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ABSTRACT 
	  
A major challenge for the immune system is the elimination of malignant tumors 
without causing damage to healthy tissues. There exist several effector mechanisms 
for rejection of tumors. The major mechanism is killing of tumor cells by tumor-
specific CD8+ T cells. However, many tumors develop counter-mechanisms that 
allow them to evade immune responses. For example, tumors often attract 
immunosuppressive cell populations, notably regulatory T cells (Tregs) and myeloid 
derived suppressor cells (MDSC). Moreover, tumor cells can produce factors, such as 
Transforming growth factor- β (TGF-β), that inhibit anti-tumoral immune responses.  
 
In our division, Dickkopf-3 (Dkk3) was identified as a novel downmodulator of T-cell 
responses. Dkk3 protein levels were found to be highest in so-called immune-
privileged tissues, such as brain, eye, embryo and placenta, suggested that Dkk3 
would protect these tissues against autoimmune responses. Indeed, after genetic 
deletion or blocking of Dkk3 with antibody, experimental autoimmune 
encephalomyelitis (EAE) was reported to be exacerbated, indicating an 
immunosuppressive function of Dkk3 in the brain. In vitro, Dkk3 was found to act on 
CD4+ and CD8+ T cells by downmodulating their proliferative capacity and cytokine 
production, thereby providing a mechanism for the suppressive function. 
 
Dkk3 is also expressed in many human and mouse tumors, where it was discussed to 
act as a tumor suppressor that slows down tumor growth. Based on the findings in our 
division, we raised the question whether Dkk3 produced by tumors could would help 
the tumors to evade the immune response. For this purpose, we selected tumor cell 
lines of different immunogenicity and transfected them with Dkk3 expression 
constructs to obtain pairs of tumor cells expressing or not Dkk3. The growth rates of 
Dkk3-transfected and untransfected tumors were investigated in mice. We observed 
that, in immunocompetent mice, Dkk3 enhanced growth of tumors provided that they 
were immunogenic. However, in immunodeficient RAG-/- mice lacking the adaptive 
immune system, expression of Dkk3 did not enhance the growth of immunogenic 
tumor cells. These results indicate that Dkk3 downmodulates the immune response 
against tumors. Moreover, induction of a strong immune response against established 
tumors by Treg depletion resulted only in rejection of Dkk3 negative tumors, but not 
of Dkk3 positive tumors, supporting the conclusion that Dkk3 produced by tumors 
inhibits anti-tumor responses. 
 
In studies addressing the mechanism, it was observed in vitro that Dkk3 secreted by 
tumors inhibited T cell proliferation. Furthermore, in vivo Dkk3 produced by tumors 
was found to suppress T cell activation, as indicated by lack of upregulation of 
activation markers on tumor-reactive T cells in Dkk3 positive tumor-bearing mice. 
 
In conclusion, the present results are the first ones to provide evidence that Dkk3 can 
suppress immune responses against tumors, resulting in a novel immune escape 
mechanism. Thus, targeting of Dkk3 and its as yet elusive receptor may lead to novel 
therapeutic strategies against cancer. 
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1 INTRODUCTION 
 
1.1 Properties and structure of Dickkopf-3 (Dkk3) 
 
Dkk3 gene belongs to evolutionarily conserved dickkopf family which are secreted 
glycoproteins controlling head formation in Xenopus embryogenesis mechanistically 
by modulation of Wnt signaling [1, 2]. The family comprises four members (Dkk1-4 
plus Dkk3-related protein Soggy). Dkk1/2/4 was shown to regulate Wnt signaling 
whereas Dkk3 was reported to have no effect on Wnt signaling [3].  
 
Dkk3-/- knockout mice were generated at Cristof Niehrs’ group at the German Cancer 
Research Center (DKFZ). First, heterozygous dkk3+/– chimeras were created via a 
homologous recombinant embryonic stem cell clone where dkk3 exon 2 was disrupted 
by insertion of a lacZ neo cassette and crossing between these chimeric mice yielded 
homozygous dkk3-/- offspring, which were viable and fertile [4].  Although Dkk3 
knockout mice displayed no major alterations in their phenotype [4], Dkk3 has been 
suggested to play various roles in cellular processes as discussed below.   
 
Dkk3 gene has been suggested to be a tumor suppressor gene because its expression is 
dramatically downregulated in wide range of cancer cell lines and primary tumors 
isolated from cancer patients [5-13]. One of the underlying mechanisms proposed for 
tumor-suppressor function of Dkk3 is downmodulation of the Wnt signaling pathway. 
However, recent studies have indicated that Dkk3 plays different roles in modulation 
of Wnt signaling in different cell types. First, Dkk3 was found to function as negative 
regulator of Wnt signaling either by reducing expression level of β -catenin or by 
blocking the nuclear translocation of β -catenin [9, 13]. However, in a contradictory 
study, Dkk3 was shown to potentiate Wnt3a-mediated signaling pathway. Another 
mechanism that has been proposed for tumor-suppressor function of Dkk3 is 
apoptosis induction. Overexpression of Dkk3 was found to stimulate apoptosis in 
some cancer cell lines [10-12]. 
 
As discussed so far, Dkk3 gene is mainly considered as a putative tumor suppressor 
gene. However, there also exist opposing studies claiming that Dkk3 may enhance 
tumor growth. In one study loss of  heterozygosity (LOH) of Dkk3 was shown to 
correlate with lower frequency of lymph node metastasis. Moreover, patients with 
LOH of Dkk3 displayed better overall survival as compared with patients without 
LOH of Dkk3 [14]. Thus, this study raised the interesting possibility that Dkk3 may 
possess both tumor suppressor or oncogenic function depending on cell types and 
cellular situations examined [14]. 
 
Interestingly, Dkk3 was reported to be expressed in the vasculature of a number of 
tumors such as malignant glioma, high-grade non-Hodgkin’s lymphoma (NHL), 
melanoma and colorectal carcinoma, gastric cancer and colorectal cancer [15-17]. 
Dkk3 was proposed to play a role in capillary tube formation [15]. As a result, Dkk3 
may enhance tumor growth by promoting angiogenesis, but experimental evidence 
supporting these claims still needs to be provided.  
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1.2 Immune tolerance 
 
A major challenge for the immune system is to discriminate between foreign and self-
antigens, in order to allow elimination of pathogens but to protect the body against 
potential damage by self-reactive T cells. There are several immune tolerance 
mechanisms that have evolved to establish tolerance against self-antigens. One 
mechanism is the clonal deletion of self-reactive T cells during thymic T cell 
development.  
 
In addition to central tolerance, there exist mechanisms in the periphery that control 
self-reactive T cells escaping negative selection in thymus. This peripheral tolerance 
includes [18] 1) ignorance, a situation where the antigen is either not encountered by 
the T cell or the antigen amount is too low to trigger a T cell reaction, 2) anergy or 
non-responsiveness and 3) apoptosis by activation-induced cell death (AICD), which 
is induced upon antigen encounter and eliminates the self-reactive T cells.  
 

 
Figure 1 : Central and peripheral tolerance. During thymic development, naïve lymphocytes 
specific for self-antigens may encounter these antigens and clonally deleted (central tolerance). Some 
self-reactive lymphocytes may escape clonal deletion and enter periphery. Upon encounter with self-
antigens, these self-reactive lymphocytes may be stimulated to undergo apoptosis or suppressed by 
Tregs or local factors (peripheral tolerance). Figure from Cellular and Molecular Immunology, A.K. 
Abbas et al., 6th edition, 2010, Saunders Elsevier 
 
An additional and important mechanism is dominant tolerance, in which certain cell 
types control autoreactive T cells. The main cell type to confer tolerance towards self-
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antigens are Foxp3+ CD4+ regulatory T cells (Tregs). Tregs can suppress immune 
responses by production of inhibitory cytokines, cytolysis of effector cells, metabolic 
disruption of effector cells and targeting dendritic cells (DCs). Furthermore, soluble 
factors such as TGF-β and interleukin-10 (IL-10) are known to contribute to 
suppression of immune response. 
 
1.2.1 Immune evasion by tumors 
 
Many tumors employ mechanisms that allow them to escape from immune responses 
directed against them. For example, tumors may lose expression of antigens that are 
able to generate anti-tumor immune responses due to mutations or deletions in genes 
encoding tumor antigens. Furthermore, a considerable number of tumors exhibit 
decreased expression or presentation of class I major histocompatibility complex 
(MHC) molecules on the cell surface [19] due to defects in antigen-processing 
machinery, which, in turn lead to reduced presentation of tumor antigens. Moreover, 
Tregs are often found in high numbers in tumor infiltrates where they inhibit T cell 
responses against tumors.  Treg depletion has been shown to enhance CD8+ T cell 
activation and infiltration, thereby reducing tumor growth in mice [20]. In addition, 
tumor cells may produce and secrete large quantity of TGF-β, which, in turn, 
suppresses T cells. Some tumors release proapoptotic factors such as Fas ligand 
(FasL) which can activate Fas death receptor on T cells and stimulate apoptosis in T 
cells. 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 : Immune-evasion mechanisms by tumors. Anti-tumor immunity emerges when cytotoxic 
T cells recognize antigens on tumors and, eventually, kill tumor cells. Tumor cells can escape form 
immune responses by losing expression of tumor antigens or MHC molecules or by secreting cytokines 
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that suppress immune system. Figure from Cellular and Molecular Immunology, A.K. Abbas et al., 6th 
edition, 2010, Saunders Elsevier 
 
1.2.2 Dkk3 as immunomodulator 
 
During the past years, the division of Molecular Immunology (DKFZ) has worked on 
peripheral tolerance [21, 22]. During the course of studies, a novel type of CD8+ 
regulatory T cells was discovered [23]. Recently, Bernd Arnold and colleagues at the 
Division found that overexpression of Dkk3 in these CD8+ Tregs was responsible for 
the immunosuppressive activity of these cells [Papatriantafyllou et al., submitted 
paper]. Mechanistically, Dkk3 was found to downmodulate CD4+ and CD8+ T cell 
responses in vitro. However, the receptor for Dkk3 is not yet known and the precise 
mechanism of Dkk3-mediated suppression is not clear. Preliminary evidence indicates 
that extracellular signal-regulated kinase (ERK) phosphorylation, which is known to 
be key regulator of T cell activity is impeded in the presence of Dkk3 [M. 
Papatriantafyllou and B. Arnold, personal communication]. So far, no effect of Dkk3 
on β-catenin translocation in T cells could be observed, making it unlikely that Dkk3 
affects Wnt signaling.  
 
Interestingly, our laboratory found that Dkk3 is expressed at high levels in immune-
privileged organs such as brain, eye, embryo and placenta in C57BL/6 mice 
[Papatriantafyllou et al., submitted paper]. Expression of Dkk3 seems to be important 
for protection of these organs against vigorous immune responses as indicated by the 
observation that in Dkk3-/- deficient mice, experimental autoimmune 
encephalomyelitis (EAE) was more severe as compared with Dkk3+ mice 
[Papatriantafyllou et al., submitted paper]. 
 
1.3 Cell lines 
 
To examine a potential immunosuppressive role of Dkk3 in tumors, we used 3 
different tumor cell lines with different degree of immunogenicity. The B16 
melanoma is characterized by low MHC class-I expression, very low immunogenicity 
and high tumorigenicity. MO4 is a B16 tumor expressing ovalbumin (OVA) as a 
model tumor antigen. It expresses low levels of MHC class-I molecules and is 
characterized by low to intermediate immunogenicity and high tumorigenicity, similar 
to B16. The RMA-mOVA tumor line was obtained by transfection of RMA thymoma 
with OVA complementary deoxyribonucleic acids	  (cDNAs). It expresses high levels 
of MHC class I molecules (Kb and Db) and induces a strong immune response 
resulting in rejection of the RMA-mOVA tumor. On the contrary, growth of B16 and 
MO4 are not spontaneously rejected. Rejection of RMA-mOVA is due to T cell 
recognition of the OVA derived peptide SIINFEKL presented by Kb molecule. Stably 
Dkk3-expressing cells were generated by transfection of the construct composed of 
the cDNAs for enhanced green flourescent protein (eGFP) and mouse Dkk3 coding 
sequence under the control of cytomegalovirus promoter or thymidine kinase 
promoter. 
 
1.4 Mouse models 
 
Foxp3.LuciDTR4 mice are transgenic mice generated in this laboratory by 
introduction of a BAC (bacterial artificial chromosome) construct composed of the 
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cDNAs for eGFP, human diphtheria toxin receptor (DTR) and luciferase under 
control of the Foxp3 promoter into C57BL/6N mice (Figure 8A). In Foxp3.LuciDTR4 
mice, 90% Tregs are depleted upon diphtheria toxin (DT) treatment (Figure 8B, data 
from [24]).  Previous studies from our laboratory have shown that depletion of Tregs 
from Foxp3.LuciDTR4 mice carrying large MO4 tumors results in strong activation 
of tumor specific T cells which subsequently mediate rejection of the MO4 tumor 
(Figure 8C, data from [20]).  
 
OT-IxCD11c.DOG mice were generated by crossing transgenic OT-1 mice and 
transgenic CD11c.DOG mice in the laboratory. CD11c.DOG mice were generated by 
a BAC construct where the DTR is expressed under the CD11c promoter. These mice 
allow efficient DC depletion by multiple injections of DT, as described previously 
[25]. OT-I transgenic mice carry CD8+ T cells, called OT-I cells, carry a Vα2/Vβ5-
transgenic T cell receptor with specificity for ovalbumin derived-SIINFEKL peptide 
in association with Kb molecule. 
 
1.5 Aim of the study 
 
In the light of the immunomodulatory function of Dkk3 discovered in our laboratory, 
and the fact that Dkk3 is overexpressed in many tumors, we raised the hypothesis 
whether Dkk3 expressed by tumors would hamper anti-tumoral immune responses. 
Therefore, the aim of the present thesis was to investigate the potential 
immunosuppressive effect of Dkk3 in tumors. 
 
For this purpose, various tumor cell lines were transfected with Dkk3 expression 
constructs in order to compare the growth of Dkk3-transfected and normal tumor cell 
lines in mice. In order to determine a potential inhibitory effect of Dkk3 on antigen-
specific or polyclonal T-cell proliferation and cytokine production, a number of in 
vitro assays were conducted. Likewise, in the present study, the effect of tumor-
derived Dkk3 on in vivo immune responses against the tumor should be investigated. 
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2 MATERIALS AND METHODS 
 
2.1 Mice 
 
C57BL/6N mice were purchased from Charles River Laboratories (Sulzfeld, 
Germany) or bred at the central animal facility of  German Cancer Research Center 
(DKFZ, Heidelberg, Germany). Dkk3 knockout mice (Dkk3-/-) were obtained from 
Christof Niehrs (DKFZ). OT-IxCD11c.DOG mice were generated by crossing 
transgenic OT-1 mice and transgenic CD11c.DOG mice in the laboratory. BAC 
transgenic Foxp3.LuciDTR4 mice that carry the cDNAs for eGFP, the human DTR, 
and luciferase under the control of the foxp3 promoter were established in the 
laboratory and have been described previously [24]. Mice were held and bred under 
specific pathogen-free conditions at the central animal facility (DKFZ). All mouse 
experiments were conducted according to institutional and national regulations. 
 
2.2 Cell lines 
 
B16 melanoma, ovalbumin-expressing B16 melanoma (MO4),  ovalbumin expressing 
RMA thymoma (RMA-mOVA), HEK293T embryonic kidney cell and Dkk3-
transfectants of these cell lines were used (Table 1). Cells were maintained in complete 
RPMI medium (RPMI, 10% fetal calf serum (FCS) (v/v), 50 µM β-mercaptoethanol, 
2 mM L-glutamine, 100 U/ml Penicillin, 100 ng/ml Streptomycin) or complete 
DMEM medium (DMEM, 10% FCS (v/v), 50 µM β -mercaptoethanol, 2 mM L-
glutamine, 100 U/ml Penicillin, 100 ng/ml Streptomycin). Stably Dkk3-expressing 
cells were generated by transfection of the construct composed of the cDNAs for 
eGFP and mouse Dkk3 coding sequence under the control of cytomegalovirus 
promoter or thymidine kinase promoter (Figure 3; Gunter Kuhlbeck, DKFZ). 
 
Table 1 :  List of cell lines used for this study 
Cell line Cell Type Growth 

characteristics 
Medium 

B16 melanoma cancer cell adherent DMEM 
B16 Dkk3 Dkk3-transfected B16 adherent DMEM 
MO4 ovalbumin-producing 

melanoma cancer cell 
adherent DMEM 

MO4 Dkk3  Dkk3-transfected MO4 adherent DMEM 
RMA thymoma cancer cell suspension RPMI 
RMA Dkk3 Dkk3-transfected RMA suspension RPMI 
RMA-mOVA Ovalbumin-producing 

thymoma cancer cell 
suspension RPMI 

RMA-mOVA Dkk3 Dkk-3 transfected  
RMA-mOVA 

suspension RPMI 

HEK293T SV40 Large T antigen-
expressing embryonic 
kidney cell 

adherent DMEM 

HEK293T Dkk3 Dkk3-transfected 
HEK293T 

adherent DMEM 
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2.3 Tumor growth in mice 
 
For tumor growth studies in mice, 5x105 B16, B16 Dkk3, MO4 or MO4 Dkk3 cells, 
or 2x105 RMA-mOVA or RMA-mOVA Dkk3 cells were inoculated subcutaneously 
(s.c.) into the right flank of mice and tumor growth was monitored by measuring 
tumor size every 2 or 3 days using a caliper. Tumor volume was calculated according 
to formula: 
             Tumor volume = 0.5 x (Tumor Length) x (Tumor Witdh)2   
 
2.4 Regulatory T-cell depletion in vivo 
 
As previously described, Foxp3-LuciDTR4 mice and C57BL/6N mice injected 
intraperitoneally (i.p.) with 15 ng/g body weight DT (from Corynebacterium 
diphtheriae, Sigma-Aldrich, Steinheim, Germany) in 500 µl dPBS for 3 consecutive 
days [20]. DT treatment was started usually on day 8 or 9 following tumor inoculation 
when tumors have a volume of approximately 60-250 mm3. 
 
2.5 Preparation of cell suspensions from mouse tissues and tumors 
 
For T cell preparations or stainings, mouse spleen or lymph nodes were incubated in 
500 µl ice-cold Dulbecco’s Phosphate Buffered Saline (dPBS) containing Collagenase 
IV (1 mg/ml, Sigma-Aldrich) and Dnase I (100 U/ml, Sigma-Aldrich) for 5 minutes at 
room temperature (RT) and then meshed through a  40 µm nylon cell strainer under 
sterile conditions. The cell strainer was then rinsed with ice-cold dPBS. Cells were 
pelleted at 1200 rpm for 10 minutes and splenic cells were resuspended in 2 ml of 
ammonium chloride-potassium (ACK) buffer (150 mM NH4Cl, 10 mM KHCO3, 10 
mM Ethylenediaminetetraacetic acid (EDTA) and pH 7.3) in order to lyse 
erythrocytes. After 2 minute-incubation at RT, the erythrocyte lysis was quenched by 
the addition of ice-cold dPBS. Cells were filtered through a 40 µm cell strainer and 
washed by centrifugation at 1200 rpm. Cells were resuspended in magnetic-activated 
cell sorting (MACS) Buffer (dPBS, 3% FCS (v/v), 2mM EDTA) or flourescence-
activated cell sorting (FACS) buffer (dPBS, 3% FCS (v/v)) depending on further use. 
 
Tumor excision was performed under sterile conditions after the mice had been 
sacricified. Tumors were disrupted into small pieces with forceps and a scalpel, and 
mashed through a  40 µm nylon cell strainer. Cells were pelleted at 1400 rpm for 4 
minutes and resuspendended in complete RPMI medium or complete DMEM medium 
for further use. 
 
2.6 Positive isolation of T cells - magnetic-activated cell sorting (MACS) 
 
For purification of CD8+ T cells, single cell supensions were prepared from mice’s 
spleens as described in chapter 2.5. Cells were resuspended in ice-cold MACS buffer. 
Using the CD8a+ (Ly-2) microbeads (Miltenyi Biotec, Bergisch-Gladbach, Germany), 
the CD8a+ T cells are magnetically labeled and sorted on a Miltenyi MACS Separator 
using columns as described in the manufacturer’s protocol.  
 
The purity of sorted CD8+ T cells was determined by flow cytometry. CD8+ T cells 
with a purity above 90% were used for further experiments. 
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2.7 Negative isolation of T cells 
 
For negative purification of T cells, single cell supensions were prepared from mice’s 
spleens as described in chapter 2.5. Then, cells were resuspended in ice-cold MACS 
buffer. Using the Dynal® Mouse T cell isolation kit (Invitrogen, Darmstadt, 
Germany), T cells were isolated  by depletion of non-T cells with a mixture of 
monoclonal antibodies against mouse CD45R, CD11b, Ter-119 and CD16/32 as 
instructed in the manufacturer’s protocol. 
 
2.8 Cell labeling with carboxyfluorescein succinimidyl ester (CFSE) 
 
For labeling of cells and determination of cell divisions in vitro and in vivo  using 
flow cytometry, cells were stained with CFSE. CFSE divided half with each cell 
division. Therefore, the CFSE intensity is inversely proportional to the number of cell 
divisions. This method provides information about the proliferation during the whole 
time of the co- or transfer cultures.  
 
For CFSE labeling, two differenet methods were used. If T cell positive isolation was 
to be performed, splenic cells were resuspended in dPBS at 107 cells/ml and CFSE 
was added at 1 µM final concentration. The suspension was left at RT in the dark for 
10 minutes. CFSE was then quenched by by FCS using complete RPMI medium, and 
cells were washed twice in dPBS. 
 
If T cell negative isolation was to be performed, for 107 cells, purified T cells were 
gently resuspended in 0.5 ml dPBS and 0.5 ml 1 µM CFSE solution in dPBS (final 
concentration of CFSE, 0.5 µM) and the suspension was incubated at 37°C for 10 
minutes while gently shaking. 4 ml of prewarmed (37°C) dPBS-10% FCS solution 
was added in order to stop the reaction. Cells were washed by centrifugation at 1200 
rpm for 10 minutes. 
 
2.9 T cell proliferation assays in vitro 
 
For antigen presentation assays, single cell suspension of splenocytes were prepared, 
irradiated in complete RPMI medium with 3000 rad and used as antigen presenting 
cells (APCs). 5x104 APCs per well were seeded in 50 µl complete RPMI into TPP U-
shaped 96-well plates (TPP, Trasadingen, Switzerland). The OVA-derived SIINFEKL 
peptide of different concentrations (Proteomics Core Facility, DKFZ, Heidelberg, 
Germany) was added to each well in 50 µl complete RPMI medium. Thereafter, Dkk3 
negative or Dkk3 positive tumor cell lines (B16 or B16 Dkk3, MO4 or MO4 Dkk3 
and RMA-mOVA and RMA-mOVA Dkk3) were added at 5x104 per well in 50 µl 
complete RPMI medium. CFSE-labeled responder CD8+ T cells were isolated from 
OT-IxCD11c.DOG mice as decribed in chapter 2.5 and 2.6 and 5x104 cells were 
added to each well. After 2 days of stimulation, CD8+ T cells from each well analyzed 
for proliferation by flow cytometry. 
 
In order to determine the effect of secreted Dkk3 on T cell proliferation, Corning 
Transwell 96-well plates (Corning, Lowell, Massachusetts, the USA) were used. For 
CD8+ T cell stimulation, the bottom chamber of Corning Transwell 96-well plates 
was coated with the indicated concentrations of α-TCRβ antibody (clone H57-597; 
BioLegend, Fell, Germany) or α -CD3e antibody (clone 145.2C11; BioXCell, West 
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Lebanon, New Hampshire, the USA) together with α-CD28 Antibody (biotin-
conjugated, clone 37.51; eBiosciences, Frankfurt am Main, Germany) in phosphate 
buffered saline (PBS) overnight and washed twice with PBS. 1x105 CFSE-labeled 
CD8+ T cells (isolated from C57BL/6N) in 200 µl complete RPMI medium were 
added to each well. HEK293T, HEK293T Dkk3, MO4 or MO4 Dkk3 were seeded 
into the upper chamber at 5x104 per well. After 3 days of stimulation, CD8+ T cells 
from each well were examined for proliferation by flow cytometry.  
 
For co-culture of α-CD3e/α-CD28 stimulated CD8+ T cells with Dkk3-producing cell 
lines, BDFalcon multiwell 24-, 48- or 96-well plates (Becton Dickinson, Manheim, 
Germany) were used. HEK293T or HEK293T Dkk3 cells were seeded at 4x104 or 
8x104 cells per well in 100 µl complete RPMI medium for 96-well plates, 8x104 or 
1.6x105 cells per well in 200 µl complete RPMI medium for 48-well plates and 5x104, 
1x105 or 2x105 cells per well in 500 µl complete RPMI medium for 24 well plate 1 
day before T cell inoculation. T cells, isolated from C57BL/6N mice as described in 
chapter 2.5 and 2.7 and labeled with CFSE as described in chapter 2.8, were seeded at 
1x105 cells per well in 100 µl complete RPMI medium for 96-well plates, 2x105 cells 
per well in 200 µl complete RPMI medium for 48-well plates and 5x105 cells per well 
in 500 µl complete RPMI medium for 24-well plates, and stimulated via α-CD3e 
antibody (final concentration, 1 µg/ml) together with α -CD28 antibody (final 
concentration, 0.5 µg/ml). After 2 or 3 days of stimulation, CD8+ T cells from each 
well analyzed for proliferation by flow cytometry. 
 
2.10 T cell proliferation assays in vivo 
 
For adoptive transfers, donor CD8+ T cells were derived from OT-IxCD11c.DOG 
mice as decribed in chapters 2.5 and 2.6 and labeled with CFSE as described in 
chapter 2.8. Cells were were resuspended in dPBS at 1.5x107 cells/ml. 200 µl (3x106 
cells) were injected intravenously (i.v.) into tumor-bearing C57BL/6N mice. 2 days 
after CD8+ T cell inoculation, spleens, tumor draining- and non-tumor draining lymph 
nodes were isolated, stained for Thy1.1, CD8, CD44 and CD69, and submitted to 
flow cytometric analysis. 
 
2.11 Intracellular Interferonγ (IFNγ) production assay 
 
CD8+ T cells were derived from OT-IxCD11c.DOG mice as decribed in chapters 2.5 
and 2.6. APCs were prepared using one whole spleen as described in chapter 2.5 and 
irradiated in complete RPMI medium with 3000 rad. CD8+ T cells in 10 ml complete 
RPMI medium at 1x106 cells/ml were co-cultured with APCs in 10 ml complete 
RPMI medium at 5x105 cells/ml in the presence of SIINFEKL peptide (final 
concentration, 100 ng/ml; Proteomic Core Facility, DKFZ) and cultivated in TPP 75 
cm2 tissue culture flask (TPP) at 37°C and 5% CO2 for 3 days. For assessment of 
intracellular IFNγ levels, 1x106 CD8+ T cells were seeded into TPP U-shaped 96-well 
plate (TPP) and re-stimulated with titrated concentrations of phorbol 12-myristate 13-
acetate (PMA, Sigma-Aldrich) and 1 µg/ml ionomycin (Sigma-Aldrich) in the 
presence of 1 µg/ml Brefeldin A (BD Biosciences), which is a protein transport 
inhibitor, and native Dkk3 protein (prepared by Division of Molecular Immunology, 
DKFZ) for 4 hours at 37°C. 
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2.12 Interleukin-2 (IL-2) production assay – Enzyme-linked immunosorbent 
assay (ELISA) for IL-2 
 
IL-2 levels in culture supernatants were determined as described previously by Pascal 
Brocke et al. [26]. Briefly, supernatants of co-cultures were collected and transferred 
into a flat-bottom black 96 well-plate (NUNC, Darmstadt, Germany) coated with α-
IL-2 trapping antibody (1 µg/ml; clone JES6-5H4; BioLegend) in 100 µl per well 
carbonate buffer (50 mM Na2CO3, 50 mM NaHCO3, pH). IL-2 protein was detected 
by incubation with biotinylated α -IL-2 detector antibody (0.25 µg/ml; clone JES6-
1A12, BioLegend) in 100 µl per well PBS-Tween 20 (Tween 20; Sigma-Aldrich) for 
2 hours at RT followed by incubation with streptavidin-europium (1:1000; DELFIA®, 
Turku, Finland) in 100 µl per well assay buffer (DELFIA®) for 45 minutes at RT. The 
reaction was enhanced by addition of 150 µl per well enhancing solution (DELFIA®). 
30 minutes later, the plate was read by Viktor ELISA reader (PerkinElmer, Zaventum, 
Belgium) using 340 nm and 615 nm fluorescent filters.   
 
2.13 Flow Cytometry 
 
2.13.1 Staining of cells with fluorescent dyes 
 
Antibodies conjugated with biotin or fluorochrome are listed in Table 1. Streptavidin-
conjugated fluorochromes were used for detection of the biotinylated antibodies. 
Stainings were performed in U-shaped 96-well plates or in eppendorf tubes. For 
surface molecules, cells were stained with 100 µl FACS Buffer containing the 
appropriate antibodies and sandoglobulin (CSL Behring, Hattersheim am Main, 
Germany), which is required for blocking unspecific binding of antibodies, at 4°C for 
20 minutes. The cells were washed twice with FACS Buffer in between and after 
staining procedure by centrifugation at 2000 rpm for 1 minute in 96-well plates or by 
centrifugation at 4500 rpm for 4 minutes in eppendorf tubes. Before acquisition, cells 
were resuspended in FACS buffer containing Propidium iodide (PI, Sigma-Aldrich) 
or PI together with 104 Sphero calibration beads (BD Biosciences, Manheim, 
Germany). PI was used to exclude dead cells and Sphere calibration beads were used 
to determine total number of cells in a sample. For staining of intracellular molecules, 
cells were fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich) in PBS at 4°C for 
20 minutes. Cells were subsequently permeabilized with Cytofix/CytopermTM 
Fixation/Permeabilization Kit (BD Biosciences) according to manufacturer’s 
instructions. Then, intracellular staining was performed at 4°C for 45 minutes. Cells 
were washed twice with FACS buffer or Permeabilization buffer, and resuspended in 
FACS buffer before acquisition. If cells were to be fixed, the fixable viability dye 
conjugated with eFlour780 (1:1000; eBiosciences) was used to exclude dead cells. 
For this, cells were resuspended in 100 µl PBS containing the fixable viability dye 
and incubated at 4°C for 15 minutes before extracellular and intracellular stainings. 
 
2.13.2 Measurement and evaluation 
 
Stained cells were acquired on a BD FACS Calibur (BD Biosciences) with CellQuest 
Pro software (BD Biosciences) or on a BD FACSCantoII (BD Biosciences) with BD 
FACSDiva (BD Biosciences) software. Stainings with only one fluorochrome at a 
time, so-called single stainings, were used for instrument settings in all experiments. 
Data were evaluated with FlowJo software (Tree Star, Ashland, Oregon, the USA).  
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Table 2 : Antibodies used for flow cytometry 
Antigen Clone Company(s) Conjugate(s) 
CD4 RM4-5 BD Biosciences PB 
CD8a 53-6.7 BD Biosciences, eBiosciences PE, PE/Cy7, 

AlexaFlour 647  
CD44 IM7 BD Biosciences APC 
CD69 H1.2F3 BD Biosciences Biotin 
IFNγ XMG1.2 BD Biosciences PE/Cy7 
Streptavidin  BD Biosciences APC/Cy7 
Thy1.1 (CD90.1) HIS51 eBiosciences PB 
 
2.14 ELISA for Dkk3 detection 
 
ELISA for Dkk3 detection in culture supernatants was described previously by Maria 
Papatriantafyllou (Department of Molecular Immunology, DKFZ). Briefly, a flexible 
assay plate (BD Biosciences) was coated with α-Dkk3-4.2.2 antibody (1 µg/ml). Dkk3 
was detected with biotinylated goat α -mouse Dkk3 antibody (R&D Systems, 
Minneapolis, Minnesota, the USA). Streptavidin-Peroxidase (Jackson 
ImmunoResearch, West Grove, Pennsylvania, the USA) followed by orthophenylene 
diamine substrate was applied. The reaction was stopped by 2 M sulphuric acid. The 
plate was read by Viktor ELISA reader (PerkinElmer) using 490 nm filter. 
 
2.15 XTT Assay 
  
XTT assay (Roche Diagnostics, Manheim, Germany) was used for quantitative 
determination of cell growth in vitro. Dkk3-transfected and untransfected tumor cells 
(MO4, MO4 Dkk3, B16, B16 Dkk3, RMA-mOVA and RMA-mOVA Dkk3) were 
seeded at a concentration of 4x103 cells per well in 100 µl medium into a TPP 96-well 
plate (TPP). Cells were incubated for different time periods at 37°C. 50 µl of XTT 
labeling mixture per well were added and incubated for 4 hours. The plate was read 
by Thermo Scientific Multiskan ELISA reader (Thermo Fisher Scientific, Schwerte, 
Germany) using 492 nm filter. The reference wavelength was 620 nm. 
 
2.16 Statistical Analysis 
 
Statistical analysis was done with GraphPad Prism5 software (GraphPad, La Jolla, 
California, the USA). Error bars in figures express standard error of the mean (SEM) 
as indicated in figure legends.    
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3 RESULTS 
 
3.1 Generation of Dkk3 positive tumors by gene transfer 
 
B16, MO4 and RMA-mOVA tumors were transfected with mouse Dkk3 cDNA in 
order to obtain pairs of tumor cells expressing or not Dkk3. For transfection, a 
construct was used in which Dkk3 was linked to eGFP via the 2A peptide (Figure 3A). 
The 2A peptide will be cleaved during translation at the ribosome so that –at least 
theoretically- equal amounts of eGFP and Dkk3 will be obtained. Thereby, expression 
of Dkk3 can be easily monitored by flow cytometry via eGFP fluorescence (Figure 3B). 
Dkk3+ cells were selected and sorted by eGFP expression following transfection by 
Lipofectamine™ 2000 reagent (Invitrogen) or electroporation. Transfected cells were 
sorted by flow cytometry several times until a population was obtained where the vast 
majority of cells were eGFP positive. Figure 3B shows for comparison the original 
Dkk3 negative cells (blue) and the sorted Dkk3 positive cells (red). I also investigated 
and detected Dkk3 protein levels in culture supernatants from B16 Dkk3, MO4 Dkk3 
and RMA-mOVA Dkk3 cells. B16 cells seem to express small amount of endogenous 
Dkk3 whereas no Dkk3 was found in the supernatant from MO4 and RMA-mOVA 
cell cultures (Figure 3C). 
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Figure 3 : Establishment of tumor cells producing and secreting Dkk3 by gene transfer. (A) The 
Dkk3 expression construct is composed of eGFP and mouse Dkk3, which are separated by self-
cleaving 2A peptides from porcine teschovirus-1. (B) Dkk3-producing cells can be easily distinguished 
from Dkk3 negative parental cells by flow cytometry via eGFP fluorescence. (C) Secreted Dkk3 was 
detected by ELISA in culture supernatants from B16 Dkk3, MO4 Dkk3 and RMA-mOVA Dkk3 cells.  
 
3.2 Growth of Dkk3-transfected tumor cells in vitro 
 
Next, in vitro growth of the pairs of tumor cells (B16, MO4 and RMA-mOVA) 
expressing or not Dkk3 was examined by XTT assay. XTT is a tetrazolium salt that is 
usually used for quantification of viable cells. Cells that had been grown in 96-well 
plate was treated with XTT solution for 4 hours, leading to formation of orange 
formazan solution which is spectrophotometrically quantified using an ELISA reader. 
An increase in number of living cells resulted in an increase in orange formazan 
formation, as monitored by the absorbance (Figure 4). As seen in Figure 4, each pair 
grew highly similar to each other, indicating that Dkk3 has no visible effect on in 
vitro growth of the tumor cells. However, the XTT assay requires at least a 30% 
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difference in the growth rate in order to show a significant difference during the 72 h 
investigation period.     
 

 
Figure 4 : Growth of tumor cells in vitro. Cell growth in B16, B16 Dkk3, MO4, MO4 Dkk3, RMA-
mOVA and RMA-mOVA Dkk3 was monitored by XTT incubation at indicated times and quantified 
by ELISA as absorbance. Dkk3 positive and Dkk3 negative cells grew similar to each other for each 
cell line analyzed here.   
 
3.3 Growth of Dkk3-transfected tumor cells in Mice  
 
3.3.1 Growth of Dkk3-transfected tumor cells in C57BL/6N mice 
 
Dkk3-transfected or untransfected tumor cells were injected subcutaneously 
immunocompetent C57BL/6N mice. Tumor size was measured with a caliper every 2 
or 3 days. The left hand part of figure shows the tumor growth curves for individual 
mice and the right hand part the mean of growth curves. It can be seen in Figure 5 that 
B16 Dkk3 tumor cell grew more slowly than the parental B16 tumor (Figure 5A). For 
the more immunogenic MO4 tumor, the opposite pattern was observed: MO4 Dkk3 
tumor cells grew clearly faster than the parental MO4 tumor (Figure 5B). Similar 
growth patterns were also observed for the RMA-mOVA tumor (Figure 5C). Both 
RMA-mOVA and RMA-mOVA Dkk3 tumors were rejected after initial growth but 
Dkk3 positive (+) tumor clearly reached a larger size than the Dkk3 negative (-) 
RMA-mOVA tumor (Figure 5C). These findings indicate that Dkk3 enhances the 
growth of tumors provided that they are immunogenic, suggesting that the immune 
system controls tumor growth in vivo. 
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Figure 5 : Tumor growth in C57BL/6N mice. (A) B16 and B16 Dkk3 tumor growth curves (n=5 for 
each) for individual mice on the left and mean on the right. The experiment was repeated three times 
with comparable results. (B) Growth curves of MO4 and MO4 Dkk3 cells (n=6 for each). The 
experiment was repeated 4 times and yielded comparable results three times. (C) Growth curves of 
RMA-mOVA and RMA-mOVA Dkk3 cells (n=6 for each). The experiment was repeated three times. 
The graphs indicate mean±SEM.  
 
Table 3 shows Dkk3 levels detected by ELISA in plasma of tumor-bearing wild type 
mice. Wild type mice harboring MO4 Dkk3 tumors of different size carry 2.2-29.2 
µg/ml Dkk3 in their sera whereas MO4-bearing mice had only average of 1.04 µg/ml, 
similar to levels in non-tumor-bearing mice (Table 3). Dkk3 was detected in mice 
bearing B16 Dkk3 tumors at levels ranging from 3.4 µg/ml to 14.1 µg/ml and in mice 
bearing B16 tumors at a average level of 2.1 µg/ml (Table 3), slightly higher than the 
amount detected in non-tumor bearing mice (roughly 1 µg/ml), where various tissues 
such as brain and pancreas are known to secrete Dkk3.  
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Table 3 : Concentration of Dkk3 detected by ELISA in the plasma of wild type mice bearing indicated 
tumors  
MO4 Tumor volume (mm3) Concentration of Dkk3 

(µg/ml) in serum 
1536 0.9 
2106 1 
1620 1.2 
1734 1.1 

 

2238 1.0 
mean  1.04 
MO4 Dkk3  Tumor volume (mm3) Concentration of Dkk3 

(µg/ml) in serum 
3000 16.6 
2592 29.2 
2888 8.5 
3063.5 9.9 

 

2312 2.2 
mean  13.28 
B16 Tumor volume (mm3) Concentration of Dkk3 

(µg/ml) in serum 
1920 3.2 
2457 1.1 
1688 3.3 
1920 1.2 

 

2600 5.3 
mean  2.1 
B16 Dkk3  Tumor volume (mm3) Concentration of Dkk3 

(µg/ml) in serum 
2600 5.3 
1800 3.4 
2610 8.5 
2840 14.1 

 

1463 3.5 
mean  6.96 
 
3.3.2 Growth of Dkk3-transfected tumor cells in RAG-/- knockout mice 
 
In order to further investigate if the immune system is responsible for the faster 
growth of immunogenic Dkk3+ tumors, immunodeficient RAG-/- mice were 
subcutaneously challenged with tumor cells. Figure 6 displays the tumor growth curves 
for individuals and the mean. In RAG-/- mice, the tumors grew rapidly, reaching a size 
of 2500-3500 mm3 in less than 20 days (Figure 6). Importantly, Dkk3-transfected 
tumors MO4 and RMA-mOVA grew with the same speed as the respective Dkk3 
negative tumors (Figure 6B and C). In contrast, B16 Dkk3 grew more slowly than the 
parental B16 tumor (Figure 6A), similar to growth pattern of the B16 pair observed in 
immunocompetent mice. Thus, in immunodeficient mice, expression of Dkk3 does 
not enhance the growth of immunogenic MO4 and RMA-mOVA tumor, as it was 
observed in wild type C57BL/6N mice. These data strongly suggest that Dkk3 
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downmodulates the immune response against the tumor, thereby allowing faster 
tumor growth.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 : Tumor growth in RAG-/- knockout mice. (A) B16 and B16 Dkk3 tumor growth curves 
(n=5 for each) for individual mice on the left and mean on the right. (B) Growth curves of MO4 and 
MO4 Dkk3 cells (n=6 for each). (C) Growth curves of RMA-mOVA and RMA-mOVA Dkk3 cells 
(n=6 for each). The experiments were repeated two times for each group. The graphs indicate 
mean±SEM.  
 
3.3.3 Growth of Dkk3-transfected tumor cells in Dkk3-/- knockout mice 
 
Next, I investigated the effect of tumor growth in a situation where the only source for 
Dkk3 is the tumor. For this purpose, Dkk3-/- knockout mice were used. Dkk3-/- 
knockout mice had been generated in Cristof Niehrs’ group at the DKFZ. These 
Dkk3-deficient mice are viable, fertile and show no apparent defects [4]. 
Immunological phenotyping showed that there is no significant difference in the 
immune system of Dkk3-/- knockout mice and wild type controls except that knockout 
mice seem to have slightly higher levels of IgM antibodies and natural killer cells [4].  
 
Figure 7 shows that MO4 Dkk3 grew faster in most individual Dkk3-/- mice than Dkk3- 
MO4 cells, but the difference was not as strong as observed in Dkk3+ wild type mice 
(Figure 5B). So far, this experiment has been performed two times with comparable 
results. It needs to be repeated more often in order to see if the difference can also be 
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larger. Importantly, the data demonstrate that Dkk3 enhances growth of MO4 cells in 
a situation where the only source of Dkk3 is the tumor.  

 
Figure 7 : Tumor growth in Dkk3-/- knockout mice. (A) MO4 and MO4 Dkk3 tumor growth curves 
(n=6 for each) for individual mice on the left and mean on the right. The experiment was repeated two 
times with comparable results. The graphs indicate mean±SEM.  
 
3.3.4 Dkk3-transfected tumor growth in Foxp3.LuciDTR4 mice 
 
In order to see if Dkk3 is able to suppress strong immune responses induced by 
depletion of Tregs, I subcutaneously injected MO4 or MO4 Dkk3 cells into 
Foxp3.LuciDTR4 mice. Tregs were depleted by DT treatment on days 8-10 after 
tumor injection. Figure 9A shows the schedule for tumor inoculation and DT treatment 
and Figure 9B displays a representative experiment in individual mice and the pooled 
data, respectively. As expected, untransfected MO4 tumors started to regress 
following Treg depletion (Figure 9B), which is consistent with our previous studies 
[20]. However, MO4 tumors transfected with Dkk3 were not rejected and continued 
to grow (Figure 9B), indicating that Dkk3 produced by tumor cells is able to suppress 
the strong immune response that was induced against MO4 by Treg depletion.  
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Figure 8 : Treg depletion and subsequent tumor regression in Foxp3.LuciDTR4 mice. (A) The 
BAC construct for generation of Foxp3.LuciDTR4 mice includes eGFP, human DTR and CBGr99 
luciferase which was inserted at the start codon in third exon of the foxp3 gene in the BAC. Individual 
gene products are separated by 2A peptides. (B) Foxp3.LuciDTR4 mice allow 90% Treg depletion 
following DT treatment (data from [24]). (C) After Treg depletion, tumors regressed in 
Foxp3.LuciDTR4 mice and frequency of tumor-specific CD8+ T cells in tumors was increased (data 
from [20]). The graphs indicate mean±SEM 

 
Figure 9 : Tumor growth in Foxp3.LuciDTR4 mice. (A) Experimental schedule of the DT treatment 
is shown. (B) MO4 and MO4 Dkk3 tumor growth curves (n=6 for each) for individual mice on the left 
and mean on the right. The experiment was repeated three times with comparable results. The graphs 
indicate mean±SEM.  
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3.4 Analyses of Potential Suppressive Effects of Dkk3 on In Vitro T Cell 
Proliferation and Cytokine Production  
 
Next, we utilized in vitro systems in order to analyze if Dkk3 would inhibit activation 
and proliferation of T cells, which would explain its enhancing effect on tumor 
growth. 
 
3.4.1 Analysis of the potential suppressive effect of Dkk3 on proliferation of OT-I 
CD8+ T cells stimulated by SIINFEKL peptide  
 
In a first study, we used OT-1 CD8+ T cells that are OVA specific because they carry 
a Vα2/Vβ5-transgenic T cell receptor with specificity for SIINFEKL peptide 
presented on the Kb molecule. OT-I CD8+ T cells were purified, labeled with CFSE 
and stimulated by SIINFEKL peptide presented by APCs (irradiated splenocytes). In 
order to see a potential effect of Dkk3, Dkk3-transfected or parental tumor cells were 
added to the culture. α -Dkk3 antibody was used to check whether prospective 
suppression of T cell proliferation would be solely dependent on Dkk3 protein.  T cell 
proliferation was measured by flow cytometry via CFSE dilution 2 days later.  
 
CFSE is a fluorescence dye that is taken up by viable cells. With each cell division, 
the amount of intracellular CFSE will be reduced by a factor of 2. Thus, CFSE 
dilution can be used to determine the proliferative capacity of cells. 
 
In the FACS plots shown in Figure 10, T cells that do not proliferate are located in the 
upper right hand quadrant whereas proliferating T cells will move to the upper left 
hand quadrant due to CFSE dilution. Besides, proliferated cells formed blasts as 
indicated by increased size (FSC) (Figure 10). 
 
Figure 10A shows that a large proportion of CD8+ T cells co-cultured with only 
irradiated splenic cells were able to proliferate with stimulation with 50 nM 
SIINFEKL peptide. Proliferation of cells was decreased with reduced amounts of 
peptide (2 nM) (Figure 10B). No proliferation was seen in the absence of SIINFEKL 
peptide (Figure 10D). Similar levels of proliferation were observed with CD8+ T cells 
co-cultured with MO4 and CD8+ T cells co-cultured MO4 Dkk3 cells (Figure 10B and 
C). However, CD8+ T cells co-cultured with B16 or B16 Dkk3 displayed a severely 
impaired proliferative capacity for both concentrations of SIINFEKL, suggesting that 
B16 and B16 Dkk3 cell lines may produce suppressive molecules, such as TGFβ, that 
inhibit proliferation of CD8+ T cells (Figure 10B and C). In the presence of RMA or 
RMA-Dkk3, proliferation of CD8+ T cells was also decreased (Figure 10B and 10C). 
Interestingly, CD8+ T cells co-cultured with RMA-Dkk3 cells proliferated to a lesser 
extent when compared to CD8+ T cells co-cultured with RMA cells (Figure 10B and C). 
However, this effect was not reversed with Dkk3 blockade by α-Dkk3 antibody (Figure 
10B and C).   
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Figure 10 : In vitro T cell proliferation driven by 
SIINFEKL peptide in the presence of tumor cells. (A) 
Schematic outline of the experiment is shown. OT-1 
CD8+ T cells were stimulated by SIINFEKL peptide for 2 
days to proliferate in the presence of Dkk3+ or Dkk3- 
tumor cells (B,C,D) Representative plots display FSC 
versus CFSE dilution among live-gated Thy1.1+ CD8+ T 
cells stimulated by 50 nM SIINFEKL or 2 nM, or not 
stimulated. Numbers in upper left-hand quadrants 
indicate percentages of proliferated cells. 
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The data show that experimental setup used here failed to reveal a suppressive activity 
by Dkk3. Potential explanations may be that OT-I CD8+ T cells are difficult to inhibit 
or that the tumor cells do not produce Dkk3 in amounts sufficient for suppression of T 
cell proliferation. 
  
Therefore, the experimental protocol was modified and a transwell system was 
adopted, where CD8+ T cells derived from C57BL/6N mice were stimulated in the 
lower chamber by plate-bound α -TCRβ antibody or α -CD3e + α -CD28 antibodies. 
The upper chamber of the transwell was cultured with Dkk3+ cells, allowing the 
secreted Dkk3 diffuse into the lower chamber, thereby avoiding direct cell to cell 
contact. For this experiment, we included HEK293T Dkk3 cells generated previosuly 
in our laboratory because these cells produce large amount of Dkk3 as seen in Table. 
T cell proliferation was measured by CFSE dilution 3 days later the start of transfer 
culture. Both α-TCRβ antibody and combination of  α-CD3e  and α-CD28 antibodies 
were able to stimulate T cells to proliferate, but stimulation with α -CD3e plus α -
CD28 antibodies yielded a higher proliferative response (data not shown here). However, 
again, the presence of Dkk3-transfected cell lines (HEK293T Dkk3 and MO4 Dkk3) 
had no inhibitory effect on CD8+ T cell proliferation (data not shown).  
 
I also analyzed potential effect of Dkk3 on effector functions of T cells such as 
cytokine production. To examine potential suppressive effect of Dkk3 on IL-2 
secretion, OT-I CD8+ T cells were stimulated by SIINFEKL peptide in the presence 
Dkk3-producing tumor cells and APCs, then ELISA for secreted IL-2 was performed. 
CD8+ T cells co-cultured with Dkk3-transfected B16 or MO4, or untransfected B16 or 
MO4 exhibited no significant difference in IL-2 secretion (data not shown). To examine 
whether Dkk3 affects effector functions of CD8+ T cells, we tested IFNγ production 
by CD8+ T cells extracted from OT-1xCD11c.DOG mice in the presence of native 
Dkk3 protein.  Therefore, purified CD8+ T cells were first stimulated by SIINFEKL 
peptide for 3 days to initiate activation and cytokine synthesis. Subsequently, CD8+ T 
cells re-stimulated with the polyclonal activators PMA and ionomycin to boost 
cytokine production and treated with GolgiPlug containing Brefeldin A, which blocks 
cytokine secretion, for 4 hours. Cells were then fixed, permeabilized and stained for 
IFNγ. As a result, it was observed that only 20-30% of cells produced IFNγ

 and 
percentage of IFNγ-producing cells do not significantly change in the presence of 
Dkk3 (data not shown). 
 
3.4.2 Analysis of the potential suppressive effect of Dkk3 on proliferation of 
CD8+ T cells pre-cultured with HEK293T Dkk3 cells and stimulated with soluble 
α-CD3e + α-CD28 antibodies 
 
Possibly the amount of Dkk3 present in previous experiments was not sufficient for 
Dkk3-mediated inhibition of T cell proliferation. We determined the amount of Dkk3 
produced by the Dkk3-transfected cell lines (Table 4). Data show that HEK293T cells 
produce more Dkk3 as compared with B16 Dkk3 and MO4 Dkk3 (Table 4). Therefore, 
we used HEK293T Dkk3 cells for this experiment. Following the suggestion by Maria 
Papatriantafyllou (Division of Molecular Immunology, DKFZ), we pre-cultured 
Dkk3+ cells for one day so that secreted Dkk3 was already present in culture when T 
cells were added and stimulated. Irradiated HEK293T Dkk3 cells were seeded one 
day before T cell inoculation. T cells were stimulated with soluble α-CD3e antibody 
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together with soluble  α-CD28 antibody. T cell proliferation was evaulated by CFSE 
dilution 2 and 3 days after T cell stimulation. 
 
Table 4 : The amount of Dkk3 detected by ELISA in indicated culture supernatants  

The amount of Dkk3 detected in 
supernatants in indicated cultures (ng/ml) 

5x104 of indicated cells in 200 µl 
medium were seeded 

Day1 Day2 Day3 
B16 30.7 34.8 39.5 
B16 Dkk3 311.2 820.4 820.9 
B16 Dkk3 (irradiated 3000 rad) 202.8 414.4 800.4 
MO4 0 0 0 
MO4 Dkk3  191.1 417.2 637.9 
MO4 Dkk3 (irradiated 3000 rad) 130.6 368.3 677.4 
HEK293T 3.9 13.7 19.6 
HEK293T Dkk3 1430.5 1666.9 2257.7 
HEK293T Dkk3 (irradiated 3000 rad) 1035.4 1689.2 1728.6 

 
 
Figure 11 and 13A show that stimulation with α -CD3e antibody for 3 days resulted in 
strong proliferation of CD8+ T cells but weaker proliferation of CD4+ T cells. The 
data show that both CD4+ and CD8+ T cells co-cultured with a high dose of 
HEK293T Dkk3 cells (2x105) proliferated significantly less whereas no inhibition 
was seen in the presence of Dkk3 negative HEK293T cells (Figure 11A and B). Analysis 
with the FlowJo program revealed that CD8+ T cells co-cultured with HEK293T 
Dkk3 cells (2x105cells/well) underwent 5 divisions whereas CD8+ T cells cultured 
alone or co-cultured with HEK293T cells (2x105cells/well) divided 8 times (Figure 
12A). Similarly, CD4+ T cells co-cultured with HEK293T Dkk3 cells (2x105cells/well) 
underwent 5 divisions whereas CD4+ T cells cultured alone or co-cultured with 
HEK293T cells (2x105cells/well) divided 7 times (Figure 12B). It seems that Dkk3 
more potently suppress CD8+ T cell proliferation as compared with CD4+ T cell 
proliferation (Figure 11, 12 and 13). This may be explained the fact that CD4+ T cells 
usually proliferate more slowly than CD8+ T cells. T cells co-cultured with smaller 
numbers of HEK293T or HEK293T Dkk3 (5x104 or 1x105 cells/well) proliferated to a 
similar extent (Figure 13A). The suppressive effect of Dkk3 on T cell proliferation was 
not seen in cultures stimualated with α -CD3e antibody for 2 days only where 
proliferation was still relatively low (Figure 13B). Moreover, measuring proliferation 
by flow cytometry allows the quantification of the cell number per well using Sphero 
calibration beads. For this purpose, cells were resuspended in PI buffer containing 104 
Sphero calibration particles just before submitting to flow cytometric analysis. Cell 
numbers indicated in Figure 14 were calculated by multiplying the ratio between the 
acquired beads and the number of total beads added to sample with number of 
acquired events. Inhibition of proliferation by Dkk3 produced by 2x105 HEK293T 
Dkk3 cells/well significantly led to lower numbers of CD8+ cells isolated from the 
culture at the end of 3 day-incubation period as compared to those co-cultured with  
2x105 HEK293T cells/well (Figure 14A). For CD4+ T cells, no reduction in cell number 
was seen, consistent with the slower proliferation of CD4+ T cells (Figure 14C). 
Likewise, on day 2, no decrease in cell numbers was apparent, probably because the 
proliferation rate was too low on day 2 (Figure 14B and D). 
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Taken together, these demonstrate that Dkk3 can inhibit T cell proliferation. 
However, so far, the inhibition was only evident in the pre-culture system where the 
amounts of secreted Dkk3 are high. In future studies, the precise amount of Dkk3 that 
is still able to inhibit T cell activation has to be determined.   

 
Figure 11 : Dkk3 produced by HEK293T cells supresses T cell proliferation. Purified C57BL/6N 
were co-cultured with irradiated (3000 rad) 2x105 Dkk3 negative or positive HEK293T cells in the 
presence α -CD3e (1 µg/ml) and α -CD28 (0.5 µg/ml) antibodies. CD8+ (A) and CD4+ T cell 
proliferation was determined on day 3 by CFSE dilution. Representative histograms display % of max 
versus CFSE dilution among live CD4+ T cells or CD8+ T cells. Solid black represents prolifration of 
not-stimulated T cells, solid gray represents proliferation of only T cells, solid blue represents 
proliferation of T cells co-cultured with untransfected cells and solid red represents proliferation of T 
cells co-cultured with Dkk3-transfected cells. 
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Figure 12 : Dkk3 produced by HEK293T cells diminished the number of division T cells 
underwent. Purified C57BL/6N were co-cultured with irradiated (3000 rad) 2x105 Dkk3 negative or 
positive HEK293T cells in the presence α -CD3e (1 µg/ml) and α -CD28 (0.5 µg/ml) antibodies. 
Numbers of divisions for CD8+ (A) and CD4+ (B) T cells was determined using the FlowJo program. 
Representative histograms display numbers of division and CFSE dilution among live CD4+ T cells or 
CD8+ T cells. 
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Figure 13 : In vitro T cell proliferation driven by soluble α-CD3e + α -CD28 antibodies in the 
presence of HEK293T and HEK293T Dkk3. (A) Schematic outline of the experiment is shown. T 
cells were co-cultured with irradiated (3000 rad) HEK293T cells in the presence soluble α-CD3e (1 
µg/ml) and α-CD28 (0.5 µg/ml) antibodies. The proliferation was determined on (C) day 2 or  (B) day 
3 by CFSE dilution. Representative histograms display % of max versus CFSE dilution among live 
CD4+ T cells or CD8+ T cells. Solid gray represents proliferation of only T cells, blue line represents 
proliferation of T cells co-cultured with untransfected cells and red line represents proliferation of T 
cells co-cultured with Dkk3-transfected cells. The experiment was repeated 4 times with comparable 
results. 
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Figure 14: T cell numbers isolated at the end of co-cultures. Purified C57BL/6N were co-cultured 
with irradiated (3000 rad) 2x105 Dkk3 negative or positive HEK293T cells in the presence α-CD3e (1 
µg/ml) and α -CD28 (0.5 µg/ml) antibodies. Cell numbers per well were calculated using Sphero 
calibration beads after for CD8+ T cells on day 3 (A) and on day 2 (B), and for CD4+ T cells on day 3 
(C) and on day 2 (D) after flow cytometric analysis.  The graphs indicate mean±SEM from duplicates. 
 
3.5 Analysis of the potential suppressive effect of Dkk3 on in Vivo T cell 
proliferation and T cell activation markers 
 
Next, we investigated if Dkk3 produced by tumors would also inhibit T cell activation 
in vivo, thereby explaining the enhancement of tumor growth described in chapter 
3.3.1. Mice bearing large MO4 Dkk3 tumors contained about 13 µg/ml Dkk3 in their 
sera, as determined by ELISA, whereas MO4-bearing mice had only about 1 µg/ml, 
similar to levels in normal mice (Table 3).  Thy1.1+ OT-I CD8+ T cells were isolated, 
labeled with CFSE and injected into C57BL/6N mice bearing large MO4 or MO4 
Dkk3 tumors with a volume of 1300-2300 mm3 (Figure 16 and 17). Two days later, 
proliferation of the transferred CD8+ T cells present in tumor-draining lymph nodes 
(tdLN), spleen and non-tumor-draining lymph nodes (non-tdLN) was tested. For this 
purpose, the transferred Thy1.1+ CD8+ T cells were isolated, stained for the early 
activation markers CD44 and CD69, and subjected analysis by flow cytometry. No 
decrease of CFSE staining was observed, indicating that OT-I CD8+ T cells had not 
proliferated (Figure 16). This is most likely because 2 days in vivo was a too short time 
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for MO4 cells to produce ovalbumin in amounts sufficient for OT-I CD8+ T 
proliferation.  
 
Figure 15 shows the summarized data and Figure 16 and 17 demonstrates the actual FACS 
dot plots. In MO4 tumor-bearing mice strong upregulation of the activation markers, 
CD44 and CD69, was observed in tdLN with about 52-56% OT-I CD8+ T cells being 
CD69 positive (Figure 15A and 16A) and 49-53% being CD44 positive (Figure 15B and 
16B). In contrast, in MO4 Dkk3 tumor-bearing mice there was very little upregulation, 
namely 12-22% for CD69 (Figure 15A and 16A) and 22-25% for CD44 (Figure 15B and 
16B). These data indicate that tumor-derived Dkk3 inhibits OT-I CD8+ T cell 
activation in tdLN. Similar inhibition was observed in spleen and non-tdLN but the 
degree of activation was generally lower (Figure 15A and B, 16A and B), suggesting that 
activation and suppression of tumor-specific T cells is strongest in tdLN. 
   
A similar lack or downregulation of activation markers was found on endogenous 
CD8+ T cells in tdLN but this effect was not found in spleen and non-tdLN (Figure 15C 
and D, 17A and B). Together, these observations suggest that Dkk3 from tumors drains 
into the tdLN and there controls T cell activation. 
 
Together, these results suggest that in vivo tumor-derived Dkk3 can suppress T cell 
activation. To study in more detail suppression of T cell activation and proliferation, 
more experiments, such as kinetic studies, are required.  

 
Figure 15 : Proportion of CD69 and CD44 positive cells among OT-I CD8+ T cells or endogenous 
CD8+ T cells. OT-I CD8+ T cells were transferred into MO4 or MO4 Dkk3 tumor-bearing mice with 
the tumor size 2300 mm3. Two days after OT-I CD8+ T cell inoculation, spleens, tdLNs and non-tdLNs 
were isolated stained for activation markers. Percentage of CD69 positive cells among (A) OT-I CD8+ 
T cells or (C) endogenous CD8+ T cells, and of CD44 positive cells among (B) OT-I CD8+ T cells or 
(D) endogenous CD8+ T cells were calculated after flow cytometric analysis.  
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Figure 16 : CD44 and CD69 expression on OT-I CD8+ T cells. OT-I CD8+ T cells were transferred 
into MO4 or MO4 Dkk3 tumor-bearing mice with indicated sizes. Two days after OT-I CD8+ T cell 
inoculation, spleens, tdLNs and non-tdLNs were isolated stained for activation markers.  
Representative plots display (A) CD69 or (B) CD44 versus CFSE among live-gated Thy1.1+ CD8+ T 
cells. Numbers in upper right-hand quadrants indicate percentages of CD69 or CD44 positive cells. 
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Figure 17 : CD44 and CD69 expression on endogenous CD8+ T cells. Representative plots display 
(A) CD69 or (B) CD44 versus CFSE among live-gated Thy1.1- CD8+ T cells. Numbers in upper right-
hand quadrants indicate percentages of CD69 or CD44 positive cells. 
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4 DISCUSSION 
 
In the literature, Dkk3 has been described as a tumor suppressor that leads to slower 
cell divisions in certain but not all tumor cell lines [5-13]. Recent findings from our 
laboratory have attributed a different or additional function to Dkk3. The respective 
studies have shown that Dkk3 is a novel immunomodulator that can suppress T cell 
immune responses. For example, Dkk3 expressed in the brain of mice was found to 
protect this organ against attack of auto-reactive T cells [Papatriantafyllou et al., 
submitted paper]. Mechanistically, Dkk3 was found to suppress T cell proliferation 
and cytokine production. 
 
The observation that Dkk3 is immunosuppressive led to the hypothesis that Dkk3 
expressed by tumors would protect them against immune responses. The present 
master thesis was designed to test this hypothesis. For this purpose, by gene 
transfection pairs of tumor cell lines were prepared that express or not Dkk3, so that 
growth of these tumors in mice could be compared. The results show that Dkk3 
positive immunogenic MO4 and RMA-mOVA tumors grow faster in wild type 
C57BL/6N mice than the Dkk3 negative counterparts. Importantly, in 
immunodeficient RAG-/- mice, the growth rates were identical. These data show that 
the immune system is suppressed by tumor-derived Dkk3, thereby allowing the Dkk3 
positive tumor to grow faster. In contrast, Dkk3 expression in B16 tumor, which is of 
low immunogenicity, did not lead to faster growth. This is consistent with the fact that 
B16 does not induce an immune response due to its low immunogenicity, as B16 is 
low for MHC molecules and lacks a potent tumor rejection antigen. This is in contrast 
to MO4 and RMA-mOVA which express ovalbumin as a model tumor antigen. It 
should be mentioned here that B16 Dkk3 tumor grew more slowly in wild type and 
RAG-/- knockout mice than B16 cells. This may be due to the tumor suppressor 
function of Dkk3 which manifests itself in some (here B16) but not all (here MO4 and 
RMA-mOVA) tumors. 
     
The above findings raised the important question whether Dkk3 would be potent 
enough to interfere also with immunotherapy of tumors. Several studies have shown 
that it is very difficult to cure mice bearing large MO4 tumors  (larger than 100-200 
mm3), e.g. by vaccination or adoptive T cell transfer. In a recent study from this 
Division, Li et al. have reported that depletion of Tregs resulted in induction of of a 
strong immune response and subsequent rejection of large established MO4 tumors 
[20]. Tregs are the most important cell type for suppression of anti-tumor responses. 
For their study, Li et al. employed specifically constructed Foxp3.LuciDTR4 mice 
[20], in which the human DTR was expressed selectively in Tregs under control of the 
Foxp3 promoter [24]. Li et al. showed that at least 90% depletion of Tregs was 
required for MO4 rejection whereas 70% Treg depletion had no effect [20]. This 
strong tumor rejection system was used to study the effect of Dkk3. The results show 
that 90% Treg depletion in Foxp3.LuciDTR4 mice resulted in complete rejection of 
MO4 tumors, as reported by Li et al. [20]. However, Dkk3 expressing MO4 tumors 
were not rejected. The MO4 Dkk3 tumor continued to grow despite the presence of an 
ongoing strong immune response against the tumor antigen OVA. These data are 
important for immunotherapy of tumors as they show that Dkk3 produced by tumors 
will probably interfere with therapy. 
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There are several different but not mutually exclusive mechanisms that may explain 
the immunosuppressive role of Dkk3 produced by tumors. First, Dkk3 may suppress 
immune responses against tumors by directly acting on T cells. Thus, Dkk3 secreted 
by tumors may inhibit activation of tumor-specific T cells in tumor-draining lymph 
nodes where T cell priming usually takes place. Alternatively, or in addition, Dkk3 
could block effector functions of T cells. Second, Dkk3 may act on dendritic cells and 
thereby impair antigen-presentation to T cells in tumor draining lymph nodes. Third, 
Dkk3 may modify the tumor microenvironment by creating anti-inflammatory 
environment or promoting aberrant tumor vasculatare and thereby reducing T-cell 
infiltration. The importance of the tumor microenvironment and T cell infiltration for 
tumor rejection has been studied intensively in this laboratory [27-29]. 
 
I addressed first possibility and investigated the potential effect of Dkk3 on activation 
and proliferation of CD8+ T cells in vitro. In a first set of experiments, OT-I CD8+ T 
cells were used that specifically recognize SIINFEKL peptide, which is proteosomal 
degradation product of ovalbumin protein, bound to Kb molecules on APCs. 
However, no effect of Dkk3 on proliferation or cytokine production by OT-I CD8+ T 
cells was observed. Specifically, in a co-culture assay, OT-I CD8+ T cells, irradiated 
splenic cells pulsed with SIINFEKL and Dkk3-secreting B16, MO4 and RMA-
mOVA tumor cells were mixed, simultaneously. Likewise, stimulation of C57BL/6N 
CD8+ T cells by α-TCRβ or α-CD3 plus α-CD28 antibodies was not suppressed by the 
presence of Dkk3-producing MO4 and HEK293T cells. In addition, no suppression by 
purified Dkk3 protein was observed, but here it is not clear whether the native Dkk3 
produced in the lab is still biologically active.  
 
A possible explanation for the above negative results is that amount of Dkk3 
produced by B16 Dkk3, MO4 Dkk3 and RMA-mOVA Dkk3 cells in vitro is too low 
for suppression. Therefore, I used HEK293T cells transfected with Dkk3 that secrete 
about 4 times more Dkk3 than B16 Dkk3, MO4 Dkk3 and RMA-mOVA Dkk3 cells 
(Table 4).  Other modifications of the co-culture system included irradiation of the 
HEK293T cells so that they would continue to produce Dkk3 but not proliferate and 
thereby overgrow the culture. In addition, the HEK293T Dkk3 cells were seeded one 
day before addition of purified T cells so that Dkk3 would already be present in the 
culture at the onset of T cell stimulation with α-CD3 plus α-CD28 antibodies. Under 
these assay conditions, a strong effect of Dkk3 on CD8+ T cell proliferation was 
observed. In the presence of HEK293T Dkk3 cells, the CD8+ T cells proliferated less 
well, resulting in lower number of T cells that could be isolated from the culture at the 
end of a 3 day-incubation period. A detailed analysis with the FlowJo program 
revealed that in the absence of any HEK293T cells as well as in the presence the 
Dkk3 negative HEK293T cells, the CD8+ T cells divided at least 8 times, whereas in 
the presence of HEK293T Dkk3 cells only 5 cell divisions were achieved. Thus, 
Dkk3, or the amount of Dkk3 present in the culture, does not lead to complete but 
only to partial blockade of T cell proliferation. The observed inhibition is dose 
dependent, as strong inhibition was only found with 2x105 HEK293T cells/well but 
not with 5x104 HEK293T cells/well. Moreover, CD8+ T cells were more efficiently 
inhibited by Dkk3 than CD4+ T cells, probably because the latter are known to 
proliferate more slowly. In conclusion, the pre-culture system used here demonstrates 
clearly that Dkk3 can inhibit T cell proliferation in vitro. This pre-culture system will 
be used to determine the suppression effect by B16 Dkk3 and MO4 Dkk3 in vitro.            
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As Dkk3 was found to suppress an immune response against MO4 Dkk3 tumors in 
vivo, I examined if Dkk3 produced by MO4 tumors would also inhibit activation of 
OT-I CD8+ T cells in vivo. Unfortunately, 2 days after transfer of CFSE labeled OT-I 
CD8+ T cells, no proliferation was observed in spleen, tumor-draining lymph nodes 
and non-tumor-draining lymph nodes. Possibly, MO4 cells do not produce enough 
ovalbumin in 2 days. However, in mice bearing Dkk3 positive MO4 tumors, 
downregulation or lack of upregulation of the activation markers CD44 and CD69 on 
transferred OT-I CD8+ T cells was observed in spleen, tumor-draining lymph nodes 
and non-tumor-draining lymph nodes. Likewise, a decrease in expression of CD44 
and CD69 was also found endogenous CD8+ T cells in tdLN. Thus, it seems that 
Dkk3 produced by tumor cells drains into the tdLNs where it suppresses activation of 
both transferred and endogenous CD8+ T cells. Further studied are required to 
investigate suppression of T cells by tumor-derived Dkk3 in vivo. 
 
The receptor for Dkk3 and the precise mechanism for Dkk3-mediated T cell 
suppression has not yet been elucidated. So far, the analysis of the mitogen activated-
protein kinase (MAPK) pathway suggests that T cell responsiveness may be regulated 
by Dkk3-mediated inhibition of ERK [M. Papatriantafyllou and B.Arnold, personal 
communication]. MAPKs are known to be key regulators of T cell activity since their 
activation leads to T cell proliferation and cytokine secretion. The same study 
revealed that phosphorylation of c-Jun N-terminal kinase (JNK) and p38 MAPK was 
not affected [M. Papatriantafyllou and B.Arnold, personal communication]. 
Moreover, the levels of Ras-GTP in activated T cells were not influenced by the 
presence of Dkk3 [M. Papatriantafyllou and B.Arnold, personal communication]. 
However, the levels of phosphorylated MEK and ERK1/2 were found to increase in 
activated T cells isolated from Dkk3-/- knockout mice [M. Papatriantafyllou and 
B.Arnold, personal communication]. ERK activation upon T cell stimulation leads to 
Fos protein activation, which together with c-Jun forms AP-1 transcription factor. AP-
1 nuclear translocation and transcriptional function are essential for T cell 
proliferation. Thereby, transcription of IL-2 is induced, which, in turn, leads to 
survival and proliferation of T cells [30]. Since ERK inhibition has been described as 
a feature of T cell anergy and tolerance, interference of Dkk3 with ERK pathway 
could be a mechanism of Dkk3-mediated T cell suppression. Clearly, more studies are 
required to unravel the mechanism of Dkk3-mediated immunosuppression.  
 
In the literature, Dkk3 has been shown to downregulate Wnt signaling pathway in 
some cancer cell lines by blocking β-catenin expression or blocking nuclear transport 
of β-catenin [9, 13]. It was also demonstrated that canonical Wnt pathway is present 
in both resting and effector T cells [31]. Does Dkk3 downmodulate immune responses 
against tumors through canonical Wnt signaling? This possibility is rendered unlikely 
by the fact that Dkk3-/- knockout mice have no significant alterations in their 
phenotype when compared to wild-type mice. Moreover, studies in our division on a 
potential effect of Dkk3 on Wnt signaling in T cells did not yield positive results.  
 
Some cancer cells, such as human colorectal cancer, are known to escape immune 
recognition by expressing proapoptotic molecules such as Fas death receptor ligands 
[32]. Cancer cells also have been found to secrete IL-10 and TGF-β, which are able to 
induce apoptosis in T cells. This induction of apoptosis is a mechanism employed by 
some tumors to evade the immune system. Dkk3 has been found to induce apoptosis 
in certain cancers by activation of JNK or activation of caspase-9 [7, 11]. However, 
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the ability of Dkk3 to stimulate apoptosis seems to be restricted to particular cell 
types [11]. 
 
In conclusion, many different tumors from mice and man are known to express Dkk3. 
The findings presented in this study demonstrate that Dkk3 produced by tumors is 
immunosuppressive and inhibits T cell responses against the tumor, resulting in 
immune evasion. Importantly, this suppressive effect was also observed in a situation 
where a strong immune response was induced, thereby decreasing the efficacy of 
immunotherapy. In the aforementioned study from this laboratory on the suppressor 
function of Dkk3, it was observed that in vivo application of anti-Dkk3 antibody 
would block suppression by Dkk3. Therefore, we suggest that targeting of Dkk3 and 
its as yet elusive receptor may lead to novel therapeutic interference with local T cell 
responses against tumor cells.  
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