned media supplemented with IL-2 (1000 U/ml) and OVA (OT-I: 1 µM, OT-II: 100 µM) 

as antigen. The medium conditioned by the ESC line MPI-II as well as the medium conditioned by 

the maGSC line from 129/Sv mice had no suppressive effect on proliferation frequencies of CD8+ 

and CD4+ T cells. The proliferation frequencies of CD8+ T cells ranged from 80 to 90 % and were 

comparable to the positive control and MEF control. The base-line proliferation frequencies 

without antigen in all media were also comparable, ranging from 10 to 15 %. About 70 to 80 % of 

CD4+ T cells proliferated in media conditioned by PSCs, again corresponding to proliferation 

frequencies in controls. The basic proliferation of CD4+ T cells cultured in MEF and PSC-

conditioned media was approximately 35 % and slightly elevated compared to the negative 

control (Figure 19).  

 
Figure 19: Proliferation of CD8

+
 and CD4

+
 T cells cultured in PSC-conditioned media 

Splenocytes were isolated from OT-I and OT-II mice, respectively, stained with CFSE and subsequently 
cultured in media conditioned by different PSC lines for 4 to 5 days in presence of IL-2 (1000 U/ml) and 
antigen (OVA: OT-I: 1 µM, OT-II: 100 µM). Diagrams represent the mean proliferation frequencies and SEM 
of CD8

+ 
and CD4

+
 T cells as detected in flow cytometry. The proliferation was considered to be positive, 

when the CD4
+
 or CD8

+
 T cells divided at least once. 
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In summary, the data demonstrates that CD4+ as well as CD8+ T cells were unable to proliferate in 

presence of PSCs. Thus, even in presence of their specific antigen and the cytokine IL-2 that 

supports T cell proliferation, PSCs efficiently inhibited T cell activation. Furthermore, the PSC-

mediated inhibition of T cell proliferation was abrogated upon separation by a membrane, 

suggesting that this effect was not mediated by the release of soluble substances but rather by 

cell-cell contact. 

 

4.4.1 Expression of co-stimulatory molecules and FasL in PSCs 

Since OVA-expressing PSCs were apparently unable to activate antigen-specific T cells, PSCs were 

analyzed for their expression of CD80 and CD86 in order to assess their ability to provide co-

stimulatory signals to antigen-specific T cells. Gene expression was analyzed by qPCR and the 

expression on the cell surface using CD80- or CD86-specific antibodies in flow cytometry.  

 

 

Figure 20: Expression analysis of the co-stimulatory molecule CD80 in different PSCs 
(A) Diagram represents the fold change of PSC-derived CD80 mRNA amount relative to spleen mRNA. 
Values represent mean of technical triplicates normalized to the expression of the housekeeping gene Hprt. 
(B) Representative histograms show cells positive for CD80 as detected in flow cytometry using a CD80-
specific antibody. Unspecific staining is depicted in grey using staining with the secondary antibody only. 
Specific percentages (cells positive for CD80 minus cells positive by staining with secondary antibody) of 
cells positive for CD80 are shown. 
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The transcripts of co-stimulatory molecule CD80 were found in the ESC lines and the maGSC lines 

at comparable levels to the spleen control RNA used as reference. The CD80 transcript level was 

less prominent in the iPSC lines compared to other PSC lines but still about 40 % to 70 % 

compared to spleen reference and higher as in thymus used as additional control. In RMA cells 

only minor amounts of CD80 transcripts were detectable (Figure 20 A). These results were 

confirmed by flow cytometry. CD80 surface expression was detectable in all tested PSC lines. In 

the ESC lines and the maGSC line 22 % to 34 % cells were positive for CD80, whereas 6 % of iPSC 

cells were positive for CD80 (Figure 20 B). 

In contrast, mRNA of the co-stimulatory molecule CD86 was not detectable in the different PSC 

lines. In addition to spleen and thymus positive controls, only in RMA and MEF control cells minor 

amounts of CD86 transcripts were found (Figure 21 A). These observations were confirmed by 

flow cytometry. Only in RMA cell 5 % of the cells were positive for CD86, whereas both analyzed 

ESC lines as well as the tested maGSC and iPSC line were completely negative for CD86 expression 

(Figure 21 B).  

 

 

Figure 21: Expression analysis of the co-stimulatory molecule CD86 in different PSCs 
(A) Diagram represents the fold change of PSC-derived CD86 mRNA amount relative to spleen mRNA. 
Values represent mean of technical triplicates normalized to the expression of the housekeeping gene Hprt.  
(B) Histograms show cells positive for CD86 as detected in flow cytometry using a CD86-specific antibody. 
Unspecific staining is depicted in grey color using the secondary antibody only. Specific percentages of 
CD86-positive cells are shown. 
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In order to analyze, whether expression of the Fas ligand (FasL) on PSCs could have induced 

apoptosis in T cells in co-culture experiments, PSC lines were stained with a FasL specific antibody 

and analyzed by flow cytometry. FasL cell surface expression was undetectable in all tested PSC 

lines as well as in RMA lymphoma cells (Figure 22). Therefore, the Fas ligand/receptor interaction 

is unlikely responsible for the low cell numbers and the missing proliferation of naive antigen-

specific T cells, observed in co-culture experiments with PSCs. 

 

 

Figure 22: Expression analysis of the Fas Ligand on PSCs 
Histograms show cells positive for FasL as detected in flow cytometry using a FasL specific antibody. 
Unspecific staining is depicted as grey background using secondary antibody staining only. Specific 
percentages of cells positive for FasL are shown. 

 

4.4.2 Expression analysis of putative T cell activation inhibitors 

Several proteins have been reported to inhibit T cell function. To examine the role of these 

proteins in PSC-mediated immune inhibition their gene expression in PSCs was analyzed by qPCR. 

Except for TGFβ, until now none of these proteins was reported to contribute to PSC-mediated T 

cell inhibition (see 1.3). Nevertheless, it was analyzed whether these proteins might contributed 

to T cell inhibition observed in co-culture experiments, since the contribution of previous 

reported mechanisms such as Arg1, SPI-6, CtsB, IDO and FasL expression could be excluded (see 

1.3 and 4.4.1). The transcript amount of RMA cells was chosen as reference, since these cells did 

not possess an inhibitory effect on T cell activation in co-culture experiments. In addition, spleen 

and thymus RNA as well as MEF RNA were included as further controls (Figure 23). 

Galectin-1 (Gal-1) is as a cytokine-like molecule involved in immune-escape of tumors by 

regulation of T cell activity.  It was shown that Gal-1 expression can induce T cell apoptosis and 
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reduce numbers of infiltrating T cells in tumor tissues (Cooper et al, 2010; Kovacs-Solyom et al, 

2010; Le et al, 2005). In both ESC lines high amounts of Gal-1 transcripts were found. The mRNA 

amounts were comparable to thymus reference RNA that also comprised high amounts of Gal-1 

transcripts. In maGSCs as well as iPSCs the expression was even higher (about 160 % to 420 % 

compared to thymus reference RNA). However, in RMA control cells the expression of Gal-1 

mRNA was about 700 % of thymus what suggests that Gal-1 expression was not responsible for 

the observed T cell inhibition.  

Semaphorin-3A (Sema-3A) is a protein with an immunoglobulin-like domain that is expressed in a 

variety of human tumor cell lines. In mixed lymphocyte culture, recombinant Sema-3A inhibited 

the activation of cytotoxic activity against K-562 cells. Furthermore, it inhibited T cell proliferation 

as well as cytokine production of primary human T cells stimulated with anti-CD3 and anti-CD28 

(Catalano et al, 2006). Sema-3A transcripts were detectable in various amounts in all analyzed 

PSCs. Thereby, the mRNA amounts were similar to spleen reference, except for the maGSC line 

C57Bl/6 in which nearly a 5-fold mRNA amount was detected. However, the Sema-3A transcript 

level in RMA cells was even 9-fold higher that in spleen reference and consistently higher than in 

PSCs, suggesting that Sema-3A expression did not confer T cell inhibiting activity to PSCs. 

It was reported, that TGFβ expression confers immune suppressive properties to ESCs (see 1.3). 

Indeed, moderate levels of TGFβ transcripts were detectable in PSCs. The transcript amount 

varied slightly between the different PSC lines and origins. However, again the TGFβ transcript 

amount detected in RMA cells was very high and at least more than 2-fold higher as in PSC-

derived RNAs. The high expression of TGFβ in RMA cells, which lacked T cell inhibiting activity, in 

addition to the finding that the inhibitory activity of PSCs was rather not mediated by a soluble 

substance (see 4.4), suggests that TGFβ expression did not contributed to PSC-mediated T cell 

inhibition. 

The receptor-binding cancer antigen expressed on Siso cells (RCAS1) induces apoptosis or cell 

cycle arrest in RCAS1 receptor expressing immune cells. It was demonstrated that soluble RCAS1-

induced apoptosis of lymphocytes following co-culture of IL-2 activated peripheral blood 

lymphocytes with a human oral squamous cell carcinoma cell line (KB cells) (Fukuda et al, 2004). 

RCAS1 mRNA amounts were generally low in all analyzed samples, including references. The 

according Ct values were consistently about 30 and above in PSCs. Nonetheless, RCAS1 transcripts 

were still detectable but very variable in amount in different PSC lines. In iPSCs and maGSCs 

derived from C57Bl/6 mice the amounts of RCAS1 mRNA were at least 2-fold higher than in their 

counterparts derived from 129/Sv mice. However, also in the ESC line MPI-II and the ESC line BTL-

1, both derived from 129/Sv mice the RCAS1 gene was rather differently expressed. Whereas the 

RCAS1 transcript level was comparable to thymus and spleen control in MPI-II cells, the transcript 
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level in BTL-1 cells was only about 40 % compared to spleen control. The highest RCAS1 gene 

expression was detectable in RMA cells, nearly 4-fold higher than in spleen and thymus control 

RNA. Therefore, and due to the very low RCAS1 transcript amounts in general, RCAS1 was unlikely 

responsible for PSC-mediated T cell inhibition. 

 

 

 

Figure 23: Expression analysis of genes involved in inhibition of T cell activity 
Diagrams represent the fold change in gene expression relative to appropriate reference control RNAs. 
Values are efficiency correlated calculated (Pfaffl calculated) as mean of technical triplicates normalized to 
the housekeeping gene Hprt. 

 

The programmed death ligands (PD-L1 and PD-L2), part of the B7 family, bind to the programmed 

death receptor (PD-1) expressed by T cells and negatively regulate T cell activation (Dong et al, 

1999). It was reported, that up-regulation of PD-L1 leads to increased number of PD-1+ CD8+ T 

cells in tumor tissues and that these CD8+ T cells are impaired in cytotoxic granule and cytokine 
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production (Matsuzaki et al, 2010; Sfanos et al, 2009; Shi et al, 2011; Wu et al, 2009; Zhang et al, 

2010). Only very low amounts of PD-L1 mRNA were detectable in spleen and thymus control and 

in the majority of PSCs nearly no PD-L1 mRNA was detectable. Only in the maGSC line from 

C57Bl/6 mice, but also in RMA cells trace amounts of PD-L1 transcripts were detectable, albeit 

only 12 % to 19 % of thymus reference. Due to the relative quantification method and low 

expression in the reference cells the depiction of true gene expression in the diagram is 

deceptive. The according Ct values in PSCs were consistently about 30 and above. Therefore, PD-

L1 transcripts could be considered to be absent in PSCs, except maGSC (C57Bl/6). 

PD-L2 transcripts were generally not detectable in PSCs and in the spleen. Also in thymus 

reference probes and RMA control only very low amounts of PD-L2 mRNA was detectable. The 

according Ct values were about 29 in both samples. Therefore, the expression of the PD-L1 and 

PD-L2 in PSCs is unlikely the reason for the inhibitory activity of PSCs observed in co-culture 

assays. B7-H3 and B7-H4, further members of the B7 family are also reported to have an 

inhibitory effect on proliferation, differentiation and cytotoxicity of T cells. Prasad et al. reported 

that the murine B7-H3 protein inhibited T cell activation and effector cytokine production and the 

addition of an antagonistic antibody to B7-H3 enhanced T cell proliferation in vitro (Prasad et al, 

2004). Furthermore, over-expression of B7 family members is associated with immune 

modulating properties of a variety of tumors (for review see (Du & Wang, 2011)). However, while 

most data published so far reported B7-H3-mediated inhibition of T cell function also 

contradicting data was published. Hashiguchi et al. identified TREML2 as receptor for B7-H3 and 

reported that this interaction co-stimulates the activation of T cells (Hashiguchi et al, 2008). 

 

 

Figure 24: Cell surface expression of B7-H3 
Representative histograms show the cell surface expression of B7-H3 as detected by flow cytometry. The 
specific percentages of cells, (B7-H3 positive cells minus cells positive for isotype control) positive for B7-H3 
are shown. 
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The B7-H3 and B7-H4 ligands are known to be expressed on monocytes or macrophages, 

respectively. Therefore, RNA of the macrophage cell line J774 was included as reference. Only 

trace amounts of B7-H4 mRNA was detectable in some tested PSC lines. In addition, the B7-H4 

mRNA amount in J774 reference RNA was low. Therefore, PSCs could be considered to be 

negative for B7-H4 expression. Only in maGSC (C57Bl/6) cells minor B7-H4 transcript levels were 

detectable. In contrast, the amount of detectable B7-H3 mRNA was very high in all PSC lines, 

about 3-fold up to 8-fold higher compared to J774 positive control cells that also comprised well 

detectable levels of B7-H3 transcripts. The gene expression in the ESC line MPI-II was even 25-fold 

higher compared to J774 reference. Interestingly, B7-H3 transcripts were not detectable in RMA 

cells. The result was confirmed by an independently performed assay, using another set of 

primers specific for B7-H3. The mean of both assays was calculated and the relative expression is 

shown in Figure 23. Since B7-H3 transcript levels were undetectable in RMA cells but high in PSCs, 

B7-H3 was chosen for further investigations. 

 

 

Figure 25: Proliferation frequencies of CD8
+
 and CD4

+
 T cells after co-culture with PSCs in presence of a 

B7-H3 blocking antibody 
(A) Diagram represents the mean proliferation of CD8

+ 
T cells derived from OT-I mice after 4 days of co-

culture with PSCs. (B) Diagram shows the mean proliferation of CD4
+
 T cells derived from OT-II mice after 5 

days of co-culture with different PSC lines. All cells were supplemented with IL-2 and OVA as antigen. In 
addition, a B7-H3 blocking antibody in a final concentration of 5 µg/ml was added in order to block B7-H3-
mediated interactions. 
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The surface expression of B7-H3 was analyzed by flow cytometry. PSCs as well as MEF control 

were negative for B7-H3 expression. Only on primary macrophages, which were isolated from 

femurs of a C57Bl/6 mouse, cells positive for B7-H3 were found. To induce differentiation towards 

the macrophage lineage, these cells were stimulated with different cytokines gained from the 

supernatant of L929 cells and 10 ng/ml IFNγ prior to flow cytometric analysis (Figure 24) (Coligan, 

2005). 

Since the B7-H3 expression on PSCs could have been induced following co-culture with 

splenocytes, the role of the B7-H3 ligand in modulating T cell activation was further analyzed in 

co-culture assays with CFSE-stained, antigen-specific T cells. Therefore, a specific antibody against 

B7-H3 was added (5 µg/ml) in order to block possible interactions between PSCs and T cells.  

Co-culture with PSCs again significantly suppressed proliferation of CD8+ as well as of CD4+ T cells. 

In addition co-culture with MEFs also suppressed T cell proliferation albeit less extensively than 

PSCs. The supplementation with a B7-H3 blocking antibody had no effect on T cell proliferation, 

neither on CD8+ nor on CD4+ T cells (Figure 25). In accordance with the finding, that the B7-H3 

ligand is absent on the cell surface of PSCs, the co-culture data suggests that B7-H3 did not 

contribute to PSC-mediated inhibition of T cell proliferation since B7-H3 was not expressed on 

protein level. Thus, it remains unclear by which mechanism PSCs block T cell proliferation in a 

contact dependent manner. 

 

4.5 Immunogenicity of OVA-expressing iPSCs in vivo 

4.5.1 Tumor formation in syngeneic hosts 

Since iPSCs might provide the most interesting PSC type for future medical therapies, this cell type 

was chosen for in vivo studies. The effect of OVA-expression as a model for a minor 

histocompatibility antigen on successful engraftment in otherwise syngeneic hosts was studied 

using wt iPSCs and their OVA-expressing counterparts for transplantation. Therefore, 1 x 106 cells 

were injected subcutaneously into the flank of syngeneic 129/Sv mice. In addition, wt RMA cells 

as well as OVA-expressing RMA cells were injected into syngeneic C57Bl/6 mice as control. Tumor 

growth was regularly controlled by palpation. Furthermore, iPSCs were injected into 

immunodeficient mice to confirm their ability to form teratomas. The iPSCs possessed a male 

genotype and 88.9 % (10/12) of wt iPSCs successfully engrafted and formed teratomas in 

syngeneic mice, independently of host gender.  
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In contrast, only 50 % (5/10) of the OVA-expressing iPSC clone #6 and only 20 % (2/10) of clone 

#24 were able to form teratomas, preferentially in male syngeneic hosts. Thus, whereas a 

different gender of wt iPSCs alone was not sufficient to induce an immune rejection, the OVA-

expressing iPSCs were only rejected in female hosts.  

 

Table 16: Tumor formation of OVA-expressing cells in syngeneic hosts 

cell line 

syngeneic hosts 
immunodeficient 

hosts 
gender (syngeneic hosts) 

tumor 
frequency 

mean 
tumor 

size 
[mm

3
] 

mean 
tumor 
weight 
[mg] 

tumor frequency engraftment rejection 

RMA (C57Bl/6) 100 %   (4/4) 1515 793,25   
 

  

RMA OVA #13 50 %   (2/4) 418,5 218,5   
 

  

iPSC (129/Sv) 88.9 %   (10/12) 2150,8 1126,2 100 %   (3/3) 7 x ♂ / 3 x ♀ 1 x ♂ / 1 x ♀ 

iPSC OVA #6 50 %   (5/10) 549,8 287,8 100 %   (3/3) 5 x ♂ 5 x ♀ 

iPSC OVA #24 20 %   (2/10) 1116,0 584,0 100 %   (3/3) 2 x ♂ 8 x ♀ 

 

 

 

Wt RMA cells formed tumors in 100 % (4/4) of the host animals whereas OVA-expressing RMA 

cells were rejected in 50 % (2/4) from syngeneic hosts. A summary of these results is shown in 

Table 16. Although OVA-expressing cells were not rejected from all syngeneic hosts, the formed 

tumors remained significantly smaller in size and weight. The mean transplantation interval of wt 

iPSCs was 34 days and that of OVA-expressing iPSCs 52 days, before the host animals had to be 

sacrificed for ethical reasons (see 3.5.5). Therefore, the smaller tumor size and weight of iPSC OVA 

derived tumors did not result from a shorter growth interval. The findings rather suggest that the 

tumor growth rates were affected by the hosts immune system, due to the expression of the mHC 

antigen OVA. This conclusion is supported by the findings made in immunodeficient hosts since 

the tumor volume and size of wt iPSC and iPSC OVA derived tumors was similar in these animals 

(Figure 26). Moreover, the engraftment or rejection, respectively, did not depend on the OVA 

expression level of the iPSC clones, since the iPSC OVA clone #6, which expressed much higher 

levels of OVA, was not rejected more frequently. 
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Figure 26: Size and weight of wt iPSC and iPSC OVA derived tumors 
The diagrams show the mean size and weight of tumors derived from wt iPSCs and OVA-expressing iPSCs 
formed in syngeneic or immunodeficient hosts. Tumors were dissected and subsequently measured using 
linear calipers and micro scales. Tumors, formed by iPSC OVA cells remained significantly smaller in 
syngeneic hosts compared to wt iPSC derived tumors. Significances were calculated using the Mann-
Whitney (U-) test. 

 

4.5.2 Analysis of iPSC-derived teratomas 

All teratomas, which had formed after injection of iPSCs and their OVA-expressing counterparts 

into syngeneic hosts, were dissected and subsequently analyzed regarding viability and leukocyte 

infiltration. Similar results were obtained for all teratomas which were analyzed by 

immunohistochemistry. All teratomas contained cells positive for the pluripotency marker Oct4 

and the proliferation marker Ki67. Thus, even after at least 34 days following transplantation, 

viable cells exist within the teratomas which did not differentiate. Moreover, tumors were 

infiltrated with different leukocyte populations. These included moderate amounts of CD3+ T cells 

and high amounts of F4/80-positive macrophages. Furthermore, tumors contained cells positive 

for CD45R, a marker for B cells, albeit only in minor amounts (Figure 27). Differences in leukocyte 

infiltration between iPSC and iPSC OVA-derived tumors were not observable.  

In addition to immunohistochemistry, infiltration of leukocytes was quantified by flow cytometry 

after digestion of some dissected tumors to single cells. Prior to final analysis the detected cells 

were gated for viable cells as detected in forward and side scatter. In all tumors, formed by 

inoculation of OVA-expressing iPSCs and RMA cells, cells positive for different leukocyte markers 

were detected. The proportion of CD8+ and CD4+ T cells was 1.5 % to 2.5 % in tumors formed by 

OVA-expressing iPSCs, slightly lower compared to tumors formed by RMA OVA #13 cells. 

However, RMA cells were inoculated in C57Bl/6 mice and iPSCs in 129/Sv mice. Therefore, 

differences between the host specific immune response could have contributed to observed 

differences between RMA and iPSC derived tumors. Cells positive for the B cell marker B220 

accounted for 1.3 % to 2 % in all analyzed tumors. In addition to T and B cells, also NK cells and 

macrophages were detected. Tumors formed by RMA OVA #13 and iPSC OVA #24 clones 
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comprised about 3 % NK cells and about 4.5 % macrophages. In comparison, tumors formed by 

iPSC OVA #6 clones comprised lowered cell numbers positive for NKp46 and F4/80 (Figure 28).  
 

 

Figure 27: Immunohistology of teratomas formed after injection of iPSCs 
In immunohistochemical stainings the analyzed tumor tissue was positive for Ki67 and Oct4, demonstrating 
that tumor cells proliferated and remained partially pluripotent. In addition, tumor tissue was infiltrated by 
leukocytes, shown by staining of T cells (CD3), B cells (CD45R) and macrophages (F4/80). 
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Figure 28: Analysis of tumor infiltrating leukocytes 
Diagram represents mean leukocyte numbers found in tumors formed by inoculated OVA-expressing iPSCs 
(129/Sv) and RMA cells (C57Bl/6) into syngeneic hosts. Tumors were digested into single cell suspensions 
and analyzed in flow cytometry using leukocyte marker specific antibodies. For final analysis the cells were 
gated for viability using the according size and granularity specificities. 

 

 

4.5.3 Generation of OVA-specific CTLs in syngeneic hosts 

To evaluate, whether OVA-specific T cells arose in host animals after injection of OVA-expressing 

stem cells, spleens of these animals were dissected on the day of sacrification and the splenocytes 

were re-stimulated with OVA and subsequently used as effector cells in 51chromium release 

assays against wt and OVA-expressing RMA target cells (Figure 29). 

When OVA-expressing RMA cells were injected as control cell line into syngeneic C57Bl/6 mice 

OVA-specific CTLs arose independently of engraftment or rejection of injected cells. In contrast, 

preferentially in animals that successfully rejected OVA-expressing iPSCs, OVA-specific CTLs were 

induced, shown by increased lysis of RMA OVA cells compared to wt RMA cells. 

CTLs, isolated from animals in which tumors formed, were unable to kill OVA-expressing target 

cells. Since the maximum number of isolated splenocytes differed between the animals also the 

effector to target ratios in single 51chromium release assays differed. Due to this fact the killing 

ratio of RMA OVA to wt RMA cells at the highest effector to target ratio was calculated in order to 

summarize all assays. 

 

ce
ll

co
u

n
t

[%
]

leukocyte markers

0

1

2

3

4

5

6

CD3+ CD8+ CD3+ CD4+ B220+ NKp46+ F4-80+

RMA OVA #13  (n=2)

iPSC OVA #6     (n=1)

iPSC OVA #24   (n=2)



  Results 

78 
 

 

 

Splenocytes derived from animals that either were inoculated with wt RMA and wt iPSC cells 

served as control as well as splenocytes from animals immunized with  OVA protein. The killing 

ratio of RMA OVA to wt RMA cells exposed to these splenocytes was therefore nearly 1. Similar 

results were obtained with splenocytes derived from animals in which iPSC OVA #24 cells 

successfully engrafted. In contrast, splenocytes derived from animals that rejected iPSC OVA #6 

and iPSC OVA #24 cells exhibited a higher cytotoxicity against OVA-expressing target cells (Figure 

30). 
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Figure 29: Analysis of OVA-specific T cell 
presence in syngeneic hosts after iPSC 
inoculation 
Representative diagrams depicting specific 
lysis and SD of wt RMA and RMA OVA cells in 
51

chromium release assays. Splenocytes from 
syngeneic hosts inoculated with RMA OVA or 
iPSC OVA cells were used as effector cells. 
Splenocytes of mice immunized with 
recombinant OVA protein were used as 
control. 
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Figure 30: Specific lysis ratio of RMA/RMA OVA cells to OVA-specific CTLs arose in syngeneic hosts 
Diagram depicts the killing ratio and SD of RMA OVA to RMA target cells. Splenocytes, derived from hosts 
after inoculation of syngeneic iPS (129/Sv) or RMA cells (C57Bl/6) that either did or did not express OVA, 
were used as effector cells. Splenocytes of mice immunized with recombinant OVA protein were used as 
reference. In braces the partition of the total numbers regarding engraftment/rejection are shown. 

 

 

 

To compare the cellular composition of host splenocytes, flow cytometric analysis of lymphocyte 

populations was performed. About 40 % of analyzed splenocytes were T cells, positive for CD3 

and CD4. Moreover, about 25 % of the splenocytes were T cells positive for CD3 and CD8. Only 

splenocytes derived from hosts that were inoculated with iPSC OVA #6 cells comprised lower 

numbers of CD8+ T cells. No differences between the splenocyte composition in hosts that 

rejected iPSC OVA cells to hosts in which iPSC OVA cells engrafted were found (data not shown). 

Less than 5 % of the analyzed cells represented NK cells (Figure 31). 
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Figure 31: Lymphocyte composition of host splenocytes 
Diagram represents mean percentages and SD of lymphocytes collected from spleens of syngeneic hosts 
after iPSC transplantation. Splenocytes of 129/Sv mice immunized with recombinant OVA protein were 
used as reference. 

 

 

4.5.4 OVA-specific antibody generation in syngeneic hosts 

To analyze whether iPSC OVA cells elicited an antibody response in syngeneic hosts and to 

evaluate whether antibodies against OVA had an impact of on the outcome of iPSC OVA 

engraftment was analyzed using ELISA. Sera of animals, inoculated with OVA-expressing cells, 

were collected and the ODs (405 nm) at eight different serum dilutions were measured (Figure 32 

A). Four 129/Sv mice were initially immunized with recombinant OVA protein and TiterMax 

adjuvants, followed by at least 3 more injections of OVA protein for boosting. The serum of these 

animals was used as reference control. Normal sera of four untreated 129/Sv mice as well as sera 

collected from animals inoculated with wt iPSCs were used as negative control.  

In order to summarize these experiments the relative anti-OVA titer was calculated. Therefore, 

the mean ODs derived of the sera of the immunized animals at the highest concentrated dilution 

(1:20) was set to 100 % and the ODs of the remaining sera were calculated relative to this. The 

sera of animals that received OVA-expressing iPSCs or RMA cells comprised similar levels of OVA-

specific antibodies to OVA-immunized control mice (129/Sv). The anti-OVA titers of hosts 

inoculated with wt iPSCs were similar to normal sera of non-treated control mice. No differences 

in the sera of animals that either did or did not reject the iPSC OVA clones were found (Figure 32 

B).  
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Figure 32: Generation of OVA-specific antibodies in syngeneic hosts 
(A) Diagram shows the mean ODs and SEM for OVA-specific antibodies in different serum dilutions as 
detected by ELISA. Sera were collected from syngeneic hosts after transplantation of wt iPSCs and OVA-
expressing iPSCs. Normal sera (NS) of 129/Sv mice were used as negative control. Sera of 129/Sv mice 
immunized at least 4 times with recombinant OVA protein were used as reference control.  
(B) Diagram represents relative anti-OVA titers and SD in the serum of syngeneic hosts after iPSC OVA 
inoculation compared to the mean anti-OVA titers of four 129/Sv mice immunized with recombinant OVA 
protein. The normal serum of four 129/Sv mice was used as negative control. In braces the partition of the 
total numbers regarding engraftment/rejection are shown. 
(C) Diagram depicts isotype distribution of OVA-specific antibodies generated in syngeneic hosts and SD. 
Isotype distribution was calculated using ODs of isotype-specific secondary antibodies relative to the OD of 
the total of OVA-specific antibodies as determined in ELISA. 
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Therefore, antibodies alone seemed to have no effect on the engraftment success of cells 

expressing a minor histocompatibility antigen. However, the presence of OVA-specific antibodies 

in the sera of the hosts demonstrates that the inoculated OVA-expressing iPSCs were 

immunogenic and able to induce an antibody response.  

Moreover, the host serum was analyzed for the distribution of antibody isotypes using isotype-

specific secondary antibodies in ELISAs. The major part of OVA-specific antibodies in the sera of 

129/Sv mice, that received iPSCs for transplantation, consisted of IgG1 and IgG2b isotypes. The 

isotype distribution in these sera was similar to control sera of animals immunized with 

recombinant OVA protein. In contrast, in sera of C57Bl/6 mice, inoculated with RMA OVA cells, 

lower amounts of the IgG1 isotype were detected (Figure 32 B). The isotype distribution 

demonstrated that a class switch occurred in B cells. Since the OVA protein represents a thymus-

dependent antigen, B cells need the interaction with antigen-specific CD4+ T helper cells for the 

class switch. Thus, albeit the iPSCs inhibited T cell proliferation in vitro they became immunogenic 

in vivo.  
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5 Discussion 

5.1 MHC class I expression in PSCs 

As mentioned earlier, MHC mismatch represents a major immunological hurdle for 

transplantations. Therefore, the expression of these molecules on different pluripotent stem cell 

(PSC) lines was determined by qPCR and flow cytometry. In accordance with previously reported 

findings no cell surface expression MHC class I molecules on ESCs, derived from 4 different mouse 

strains (FVB, 129/Sv, C57Bl/6 and Stra8-eGFP/Rosa26 mice) was detected in flow cytometry 

(Abdullah et al, 2007; Magliocca et al, 2006; Tian et al, 1997). Furthermore, three iPSC lines (TTF-

iPSCs derived from tail-tip fibroblasts of 129/Sv mice as well as iPSCs derived from 129/Sv and 

C57Bl/6 MEFs) and maGSCs derived from 4 different mouse strains (FVB, 129/Sv, C57Bl/6 and 

Stra8-eGFP/Rosa26 mice) were negative for the expression of MHC class I molecules. Thus, lack of 

MHC class I molecules in flow cytometry is a common feature of murine PSCs and not restricted to 

ESCs. 

Despite their negativity for MHC class I molecules in flow cytometry, low amounts of H2D, H2K 

and β2m mRNAs were detectable in all analyzed murine PSC lines. Suarez-Alvarez et al. reported 

that β2m transcripts were not detectable in the human ESC line Shef-1 and the human iPSC line 

MSUH-002 and concluded that a lack of β2m in these cells might limit the expression of MHC class 

I molecules on the cell surface (Suarez-Alvarez et al, 2010). However, that seems to be not the 

case in the different murine PSC lines analyzed in this study. Furthermore, results of our group, 

regarding MHC class I gene expression, revealed that β2m transcripts were readily detectable in 

six different human iPSC lines and the hESC line H9 (Hamann, 2012). Therefore, lack of β2m mRNA 

expression is not a common feature of human PSC lines and seems to be no species-specific 

difference. 

Moreover, the MHC class I gene expression upon IFNγ stimulation was analyzed in different PSC 

lines. Elevated levels of H2D, H2K and β2m transcripts were detected in the majority of the 

analyzed PSCs. However, not all analyzed PSC lines responded to IFNγ stimulation with increased 

MHC class I gene expression. H2D and β2m mRNA amounts were not increased in ESCs and 

maGSCs derived from Stra8 mice. In addition, no increased H2D and H2K transcript levels were 

found in ESCs derived from C57Bl/6 mice. Abdullah et al. reported that the expression of MHC 

class I heavy chain and β2m transcripts increased following stimulation with IFNγ (20 ng/ml; 48 

hrs) in the CGR8 ESC line (Abdullah et al, 2007). Moreover, it was reported that MHC class I 

molecules were inducible on the undifferentiated RW-4 mESC line (Bonde & Zavazava, 2006). 

However, the cell surface expression of MHC class I molecules did not increase upon IFNγ 
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stimulation in two other studies (Nussbaum et al, 2007; Tian et al, 1997). The results demonstrate 

that variations between different PSC lines (also within one species) exist, providing a possible 

explanation for the contradicting results published so far. Notably, even the very low cell surface 

expression of MHC class I molecules is sufficient for recognition by activated CTLs (Abdullah et al, 

2007; Dressel et al, 2009). 

 

5.2 Antigen processing is impaired in PSCs  

Antigen processing and its presentation via the MHC class I pathway are associated with the cell 

surface expression of MHC class I molecules and largely defines the susceptibility of cells to the 

cytotoxicity of CTLs. In order to analyze the ability of PSCs to process and present intracellular 

antigens, an Ovalbumin (OVA) expression construct as endogenously expressed model antigen 

was introduced into different PSC types. CTLs derived from transgenic OT-I mice, which express a 

T cell receptor (TCR) that is specific for the OVA-derived SIINFEKL peptide in a MHC class I context, 

were used as effector cells. Their ability to kill OVA-expressing PSCs was used as read out for the 

ability of PSCs to present OVA-derived peptides. The functionality of the experimental set up was 

demonstrated using OVA-expressing RMA target cells as positive control. Indeed RMA OVA cells 

were efficiently killed by OT-I CTLs, even more efficiently than SIINFEKL-pulsed wt RMA cells that 

served as standard positive control. Western blot analyses and flow cytometry revealed that the 

RMA OVA clone expressed higher amounts of the OVA-eGFP transgene than the majority of 

tested PSC clones. Therefore, one could argue that the OVA-expressing RMA clone was killed by 

peptide-specific CTLs to higher extend due to higher OVA expression. However, the flow 

cytometric analyses showed that the MPI-II OVA #1 clone expressed similar OVA levels to the 

RMA OVA clone, which did not result in a higher susceptibility to the killing of peptide-specific 

CTLs. Moreover, the MPI-II OVA #1 clone was not lysed in a higher extend as the MPI-II OVA #4 

clone which expressed lower amounts of OVA-eGFP. Therefore, the possibility that a lower 

occurrence of specific peptides combined with the limitation of weak MHC class I molecule 

expression in PSCs limited the read out of this assay is unlikely. This conclusion was supported by 

results of qPCR. In all OVA-expressing clones the OVA-eGFP gene was highly expressed (with Ct 

values of 22 or less) and consistently higher than the housekeeping gene Hprt. Moreover, using 

CTLs to evaluate the cell surface expression of SIINFEKL/H2Kb ensures a highly sensitive read out 

for antigen presentation, since as few as about three MHC class I complexes presenting SIINFEKL 

are sufficient for CTLs to lyse this cell (Brower et al, 1994). The usage of CTLs derived from 
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transgenic OT-I mice ensures a high effector population since almost 100 % of these CTLs express 

a T cell receptor specific for the OVA-derived SIINFEKL peptide in a MHC class I/H2Kb context.  

IPSCs as well as both ESC lines, which endogenously expressed OVA as model antigen, were 

apparently unable to process and present this antigen since they were resistant to killing by OVA 

(SIINFEKL)-specific CTLs. In contrast, OVA-expressing maGSCs were at least partially able to 

process and present OVA peptides since these cells were killed by cognate CTLs, albeit to a small 

extend. However, their antigen presenting capability was impaired, since they were not as 

susceptible to peptide-specific CTLs as wt maGSCs pulsed with SIINFEKL peptide. Since the MHC 

class I gene expression in maGSCs was similar to ESCs and iPSCs, and all PSC lines were negative 

for MHC class I molecules on the cell surface in flow cytometry, additional differences between 

these pluripotent cell types must exist. In addition to maGSCs, also ESCs and iPSCs were 

moderately killed by peptide-specific CTLs following incubation with exogenous SIINFEKL peptide, 

demonstrating that PSCs were not generally protected against the cytotoxic activity of CTLs. 

To analyze possible reasons for the inability of PSCs to present antigens, the expression of genes 

encoding proteins of the peptide loading complex were analyzed. Transcripts of Calnexin, 

Calreticulin, TAPBP and ERp57 were detectable in all PSCs. Therefore, the failure in antigen 

presentation did not result from missing expression of these chaperones. These findings are 

partially contrary to those reported by Suarez-Alvarez et al. in the human ESC line Shef-1 and the 

human iPSC (hiPSC) line MSUH-002. They reported lacking gene expression of TAPBP and Calr in 

hESCs and lacking Calr gene expression in hiPSCs (Suarez-Alvarez et al, 2010). However, findings of 

our group demonstrated that Calr was expressed to a varying extend in six different hiPSC lines 

and the hESC line H9. Therefore, this variation likely depends on the specific cell line used for the 

gene expression studies and lack of expression of these genes is not a general feature of human 

PSCs. In accordance to the findings of Suerez-Alvarez et al., no TAPBP expression was detectable 

in the majority of these hiPSC lines. Only in H9 hESCs and IMR hiPSCs trace amounts of TAPBP 

transcripts were detected (Hamann, 2012). Whether or not the expression of TAPBP is generally 

different between murine and human PSCs has to be tested in further studies.  

The Tap1 gene was expressed only in small amounts compared to RMA cells and Tap2 transcripts 

were virtually absent in all murine PSCs analyzed in this study. Due to the lack of suitable 

antibodies the qPCR results could not be verified on protein level. However, the apparent absence 

of Tap2 expression could be a reason for the strong impairment of PSCs in antigen presentation, 

since the transport of peptides into the lumen of the ER is a crucial event in antigen presentation 

and critically depends on TAP2. Furthermore, the low Tap gene expression provides an 

explanation for undetectable MHC class I expression in general. It is known that TAP deficiency 

leads to loss of MHC class I surface expression, since the transport of newly synthesized MHC class 
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I molecules is not induced until peptide loading has occurred (Van Kaer et al, 1992). One way to 

prove this hypothesis, would be to reconstitute Tap expression in OVA-expressing PSCs and test 

their susceptibility to get killed by peptide-specific CTLs. However, three different OVA-expressing 

maGSC OVA clones (only two of which were shown) were at least slightly able to present antigens, 

suggesting that additional reasons for the inability of PSCs to present antigens might exist.  

 

 

Figure 33: Location of the Tap and the LMP genes within the MHC class II locus 
(adapted from (Murphy, 2012)) 
 

 

In addition to peptide loading complex related genes, the gene expression of the immuno-

proteasomal subunits LMP2 and LMP7 was analyzed. LMP2 transcripts were detected only in 

trace amounts and the gene of the immunoproteasomal subunit LMP7 was not expressed in PSCs. 

Since the Tap genes and the LMP genes are located next to each other within the MHC class II 

locus, it seems possible that the whole gene locus is silenced in PSCs (Figure 33). However, it is 

unlikely that the missing LMP expression caused the inability of PSCs to present antigens. Even 

though it was shown that compared with the standard proteasome the immunoproteasome 

generates peptides favored for TAP and MHC class I binding in a higher frequency, a complete loss 

of antigen presentation due to a lack of LMP subunits was not reported (Fehling et al, 1994; 

Kincaid et al, 2012; Rock & Goldberg, 1999). Thus, the standard proteasome is able to generate 

peptides for presentation on MHC class I molecules. Furthermore, also other proteases, such as 

the IFNγ-inducible leucine aminopeptidase or the tripeptidyl peptidase II, contribute to the 

generation of peptides for antigen presentation (Beninga et al, 1998; Geier et al, 1999; Glas et al, 

1998). 

Since iPSCs might represent the pluripotent cell type with most therapeutic potential, their 

capability to process and present antigens was analyzed in more detail. The stimulation with IFNγ 

had no impact on the ability of iPSCs to present antigens. Following 48 hrs of IFNγ stimulation no 

increased lysis of OVA-expressing iPSCs exposed to OT-I CTLs was detectable. Moreover, the MHC 

class I surface expression was not increased. These findings are in accordance with previous 

studies regarding ESCs, in which surface expression of MHC class I molecules did not change upon 
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IFNγ stimulation (Abdullah et al, 2007; Nussbaum et al, 2007; Tian et al, 1997). However, the 

expression of MHC class I genes in TTF-iPSCs was enhanced upon IFNγ stimulation but did not 

result in enhanced cell surface expression of MHC class I molecules. This finding suggests that 

other reasons, additional to low gene expression, must be responsible for the low surface 

expression of MHC class I molecules. The low Tap expression is one possible explanation and 

could have contributed to the finding that the expression of MHC class I molecules did not 

increase on the cell surface of TTF-iPSCs following IFNγ stimulation. 

Using formation of embryoid bodies (EBs), the impact of differentiation on the ability of PSCs to 

present antigens should be determined. EB formation, using the hanging drop method, resembles 

aspects of embryonic development. The formed cellular aggregates spontaneously differentiate 

along the three germ lineages and cells with origin of endoderm, ectoderm, and mesoderm arise 

(Keller, 1995; Martin & Evans, 1975). However, following 14 days of differentiation the expression 

od the OVA transgene got almost completely lost in PSCs. This most likely resulted from extensive 

epigenetic changes during the differentiation process, resulting in silencing of the genomic loci in 

which the OVA-eGFP transgene had integrated. To overcome this problem, in future experiments 

the transgene would have to be inserted by homologous recombination into a genomic locus, 

known to retain transcriptional activity after PSC differentiation. Another possibility would be to 

express the transgene without integration into the genome, using a self-replicating episomal 

vector. 

 

5.3 Expression of proteins inhibiting CTL-mediated cytotoxicity 

The results of the 51chromium release assays demonstrated that the investigated PSC lines were 

only susceptible to CTL-mediated lysis, when they were incubated with exogenous SIINFEKL 

peptide. Therefore, the inability of CTLs to lyse OVA-expressing PSCs must result from the inability 

of PSCs to present antigens. In contrast, it has been reported that GGR8 mESCs presented viral 

epitopes to CTLs upon infection with the LCM virus and were resistant to peptide-specific CTLs, 

due to the expression of Serpin 6 (SPI-6) (Abdullah et al, 2007). SPI-6 is a potent inhibitor of 

granzyme B, thereby blocking the granule exocytosis pathway that enables NK cells and CTLs to 

lyse target cells (Medema et al, 2001a). To investigate, whether this is a common mechanism of 

mESCs, maGSCs and iPSCs to evade CTL-mediated cytotoxicity, the SPI-6 gene expression in the 

different PSC lines was analyzed. However, only trace amounts of SPI-6 transcripts were detected 

in all PSCs. Furthermore, in previous studies of our group no SPI-6 protein was detectable in the 

cell lysate of a variety of murine PSCs (Dressel et al, 2009; Dressel et al, 2010). Therefore, in the 
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PSC lines analyzed in this study, SPI-6 is unlikely to be the mediator of cytotoxicity suppression. 

The reason for this discrepancy is unknown, but may largely depend on cell culture conditions and 

particularly on the specific cell lines used for the investigations. Moreover, viral infection of ESCs 

could have contributed to changes in their immunological properties and hence, do not resemble 

conditions which are expected upon transplantation of those cells. Thus, the endogenously 

expressed model antigen OVA used in this thesis is more suitable to investigate the 

immunogenicity of PSCs in transplantation studies. 

Cathepsin B (CtsB) is another protein, known to inhibit CTL-mediated cytotoxicity. It inhibits the 

pore-forming activity of perforin (see 1.3). CtsB transcripts were found in all analyzed PSCs and 

also mature CtsB protein in all PSC lysates. However, CtsB expression was detected to similar 

extends in RMA cells, which were efficiently killed. Furthermore, also PSCs pulsed with the OVA-

derived SIINFEKL peptides were moderately killed by peptide-specific CTLs. Therefore, CtsB 

expression apparently did not render the analyzed PSC lines resistant to CTL-mediated 

cytotoxicity.  

 

5.4 Immunogenicity of PSCs 

5.4.1 PSCs suppress T cell proliferation in vitro 

In co-culture assays with splenocytes derived from OT-I mice, OVA-expressing PSCs completely 

failed to induce the proliferation of naive antigen-specific CD8+ T cells, despite addition of the 

cytokine IL-2. In contrast, OVA-expressing RMA cells efficiently induced proliferation of antigen-

specific CD8+ T cells. This finding is in accordance with the previous finding that PSCs are unable to 

present antigens in context of MHC class I molecules since signaling from the TCR detecting its 

specific peptide in MHC class I context is crucial for the activation of T cells. Nevertheless, it was 

analyzed whether a lack of co-stimulatory signals could contribute to lacking T cell proliferation. 

Activation of T cells requires signals from both, the TCR and from co-stimulatory molecules.  It was 

shown, that T cells stimulated by TCR without associated co-stimulation become anergic, resulting 

in unresponsiveness and lacking proliferation (Schwartz, 1993). The co-stimulatory molecule CD86 

was neither expressed on the cell surface nor on the transcript level. However, the co-stimulatory 

molecule CD80 was detected on the surface of ESCs, iPSCs and maGSCs. CD80 transcripts were 

also detectable in all PSC lines. The expression of co-stimulatory molecules in PSCs was even 

higher than in RMA cells and antigen-specific CD8+ T cells which were cultured together with RMA 

OVA cells were efficiently activated. Thus, the failure of PSCs to stimulate T cell proliferation 

directly was not due to missing expression of co-stimulatory molecules on the cell surface. These 
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findings are contrary to studies, in which the immunogenicity of human ESCs was characterized. In 

one study the expression of CD80 and CD86 was very low and in two further studies it was 

reported to be completely absent (Deuse et al, 2011; Grinnemo et al, 2006; Li et al, 2004). At this 

time it remains to be determined whether this is a general difference between murine and human 

ESCs or whether it depends on the characteristics of the specific cell-lines that were analyzed. 

More likely than by direct stimulation, antigen-specific CD8+ T cells should have become activated 

by APCs via cross-presentation. When OVA-expressing PSCs die during culture, OVA protein is 

released and becomes accessible to APCs within the splenocyte fraction used in these assays. 

Therefore, T cells were expected to become activated by APCs, even when PSCs were not able to 

stimulate T cells directly. The APCs would take up the OVA protein, process it and subsequently 

present the resulting peptides on MHC class I complexes to CD8+ T cells. In addition to cross-

presentation, APCs would also present antigens to CD4+ T cells via the MHC class II antigen 

presenting pathway (see 1.4.2). However, neither in co-culture with OVA-expressing PSCs nor in 

co-culture with OVA-expressing RMA cells the proliferation of CD4+ T cells was induced. Since RMA 

lymphoma cells are very robust, only few cells die during culture and the resulting OVA amounts, 

accessible for APC might have been too low or absent. Furthermore, RMA cells are unable to 

stimulate CD4+ T cells directly, since no MHC class II molecules are expressed on their cell surface, 

even upon IFNγ stimulation (Ossendorp et al, 1998).  

To exclude the possibility, that the OVA amounts released by PSC were not sufficient for antigen-

specific stimulation, defined amounts of recombinant OVA protein was added to the co-culture of 

PSCs and antigen-specific CD4+ and CD8+ T cells. Even under these conditions T cells failed to 

proliferate in the presence of PSCs. This result demonstrates that PSCs were not only unable to 

stimulate T cells directly but actively suppressed the activation of antigen-specific T cells.  

The suppressive activity of PSCs could have been mediated by direct cell-cell contact or by the 

release of soluble substances. To address this question, PSCs were separated from splenocytes by 

a permeable membrane in co-culture assays. These membranes (with a pore size of 0.4 µm) were 

permeable for soluble molecules but not for cells. The findings of these assays suggest that 

soluble substance were not responsible for the suppressive effect of PSCs on T cell proliferation. 

Whereas the proliferation of CD4+ and CD8+ T cells cultured in direct contact to PSCs was 

completely inhibited, proliferation of CD4+ and CD8+ T cells separated from PSCs by the 

membrane was not. Furthermore, the culture of CD4+ and CD8+ T cells in medium conditioned by 

ESCs and maGSCs did not result in the suppression of T cell proliferation. However, it is also 

possible that soluble substances that inhibit T cell proliferation are released only, following an 

initializing signal mediated by cell-cell contact. A modification of the Transwell co-culture assay 

could answer this question in future experiments, using direct co-culture of PSCs and T cells and 
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additional T cells separated from both by the permeable membrane. If the proliferation of 

separated T cells is inhibited in this approach one can assume, that the direct interaction of PSCs 

and T cells induced the expression of soluble substances responsible for inhibition of separated T 

cells. 

 

5.4.2 Expression of amino acid depleting enzymes 

Several mechanisms have been reported, by which ESCs suppress T cell activation. The findings of 

the co-culture assays demonstrate that maGSC and iPSCs share this property with ESCs. 

Therefore, it was investigated whether one of the mechanisms reported for ESCs could be 

responsible for the immune-modulating activity of the different PSC lines which were analyzed in 

this study. It was reported that high expression of Arginase 1 results in depletion of L-arginine, 

thereby providing a mechanism in the human ESC lines HES-1 and HES-2 to suppress T cell activity 

(Yachimovich-Cohen et al, 2010). However, Arg1 transcripts were completely absent in both 

analyzed murine ESC lines. Furthermore, no Arg1 transcripts were detectable in the analyzed 

maGSC and iPSC lines. Thus, Arginase 1-mediated T cell suppression might be a mechanism 

specific for human ESCs. 

Similar to Arg1, Indoleamine 2,3-dioxygenase (IDO) act on T cell activity by depletion of amino 

acids from their environment (Munn & Mellor, 2007). IDO catabolizes tryptophan and its up-

regulation is associated with immune-escape mechanisms of several carcinomas (Brandacher et 

al, 2006; Ozaki et al, 1988; Pan et al, 2008; Witkiewicz et al, 2008). However, only low amounts of 

both, mRNA and protein, was expressed in all analyzed PSCs. Furthermore, in RMA cells similar 

amounts of IDO compared to PSCs were found. As mentioned before, RMA cells were not able to 

suppress T cell proliferation. Therefore, it is unlikely that expression of IDO alone is responsible 

for the suppression of T cell proliferation. 

 

5.4.3 Expression of soluble factors 

Koch et al. reported that the inhibitory effect of mESCs on T cell proliferation results from the 

release of TGFβ (Koch et al, 2008). Indeed, moderate amounts of TGFβ transcripts were 

detectable in all analyzed PSC lines. However, RMA cells possessed at least 3-fold higher transcript 

levels of TGFβ and were unable to inhibit T cell proliferation.  Therefore, TGFβ expression was 

unlikely the reason for the suppressive activity of PSCs observed in co-culture assays. This 

conclusion is in accordance with a report of Han et al., in which TGFβ release was analyzed by 
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ELISA and it was concluded that TGFβ did not contribute to the immunosuppressive properties of 

mESCs and iPSCs (Han et al, 2011).  

Similar results were obtained for the cytokine-like molecule Galectin-1 (Gal-1). So far the release 

of Gal-1 has not been analyzed for PSC-mediated immunosuppression but was reported to be 

expressed on a variety of tumors and associated with reduced infiltrating T cells (Chiang et al, 

2008; Jung et al, 2007; Le et al, 2005; Saussez et al, 2007; Spano et al, 2010). Furthermore, albeit 

the underlying mechanisms are not completely understood, it was demonstrated that Gal-1 

expression enables tumor cells to induce apoptosis in T cells (Cooper et al, 2010; Kovacs-Solyom 

et al, 2010). In order to investigate whether Gal-1 contributed to PSCs immunogenicity, the Gal-1 

expression was analyzed by qPCR. In all PSC lines high amounts of Gal-1 transcripts were 

detected, especially in both maGSC lines. However, again the gene expression in RMA cells, 

unable to inhibit T cell proliferation, was even higher. 

It was demonstrated, that secreted Semaphorin-3A (Sema-3A) has the capacity to inhibit the 

activity of T cells (Catalano et al, 2006). Indeed Sema-3A transcripts were found in all analyzed PSC 

lines but again also high levels in RMA cells which contradicts a possible role of Sema-3A in PSC-

mediated T cell inhibition. 

In summary, transcripts of all analyzed soluble substances were detected in the different PSC lines 

but also in RMA cells, suggesting that these substances are not responsible for PSC-mediated 

inhibition of T cell proliferation. In addition, the co-culture assays with PSCs and by a membrane 

separated T cells suggested that soluble substances did not mediate the observed 

immunosuppressive functions of PSCs. However, the gene expression studies are not sufficient to 

clearly demonstrate whether the investigated substances are the main actors in PSC-mediated T 

cell inhibition. It is possible that differences in the post-transcriptional regulation of these gene 

products exist between RMA cells and PSCs. Therefore, these studies were mainly performed to 

identify possible new candidates involved in inhibition of T cell function. Especially Gal-1 was 

highly expressed in PSCs and was until now not associated with the immunogenicity of PSCs. 

Therefore, Gal-1 but also Sema-3A are interesting new candidates for further studies.  

 

5.4.4 Expression of inhibitory ligands 

Fas ligand expression represents a potent mechanism to induce apoptosis in Fas receptor bearing 

target cells (see 1.3). However, no Fas ligand expression was detected on the surface of all 

analyzed PSC lines, independent of their origin (129/Sv or C57Bl/6 mice). Thus, the results of flow 

cytometry suggest that the inhibition of T cell proliferation did not result from the induction of 
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apoptosis in T cells via Fas engagement. This conclusion is in accordance with the observation that 

the murine ESC lines HM1, CGR8 and αPIG44 were negative for FasL in flow cytometry (Frenzel et 

al, 2009). In addition, in human ESCs FasL was not detectable, neither on transcript level nor on 

the cell surface (Drukker et al, 2006; Grinnemo et al, 2006). In contrast, other groups reported 

that mESCs as well as rat ESC-like cells induce apoptosis of NK cells or T cells by expression of Fas 

ligand (Bonde & Zavazava, 2006; Fandrich et al, 2002).  

The gene expression of additional ligands, namely PD-L1, PD-L2, RCAS1, B7-H3 and B7-H4, was 

analyzed in order to investigate whether one of them contributed in PSC-mediated T cell 

inhibition. All these ligands were reported to inhibit T cell function but except PD-L1 none of these 

candidates was analyzed so far regarding its contribution to PSC-mediated immunosuppression. 

However, since previously reported mechanisms were unlikely to be responsible for the 

observations made in co-culture assays, new candidate genes involved in PSC’s immunogenicity 

should been identified. Han et al. demonstrated by RT-PCR that the murine ESC line SCRC-1002 

and MSCs contained PD-L1 transcripts. However, anti-PD-L1 blocking antibodies failed to abrogate 

immunosuppressive activity of ESCs and MSCs (Han et al, 2011).  

Nearly no transcripts of PD-L1 were found in the different murine PSC lines analyzed in this thesis 

except for maGSC (C57Bl/6) cells, which expressed trace amounts of PD-L1. Furthermore, PSCs 

were negative for PD-L2 transcripts. Hence, PD ligands are unlikely responsible for mediating 

immunosuppressive functions of PSCs. The expression of RCAS1, a tumor associated antigen 

known to induce apoptosis in T cells, was low in all analyzed PSCs. Furthermore, transcript 

amounts varied between different PSC origins. Especially in maGSCs and iPSCs derived from 

C57Bl/6 mice higher amounts of RCAS1 transcripts were detectable compared with other PSC 

lines. However, RMA cells possessed similar amounts of RCAS1 transcripts as PSCs, suggesting that 

RCAS1 expression was not responsible for the T cell suppressive effects observed in co-culture 

assays. Therefore, RCAS1 was not chosen for further investigations, but a contribution of this 

ligand to the immunosuppressive activity of PSCs cannot generally be excluded. 

In contrast, in all PSC lines high levels of B7-H3 transcripts were detected, whereas no B7-H3 

transcripts were detected in RMA cells. Therefore, the contribution of the B7-H3 ligand to PSC-

mediated T cell inhibition was further analyzed. However, despite high transcript levels no B7-H3 

ligands on the cell surface of PSCs were detected by flow cytometry. These data suggests, that B7-

H3 is post-transcriptionally regulated which was also concluded by Hofmeyer et al. before 

(Hofmeyer et al, 2008). Furthermore, the immunological role of B7-H3 remains controversial. It 

was shown, that B7-H3 inhibits T cell activation and high expression of B7-H3 is associated with 

immune evasion of a variety of tumors (Leitner et al, 2009; Prasad et al, 2004; Zang et al, 2010; 

Zang et al, 2007). In contrast, it was reported that B7-H3 expression stimulates T cell responses 
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(Chapoval et al, 2001; Luo et al, 2004). In one study it was reported that B7-H3 binds to the 

Triggering receptor expressed on myeloid cells (TREM)-like transcript 2 (TREML2), which is 

expressed on CD8+ T cells and on activated CD4+ T cells. The interaction with B7-H3 expressing 

cells enhanced IFNγ production and proliferation of CD8+ T cells  and the addition of an anti-B7-H3 

antibody suppressed this stimulating activity (Hashiguchi et al, 2008). Although B7-H3 was not 

detected on the surface of PSCs, its expression could have been induced in PSCs upon co-culture. 

Hence, the same anti-B7-H3 antibody was used in co-culture experiments to block possible 

interactions between PSCs and splenocytes via B7-H3. However, an effect on T cell activation was 

not observed in these blocking experiments. The proliferation of T cells was neither enhanced nor 

reduced. Therefore, the data suggest that B7-H3 is not responsible for PSC-mediated 

immunosuppression, despite high levels of B7-H3 transcripts in PSCs. Transcripts of B7-H4, 

another member of the B7 family, were only expressed in trace amounts in PSCs. In iPSC (C57Bl/6) 

and maGSC (129/Sv) cells B7-H4 transcripts were completely absent. Thus, B7-H4 is unlikely the 

mediator of T cell inhibition observed in co-culture assays. 

The findings of the co-culture assays demonstrate that ESCs, iPSCs and maGSCs have a 

suppressive effect on T cell proliferation, as previously reported for ESCs. S. Kadereit and A. 

Trounson assumed that PSCs become susceptible to OT-I CTLs due to the expression of antigen-

specific TCRs on 100 % of this effector population, thereby possibly overriding inhibitory effects of 

ESCs (Kadereit & Trounson, 2011). However, also allogeneic CTLs, representing an effector 

population with a lower number of specific T cells, were able to kill PSCs (unpublished data). 

Furthermore, despite an equal effector to target ratio to 51chromium release assays in the co-

culture experiments, all analyzed PSC lines possessed the ability to suppress the proliferation of 

OT-I and OT-II T cells in vitro. Moreover, the findings of 51chromium release assays demonstrated 

that PSCs were not able to escape CTL-mediated cytotoxicity after incubation with SIINFEKL 

peptides. Therefore, an immune privilege of PSCs rather results from their ability to suppress 

activation of T cells than to suppress their cytotoxic activity by expression of SPI-6 or CtsB. 

Although, the fundamental mechanism of immunosuppressive activity remains controversial, high 

expression of new candidate-genes like Gal-1 and B7-H3 was shown, which might contribute to 

PSC-mediated immunosuppressive function.  

 

5.5 Expression of mHC antigens decrease engraftment in syngeneic hosts 

Immune rejection and teratoma growth are the major hurdles that have to be overcome, before 

clinical implementation of iPSC-derived grafts can be established. Although iPSCs could 
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theoretically be transplanted in an autologous setting, which would be less immunogenic than 

transplantation of ESC-derived allografts, the presence of minor histocompatibility antigens is 

possible. The expression of differentiation antigens or any other proteins specifically expressed 

only during embryogenesis could elicit immune rejection of those cells.  Since such antigens are 

unlikely to be encountered by the immune system before, no tolerance towards these antigens is 

established. An example for such an antigen is Oct4, a key factor of pluripotency. Dhodapkar et al. 

detected OCT4-specific T cells in the majority (more than 80 %) of healthy human donors. The 

majority of these T cells were CD4 positive and specific for highly conserved sequences of Oct4 

(Dhodapkar et al, 2010).  

In addition, the risk of teratoma formation in the recipient rises in autologous transplantations 

due to diminished immune surveillance. Using OVA, expressed in iPSCs as model antigen, the 

outcome of syngeneic transplanted iPSCs expressing a defined mHC antigen was further analyzed 

by teratoma growth assays. The wt iPSCs engrafted in about 90 % (n=12) of syngeneic hosts and 

formed rapidly growing teratomas. Despite possessing a male phenotype, the majority of iPSCs 

successfully engrafted also in female hosts. This is most likely due to low expression of Y-

chromosome-derived genes during early embryogenesis. Most of the Y-chromosomal 

transcription is firstly initialized upon forming of the bipotential gonads in the embryo e. g. the 

SRY (sex determining region of Y) gene (Gilbert, 2003). Since iPSCs largely resemble the epigenetic 

state of ESCs (Li et al, 2011) it is likely that these genes are also barely expressed in iPSCs.  

The transplantation of two OVA-expressing iPSC clones resulted in rejection in 65 % (13/20) of the 

hosts. Therefore, the expression of a mHC antigen was largely sufficient to reject these cells. 

Moreover, tumor growth of OVA-expressing iPSCs was diminished in all immunocompetent 

animals, since tumors remained significantly smaller in size and weight, compared to tumors 

formed after inoculation of wt iPSCs. Interestingly, only female hosts rejected inoculated iPSC 

OVA-derived tumor cells completely within 100 days. Therefore, additional, Y-chromosome-

derived mHC antigens seemed to have enhanced the rejection process. The pluripotency and 

viability of iPSCs and iPSC OVA cells was demonstrated using teratoma growth assays in 

immunodeficient mice that were performed in parallel. In 100 % (9/9) of inoculated 

immunodeficient hosts rapidly growing tumors were detected. In contrast to immunocompetent 

hosts, the tumors formed after inoculation of wt and OVA-expressing iPSCs in immunodeficient 

hosts, did not differ in size and weight. Immunohistochemistry of dissected tumor tissue further 

demonstrated the viability of tumor cells, since a large part was positive for the proliferation 

marker Ki67. In summary, these findings demonstrate that the inability of iPSC OVA clones to 

engraft in the majority of hosts or the iPSC OVA-derived tumors remained smaller, respectively, 

was not due to reduced viability of these cells. Therefore, the immunogenicity of these cells 



  Discussion 

95 
 

increased upon expression of a mHC antigen and the recipient’s immune system was able to 

impede tumor growth or even reject these cells. The immunohistochemical stainings furthermore 

demonstrated the recruitment of different leukocyte populations like T cells, B cells and 

macrophages to the tumor tissue. These findings demonstrate that iPSC derived tumors are 

indeed immunogenic, what was also shown by flow cytometric analysis of tumor cells. 

In vitro studies with host derived splenocytes and RMA OVA cells as target cell line suggested that 

the rejection of iPSC OVA-derived tumors depended on the cytotoxic activity of antigen-specific T 

cells.  Especially hosts which rejected iPSC OVA-derived tumors contained CD8+ T cells specific for 

OVA-derived antigens and furthermore, these CD8+ T cells were able to kill cells presenting OVA-

derived antigens. Therefore, antigen-specific T cells arose in syngeneic hosts and became properly 

activated due to mHC expression. In contrast, pluripotent OVA-expressing iPSCs were not killed by 

peptide-specific CTLs in vitro. This finding suggests that during differentiation into teratoma cells 

in vivo, at least at a specific stage of differentiation, the ability of iPSC-derived cells to present 

antigens increased. Since iPSCs differentiated in vitro into EBs virtually lost their transgene 

expression after 14 days, the ability of iPSCs to present OVA-derived antigens might be only 

possible during a limited period of time during differentiation (Figure 34). This hypothesis is 

supported by the finding of Abdullah et al. that the murine ESC line CGR8 only transiently express 

MHC class I molecules at days four to six after induction of differentiation and decline back to 

undetectable levels thereafter (Abdullah et al, 2007). 

 

 

 
Figure 34: Schematic overview of the immunogenicity of iPSCs over the course of time following  
transplantation 
(adapted from (Dressel, 2011)) 

 

 

The sera of host animals were analyzed for OVA-specific antibodies by ELISA. Indeed, the sera of 

animals that were inoculated with OVA-expressing iPSCs contained antibodies against OVA, 
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independent of teratoma formation or rejection. The titer of OVA-specific antibodies was similar 

to that, found in serum of animals immunized at least four times with recombinant OVA protein. 

This finding demonstrates that iPSCs or their derivatives, expressing a mHC antigen, are 

immunogenic and able to induce an antibody response in the host. The majority of detected 

antibodies had an IgG1 or an IgG2b isotype. The occurrence of these antibody isotypes 

demonstrates that a class switch occurred in peptide-specific B cells. Since the OVA protein is a 

thymus-dependent antigen, B cells need the interaction with antigen-specific CD4+ T cells to 

induce the class switch. Therefore, not only antigen-specific B cells but also antigen-specific CD4+ 

T cells became properly activated in syngeneic hosts upon transplantation of iPSCs or iPSC-derived 

cells expressing OVA as single mHC antigen. The data suggest that the inhibitory effects of iPSCs 

on the activation of CD4+ T cells, observed in co-culture experiments, are only locally and 

transiently and get lost upon differentiation of iPSCs. It remains unclear whether antibody 

generation contributes to the rejection of iPSC OVA cell derived tumors, although the findings 

demonstrate that OVA-specific antibodies alone are not sufficient to induce immune rejection of 

iPSC OVA derived tumor cells. In summary, despite the immunosuppressive effects of iPSCs 

observed in co-culture assays in vitro, iPSCs or their derivatives which expressed a mHC antigen 

were able to induce an immune resonse in vivo. 

The reasons for spontaneous engraftment of OVA-expressing cells in some animals remain 

unclear, but may largely depend on kind and progress of differentiation within the tumor as well 

as the immune system of the host. Nevertheless, these data demonstrate that a single mHC 

antigen is sufficient to frequently induce immune rejection in syngeneic hosts and rejection of 

these cells likely depends on CTLs. However, rejection must not occur and might be avoidable by 

immunomodulation of the recipient when differentiated cells are transplanted. 
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6 Summary and conclusions 

PSC-derived transplants could be a promising tool in cell replacement therapies in order to treat a 

broad variety of diseases associated with irreversible tissue injury. However, especially 

immunological issues have to be considered before stem cell transplantations could be 

successfully implemented into clinical applications. In this thesis the different pluripotent stem 

cell types ESCs, iPSCs and maGSCs were further characterized for their immunological properties 

and the immunogenic potential of iPSCs expressing a mHC antigen was unveiled.  

MHC class I molecules were undetectable by flow cytometry on all analyzed murine PSCs, 

suggesting that this is a common feature of murine PSCs. However, despite undetectable 

expression of MHC class I molecules on the cell surface, after exogenous loading with the SIINFEKL 

peptide all PSC lines were susceptible to peptide-specific CTLs, demonstrating that minor amounts 

of MHC class I molecules exist on the cell surface of PSCs. Although, the expression of MHC class I 

genes was low, the qPCR results demonstrated that the low MHC class I cell surface expression is 

not due to a lack of MHC class I gene transcription. Therefore, additional reasons for the low cell 

surface expression of MHC class I molecules must exist. The results of 51chromium release assays 

demonstrated that murine ESCs and iPSCs were unable to process and present antigens derived 

from an endogenously expressed protein (OVA). In contrast, the analyzed maGSC line was able to 

process and present antigens to a small extent. However, maGSCs were impaired in their ability to 

present antigens, since they were not as susceptible to the killing of peptide-specific CTLs as 

maGSCs which were exogenously loaded with the SIINFEKL peptide. Gene expression studies, 

analyzing the transcript amounts of peptide loading complex member genes, revealed that the 

Tap1 gene was only low expressed and Tap2 transcripts were virtually absent in PSCs. This finding 

not only provides a possible explanation for the inability of PSCs to process and present antigens, 

but also for the low expression of MHC class I molecules on their cell surface since successful 

peptide loading is crucial for the transport of these complexes to the cell surface. However, 

despite nearly lacking Tap2 gene expression the analyzed maGSC OVA clones were at least slightly 

lysed by OVA-specific CTLs, suggesting that additional reasons for the impairment in antigen 

presentation of PSCs might exist. 

Moreover, PSCs were not only unable to stimulate the proliferation of naive peptide-specific T 

cells directly but actively suppressed T cell activation in vitro and this suppressive mechanism is 

mediated by an at least initial cell-cell contact of PSCs and T cells. The contribution of previously 

reported mechanisms mediating such an immunosuppressive activity of ESCs was not confirmed 

for the different analyzed PSC lines. Thus, the mechanism which enables PSCs to suppress T cell 

proliferation remains unclear. 
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IPSCs probably have the highest therapeutic potential, since autologous cells for transplantation 

are available for every patient. Moreover, their use is not restricted due to ethical concerns. 

Therefore, this PSC type and particularly the impact of mHC expression on the outcome of 

transplantation was analyzed in more detail. The findings of the transplantation studies in 

immunocompetent syngeneic hosts demonstrated that mHC antigens, endogenously expressed in 

iPSCs, are indeed sufficient to induce immune rejection of these cells or at least significantly 

decrease teratoma growth. The rejection depended mainly on the cytotoxicity of peptide-specific 

CTLs, which were found in all hosts which rejected OVA-expressing iPSC transplants. Moreover, 

these mHC-expressing iPSCs were able to induce an antibody response against the model antigen 

OVA in the host. OVA-specific antibodies were generated to similar extends in animals which were 

immunized at least four times with OVA protein. The isotype distribution of these antibodies 

showed high levels of IgG1 and IgG2b antibodies, demonstrating that an immunoglobulin (Ig) class 

switch occurred in OVA-specific B cells. Consequently, also active OVA-specific CD4+ T cells must 

have arisen in the host, since interaction with those cells is crucial to induce the Ig class switch in 

B cells specific for a protein-derived antigen. In summary, these data demonstrate that iPSCs 

expressing a mHC antigen are indeed immunogenic.  
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