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I. ABSTRACT 

Monoclonal antibodies, like the HER2-directed antibody trastuzumab, are a 

crucial part of modern breast cancer therapy. The mode of action consists, 

besides the modulation of anti-proliferative signal transduction pathways, of 

the labeling of tumor cells for further recognition by cytotoxic lymphocytes 

like natural killer (NK) cells, also known as antibody-dependent cellular 

cytotoxicity (ADCC). The chemokines CXCL9, a ligand of CXCR3, and 

CX3CL1, the ligand of CX3CR1, are capable of recruiting immune cells, 

including NK cells, into the tumor. Besides, CX3CL1 is expressed as a 

transmembrane protein and shows adhesive capacity towards cells 

expressing its receptor. In this thesis, the effects of CXCL9 and CX3CL1 on 

the anti-tumor response in breast cancer were analyzed in vitro and in vivo 

with the ultimate aim to exploit those chemokines to improve the future 

targeted breast cancer therapies. 

The syngenic 4T1 breast cancer mouse model was used to analyze the 

effects of Cxcl9 modulation showing tumor-suppressive effects upon Cxcl9 

overexpression. Furthermore, cyclooxygenase (COX) inhibition was 

identified as a positive modulator of Cxcl9 expression in murine 4T1 cells 

and human SKBR3 and MDA-MB 231 breast cancer cells in vitro. Treatment 

with indomethacin, a non-selective COX-inhibitor, in mice showed a 

reduction of tumor growth and lung metastasis as well as an increase of 

lymphocytic influx into the tumor, including NK cells. Moreover, the amount 

of CXCL9 was determined immunohistochemically in breast cancer 

specimens as well as its protein concentration in blood samples of breast 

cancer patients. The expression patterns showed differential expression 

among all breast cancer subtypes. 

The regulation of CX3CL1 in four human HER2-positive cancer cell lines 

was analyzed, especially the generation of the soluble isoform of CX3CL1. 

The inflammatory cytokine TNF-α was identified as a strong inducer of 

CX3CL1, and the protease ADAM17 as a potent shedding protease for the 

generation of the soluble isoform. The impact of CX3CL1 on the NK cell-

mediated cell lysis of cancer cells was also determined and indicated that 
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forced CX3CL1 overexpression induced NK cell-mediated tumor cell lysis. 

The same was shown for inhibition of ADAM17. A combination of CX3CL1 

overexpression in tumor cells and trastuzumab treatment showed enhanced 

killing compared to either monotherapy. In the 4T1 breast cancer mouse 

model, Cx3cl1 overexpression led to decreased tumor growth and lung 

metastasis, together with an increased influx of immune cells, including NK 

cells. In a HER2 positive orthotopic mouse model, artificial increase reduced 

the tumor burden in vivo and could compensate for GM-1 antibody based 

NK-cell depletion. In the HER2-low expressing, intrinsically trastuzumab-

resistant HT29 cancer model, Cx3cl1 enabled trastuzumab therapy, 

resulting in reduced tumor burden and increased overall survival. CX3CL1, 

its corresponding receptor CX3CR1 and the shedding proteases ADAM10 

and ADAM17 were quantified immunohistochemically and were linked to 

clinical parameters, revealing a good prognostic impact of CX3CL1 as well. 

In summary, both chemokines, CXCL9 and CX3CL1, show tumor-

suppressive properties in vivo. These effects can be linked to modulation of 

the immune cell infiltration and increase of NK cell activity. Moreover, 

Cx3cl1 overexpression was sufficient to improve anti-HER2 treatment with 

trastuzumab in vitro and in vivo. Differential expression of both chemokines 

was detected in human breast cancer specimen and blood samples. All 

these findings indicate an important functional role of CXCL9 and CX3CL1 

in anti-tumor immunity and make both chemokines a potential therapeutic 

target for the improvement of immunotherapies of breast cancer. 
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II. INTRODUCTION 

1. Breast cancer 

1.1. Epidemiology of breast cancer 

Breast cancer is the most common malignant tumor entity of women 

worldwide. With over a million new cases every year, almost half a million 

women die of breast cancer annually, making it the most common cause of 

cancer-related deaths (Stewart and Wild 2014; Akram et al. 2017). In 

Germany, breast cancer accounts for 30.7% of all female cancer-related 

diseases, with tumor-related mortality of 17.8% (Robert Koch-Institut 2015). 

The average age of breast cancer patients at first diagnosis is 63.5 years. 

Early detection enables good therapeutic opportunities. However, the 

clinical course and aggressiveness of the disease are highly dependent on 

the time of diagnosis as well as the subtype of the tumor, making a 

successful therapy still challenging.  

1.2. Histological breast cancer subtypes and staging 

Breast cancer can be histologically classified into several subgroups (Mayr 

2019). First, a difference must be made between invasive carcinomas and 

invasive precancerous tumors: ductal carcinoma in situ (DCIS) and lobular 

carcinoma in situ (LCIS), which indicate a non-invasive carcinoma in situ. 

Those are lesions that can eventually progress to invasive cancer (Page et 

al. 1985). The most common type of invasive carcinomas of the breast is 

the invasive ductal subtype, with an incidence of 40-75%. The second most 

common entity with a frequency of 5-15% is the invasive lobular carcinoma. 

The other cases comprise invasive medullary, tubular, mucinous, and 

papillary subtypes (WHO Classification of Tumours Editorial Board., 

International Agency for Research on Cancer., and World Health 

Organization). 

All invasive mammary carcinomas are graded following different histological 

and cytological parameters, including tubules formation, nucleus 

pleomorphism, and mitosis rate (Elston and Ellis 1991). Thereby they can 

be separated into three grades, G1: well-differentiated, G2: moderately 
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differentiated, and G3: poorly differentiated. 

The pathological staging of the tumor is based on the TNM system of the 

Union for International Cancer Control (UICC) (Brierley, Gospodarowicz, 

and Wittekind 2017). The TNM-system describes the overall status of a 

tumor by using the descriptive parameters tumor size (T), lymph node status 

(N), and the presence of distant metastases (M), (Table 1). In the last 

decades, the TNM system was extended by additional information such as 

tumor rest after surgery (Harris et al. 2003) or tumor cell invasion of lymph 

vessels (Mohammed et al. 2011). 

Table 1: Extended TNM classification of mammary carcinomas adapted by the UICC 
with additional information about lymph node invasion and residual tumor.  

pT - primary Tumor     

pTX primary tumor cannot be evaluated   

pT0 no indication for primary tumor   

pT1 primary tumor ≤ 2 cm   

pT2 primary tumor ≥ 2 cm but ≤ 5 cm   

pT3 primary tumor ≥ 5 cm   

pT4 primary tumor with contact to skin or nipple   

pN – lymph Node status     

pNX lymph nodes cannot be staged  

pN0 no regional lymph node  

pN1 metastases in 1 – 3 lymph nodes   

pN2 metastases in 4 – 9 lymph nodes   

pN3 metastases in ≥ 10 lymphnodes   

pM - distant Metastasis     

pMX 
the occurrence of distant metastasis 
 cannot be evaluated or is unknown   

pM0 no distant metastasis   

pM1  presence of distant metastasis   

  



II. Introduction     5 

1.3. Molecular classification of breast cancer subtypes 

Expression profiles and genetic signatures led to the definition of molecular 

subtypes of breast cancer. The immunohistochemical differentiation of 

intrinsic breast cancers is defined as abstracted in Table 2: (Goldhirsch et 

al. 2011).  

Table 2: Molecular subtypes of mammary carcinomas based on the classical 
receptor expressions 

  ER PR Ki-67 HER2 

Triple-negative negative negative 50-60% negative 

HER2-positive negative positive  positive 

Luminal-A positive positive <14% negative 

Luminal-B positive negative >14% positive/negative 

 

Receptor expression 

All mammary carcinomas are tested for the expression of progesterone 

(PR) and estrogen receptor-α (ER). Together, both are well-established 

predictive markers for the efficacy of endocrine therapy. The evaluation is 

carried out by immunohistochemical analysis, already 1% receptor-positive 

cells are sufficient to render the tumor hormone-sensitive, but most of the 

tumors show expression between 60 – 70% (Early Breast Cancer Trialists’ 

Collaborative Group (EBCTCG) 2005). Another important predictive 

biomarker is the human epidermal growth factor receptor 2 (HER2). 12% to 

32% of all mammary carcinomas are tested positive for HER2 

overexpression (Holbro and Hynes 2003). The expression is also 

determined by immunohistochemical analysis, and in case of unclear 

expression levels, the HER2 status can be further determined by in situ 

hybridization analysis. HER2-positive tumors can be efficiently treated with 

targeted molecules such as the monoclonal antibody trastuzumab directed 

against the HER2 antigen. The development of new anti-HER2 compounds 

has been promoted during the last years and increased the variety of 

therapeutics, e.g., pertuzumab, an anti-HER2 antibody abolishing the HER2 

dimerization, or antibody-drug conjugates like T-DM1, but also small-

molecule tyrosine kinase inhibitors like lapatinib or neratinib which also 

target HER2 and other EGF receptor family members (Waks and Winer 

2019).  
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Cell proliferation 

Ki67 is a molecule that is only expressed during cell division, one of the 

mechanisms that are directly targeted by most of the chemotherapies. Ki67 

is easy to detect with immunohistochemical analysis. Thereby, Ki67 

evaluation gives additional information about therapy responsiveness in 

advance (Duffy et al. 2017). However, there is great variability in Ki67 

analysis among different laboratories. 

 

Circulating tumor cells 

Another prognostic factor that has gained much attention in recent years 

are circulating tumor cells (CTC). These are easy to acquire from patient’s 

blood and have been shown to have prognostic relevance in patients with 

primary mammary carcinoma (Rack et al. 2010; Pachmann et al. 2008; 

Pierga et al. 2008; Lucci et al. 2012). Nevertheless, the consequences for 

clinical applications have to be further evaluated, and questions concerning 

consistent methodology remain unclear. So far, no clinical therapy decisions 

are recommended based solely on the CTC status (Sundling and Lowe 

2019). 

 

Genetic signatures 

Molecular features of tumors can also be assessed on real-time quantitative 

PCR (RT-qPCR) basis using tests like Oncotype DX (Paik et al. 2004), 

MammaPrint (van ’t Veer et al. 2002), PAM50 (Sestak et al. 2015) or 

Endopredict (Martin et al. 2014). These tests can provide additional 

prognostic or predictive information. Especially in intermediate-risk cases 

such as several HR+/HER2- cancers, these tools allow clinicians to decide 

about the necessity for adjuvant or neoadjuvant chemotherapy. 

Nevertheless, the match between the different tests is only about 40% 

(Bartlett et al. 2016), so the combination of different tests might be needed. 

In addition to the PCR-based evaluation of expression profiles, as 

mentioned above, it is also possible to get access to further genetic 

information by next-generation sequencing (NGS). Especially in terms of 
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immunotherapies, the number of neoantigens, tumor-associated genes as 

well as the tumor mutational burden can contribute to a thorough prognostic 

decision. For this purpose, multi-gene panels have been developed to be 

integrated into the clinical routine, such as Oncomine (Maruvka et al. 2019). 

 

Immune checkpoints 

Another predictive marker for effective immune therapy, such as checkpoint 

inhibitors, is the quantification of the expression of programmed cell death 

ligand 1 (PD-L1) in the tumor tissue. The use of checkpoint inhibitors can 

be another therapy option, especially for breast cancer subtypes, which are 

thought to be more immunogenic, such as triple-negative breast cancer 

(TNBC) (Planes-Laine et al. 2019; Barrett et al. 2018).  

A summary of the prognostic markers mentioned above and other therapy 

relevant factors are summarized in Table 3. 

 

Table 3: Prognostic and predictive markers for breast cancer (Degenhardt et al. 2019) 

Parameter Prognostic Predictive Therapy 

Age (< 35 years, unfavorable) X  Chemotherapy 

Menopause X X Endocrine therapy 

Tumor size X   

Nodal status X  Chemotherapy 

Histological subtype X   

Grading X   

Hormone receptor status X X Endocrine therapy 

HER2 X X 
HER2-directed 
therapy 

Ki-67 X X Chemotherapy 

Gene expression X X Chemotherapy 

Pathological complete response 
(pCR) after neoadjuvant therapy 

X X  
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1.4. Hereditary breast cancers 

15 to 20% of all breast cancer cases occur because of genetic or epigenetic 

factors. The genetic predisposition is caused by high penetrance genes in 

50% of all of these cases (Turnbull and Rahman 2008). The major genes 

being responsible for the increased risk are breast cancer 1 (BRCA1) and 

breast cancer 2 (BRCA2); both of them are tumor suppressors as their gene 

products participate in the DNA repair machinery (Ripperger et al. 2009). 

Other high penetrance genes have been identified as well, but the 

percentages of cases are very low, such as tumor protein 53 (TP53), which 

is mutated in 2.5% of all hereditary breast cancer cases (Turnbull and 

Rahman 2008).  

All the cases that cannot be classified as “related to high penetrance genes” 

build a group of complex mutations in different genes including high 

penetrance genes or moderate to low penetrance genes, such as 

checkpoint kinase 2 (CHEK2), partner and localizer of BRCA2 (PALB2) or 

ataxia-telangiectasia mutated (ATM) (Hunter et al. 2007; Easton et al. 2007)  

Patients diagnosed early with mutations in risk genes can benefit from 

different clinical options ranging from intensified screening to prophylactic 

surgery. In cases of BRCA mutations, new therapeutic approaches such as 

poly ADP-ribose polymerase (PARP) inhibitors complement the existing 

therapeutic options (Bryant et al. 2005; Zimmer et al. 2018). 

 

1.5. Carcinogenesis of breast cancer 

In most cases, the initiation of breast cancer starts with the 

hyperproliferation of ductal cells, which leads to the formation of benign 

tumors or invasive carcinomas. There are two hypothetical theories for 

breast cancer initiation and progression (Polyak et al. 2007): 

1. The cancer stem cell theory suggests that all cancer subtypes originate 

from the same type of stem or progenitor cell. The different subtypes are 

acquired via different genetic mutations or epigenetic modifications. 

2. The stochastic theory suggests that each tumor subtype originates from 

a single cell and that random mutations can accumulate in literally every 
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epithelial breast cell. This mutational burden can, in the end, lead to the 

transformation into tumor cells.  

Histopathological observations and genetic studies provide a base model of 

breast cancer progression. The earliest neoplastic lesions give rise to low-

grade DCIS, which can progress into high-grade DCIS and can eventually 

proceed to invasive carcinoma. This progression is accompanied by 

multistep genetic and gene expression changes in early and late stages of 

progression (Moulis and Sgroi 2008). 

Those genetic alterations include gain-of-function mutations in proto-

oncogenes and loss-of-function mutations in tumor suppressor genes. 

Genes, which are mutated with high penetrance in the population, include 

BRCA1, BRCA2, and TP53. Nevertheless, many other mutations, which are 

less frequently mutated, have been suggested to play a significant role in 

the initiation and progression of breast cancer such as cadherin-11 

(CDH11), serine/threonine kinase 11 (STK11), RAD51 and HER2 (Sheikh 

et al. 2015). Furthermore, the initiation of genetic alterations can be further 

enhanced by epigenetic changes such as DNA-methylation and histone 

modifications (Byler et al. 2014). 

Although there are many different genetic and non-genetic alterations 

possible (Cairns et al. 1975), there are several histopathological features 

that define neoplastic and invasive stages of breast cancer. The breast 

consists of adipose tissue supplied by a network of nerves, blood vessels, 

lymph vessels, and lymph nodes, all surrounded by fibrous connective 

tissue and ligaments. Lobes are embedded in the adipose tissue and are 

further divided into smaller lobules, which are connected via the milk ducts 

(Akram et al. 2017). A normal duct contains a basement membrane and a 

bilayer of epithelial cells, which combines luminal epithelial cells and 

surrounding myoepithelial cells (Polyak et al.  2007). During the early stages 

of malignant breast disease, this lumen is filled with non-invasive cells. 

Those are considered to be the precursor stages of DCIS. Those DCIS 

lesions already contain proliferative cells that still confine in the basement 

membrane and show no invasion into the neighboring tissue and positive 

expression of basal cytokeratin markers (Harris et al. 2003). Derived from 

those DCIS lesions, invasive breast cancer cells may arise (Burstein et al. 
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2004). This process involves the loss of the basal membrane barrier and 

myoepithelial cells. This depletion of the natural boundary enables the 

invasion of cancer cells into the surrounding tissue and, in the end, might 

lead to the formation of metastases in the liver, the lung, the bones, or 

distant organs such as the brain.  

The accumulation of mutations in distinct cells and the expansion of 

particular high proliferative cell clones together with the ongoing stimulation 

by the microenvironment (e.g., the stroma) leads to the formation of solid 

tumors in the breast. If not diagnosed early, tumor cells can detach from the 

solid tumor and migrate to distant organs.  

 

1.6. Treatment of breast cancer 

The utmost goal of successful breast cancer treatment is the increase in life 

expectancy and the conservation of the quality of life. In non-metastatic 

(early) breast cancer, surgery with the aim to completely remove the tumor 

remains a fundamental cornerstone of therapy. Besides the primary tumor, 

the tumor-closest (axillary) lymph nodes, so-called sentinel lymph nodes, 

are dissected and pathologically checked for malignant transformation. In 

the case of tumor-positive axillary lymph nodes, at least 10 of them (and all 

macroscopically suspicious ones) have to be surgically removed. This 

clinical readout provides further information about the stage and prognosis 

of the disease and can be important for further therapy decisions. After 

successful (breast-conserving) surgery, patients are treated with 

radiotherapy in order to significantly reduce the recurrence rate (Wöckel et 

al. 2010). 

Aggressive subtypes such as triple-negative breast cancer (TNBC), HER2-

positive breast cancer, or locally advanced breast cancers require 

chemotherapy. Usually given after surgery, in recent years, the concept of 

neoadjuvant chemotherapy has been established. The standard 

chemotherapy regimen comprises an anthracycline (doxorubicin or 

epirubicin) in combination with cyclophosphamide and a taxane (paclitaxel 

or docetaxel). Hormone receptor-positive, HER2-negative patients can be 

alternatively treated with endocrine therapy (Early Breast Cancer Trialists’ 
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Collaborative Group (EBCTCG) 2011). In the case of HER2 overexpression, 

the therapy with the HER2-targeted agents such as the monoclonal 

antibody trastuzumab has been shown to be very effective (Perez et al. 

2011). There have been different mechanisms of action suggested for 

successful trastuzumab treatment. Direct binding of the antibody to HER2 

leads to an internalization of the receptor and, thereby, the degradation of 

available receptors on the cell surface for active growth signaling (Klapper 

et al. 2000). Usually, this activity includes receptor dimerization followed by 

phosphorylation of several downstream signaling molecules. This leads to 

inhibition of the mitogen-activated protein kinase (MAPK) and 

phosphoinositide-3-kinase (PI3K)/Akt pathway and eventually to increased 

cell cycle arrest (Junttila et al. 2009). Another major mechanism of 

trastuzumab is the labeling of tumor cells for further immune cell recognition 

via the Fc-fragment/Fc receptor interaction. This proximity-based 

connection activates the natural cytolytic ability of cytotoxic immune cells 

such as NK cells, a mechanism called antibody-dependent cellular 

cytotoxicity (Arnould et al. 2006). 

In recent years, additional HER2-directed agents have been approved, 

particularly for the therapy of metastatic breast cancer: pertuzumab, a 

monoclonal antibody inhibiting HER2 heterodimerization, T-DM1, a 

trastuzumab molecule bound to a chemotherapeutic, and Lapatinib, a small 

molecule tyrosine kinase inhibitor. The former two antibodies also function 

at least in part via an ADCC (Pondé et al. 2018; Barok, Joensuu, and Isola 

2014). However, this kind of efficient treatment remains suitable only for 

patients with HER2 overexpression. Till now, patients with HER2 

intermediate or low expression cannot benefit from this therapeutic 

approach (Meric-Bernstam et al. 2019) 

 

1.7. Breast cancer as an immunogenic disease 

Breast cancer entities are characterized by a variety of antigens, which can 

be recognized by the immune system. These tumor-associated antigens 

consist of cancer germline antigens, which are present during the whole 

disease and neoantigens, which can be acquired during cancer 
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progression. This accumulation of mutations is indicated by studies 

suggesting that the mutational load in the tumor cells is increased during 

cancer progression, making it more likely that new antigens evolve 

(Budczies et al. 2015). This newly provided variety of antigens leads to 

increased infiltration of immune cells during the disease progression 

(Hussein and Hassan 2006). Those tumor-infiltrating lymphocytes (TILs) are 

proven to be higher in malignancies compared to healthy tissue and thereby 

have been suggested as independent prognostic factors (Carsten Denkert 

et al. 2010). Changes in immune cell infiltration can also be detected in 

correlation to therapy (García-Martínez et al. 2014). Especially in breast 

cancer, TILs play an essential role in the matter of progression and therapy 

response (Dushyanthen et al. 2015). It has been shown that especially the 

aggressive subtypes of breast cancer, HER2-positive, and triple-negative, 

show increased amounts of TILs (Nagalla et al. 2013). Altogether, breast 

cancers seem to be immunogenic tumors, and the evaluation of TILs seems 

feasible as a prognostic marker in all subtypes (Salgado et al. 2015; Dieci 

et al. 2018; Miyoshi et al. 2019; Denkert et al. 2018).  

However, high expression of tumor-associated antigens does not 

necessarily correlate with the amount of tumor-infiltrating lymphocytes (TIL) 

in breast cancer (Kotoula et al. 2016). The tumors can protect themselves 

from efficient detection and eradication by several immune evasion 

mechanisms. Such evasive mechanisms include the downregulation of 

antigen presentation, lack of immune effector cells, enrichment of immune 

suppressor cells, and the upregulation of checkpoint molecules (Angelova 

et al. 2015). Since these bypass strategies can accumulate during the 

course of the disease, it becomes more and more important that the immune 

cell infiltration into the tumor can be guaranteed.  

There is evidence that in the tumor tissue, the amount of infiltrating 

lymphocytes correlates with the concentration of chemotactic agents. 

Classifications of genetic phenotypes of breast cancer have revealed a 

highly immunogenic phenotype. This phenotype shows high amounts of 

chemokines and also high numbers of tumor-infiltrating lymphocytes 

(Hendrickx et al. 2017). Furthermore, in ER-negative tumors, high amounts 

of T and B cells were associated with elevated levels of the chemokine C-
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X-C motif ligand 9 (CXCL9) (Nagalla et al. 2013; Denkert et al. 2010). The 

same was described for NK cells and the chemokine C-X3-C motif ligand 1 

(CX3CL1) in ER-positive breast cancer entities (Verma et al. 2015). 
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2. Chemokines 

Chemokines are a group of small homologous molecules, whose name is 

derived as a short version of chemotactic cytokines. Up till now, there are 

47 different human chemokines known (Table 4, page 15). However, 

several more have been shown in other species, e.g., in mice (Zlotnik and 

Yoshie 2012). 

 

Figure 1: 3D structure of a CXC chemokine. Marked in yellow are the two disulfide 
bridges. An α-helix and a short loop are marked in red. The main β-sheet is marked 
in green (Bronger et al. 2019).  

 

The molecular structure (Figure 1) of chemokines includes four conserved 

cysteine residues, which divide the chemokines into four different groups 

based on the arrangement of the N-terminal cysteine residues: CXC, CC, 

(X)C and CX3C (X being an arbitrary amino acid). The main structure of the 

chemokine is a three-stranded β-sheet terminated by a C-terminal α-helix 

and interrupted by a short loop. The N-terminus is composed of a flexible 

end, which is most notably necessary for the ligand and receptor interaction, 

followed by a rigid N-loop, which mainly contributes to the very stable 

structure of the chemokine domain (Bronger et al. 2019). Besides their 

chemical classification, chemokines can be categorized into several 

functional groups. The first includes inflammatory chemokines, which 

orchestrate different functions under inflammation-related conditions and 



II. Introduction     15 

are upregulated by various agents (Vandercappellen et al. 2008). Their 

primary function is the recruitment of lymphocytes to inflamed tissue. Some 

of those chemokines are also angiogenic and have an ELR (Glu-Leu-Arg) 

motif before the first cysteine residues. Non-ELR motif chemokines are 

considered to be angiostatic. Another group of chemokines has homeostatic 

properties and regulates the migration and homing of various cells, including 

lymphocytes. These chemokines are expressed constitutively, e.g., in 

lymphoid tissue. Overlaps between both groups are possible, and the 

classification is continuously changing. Chemokine receptors are a class of 

G-protein coupled transmembrane receptors and are, corresponding to their 

ligands, separated into the four subgroups mentioned above. So far, 18 

chemokine receptors have been identified, and five atypical receptors are 

known (Zlotnik and Yoshie 2012) Table 4, page 15. 

Table 4: Summary of human chemokines and their corresponding receptors. The 
chemokines are further classified by the existence of the ELR motif if applicable and by 
their physiological function. 

 CXC Chemokines  

name receptor category 

CXCL1 CXCR2 inflammatory, ELR  

CXCL2 CXCR2 inflammatory, ELR  

CXCL3 CXCR2 inflammatory, ELR  

CXCL4 CXCR3-B platelet, non-ELR 

CXCL4L1 CXCR3-B platelet, non-ELR 

CXCL5 CXCR2 inflammatory, ELR  

CXCL6 CXCR1, CXCR2 inflammatory, ELR  

CXCL7 CXCR1, CXCR2 platelet, inflammatory, ELR 

CXCL8 CXCR1, CXCR2 inflammatory, ELR  

CXCL9 CXCR3, CCR3 inflammatory, non-ELR 

CXCL10 CXCR3, CCR3 inflammatory, non-ELR 

CXCL11 CXCR3, CXCR7, CCR3, CCR5 inflammatory, non-ELR 

CXCL12 CXCR4, CXCR7 homeostatic, non-ELR 

CXCL13 CXCR5, CXCR3 homeostatic, non-ELR 

CXCL14 unknown homeostatic, non-ELR 

CXCL16 CXCR6 inflammatory 

CXCL17 unknown unknown 

  CC chemokines  

name receptor category 

CCL1 CCR8 inflammatory 

CCL2 CCR2 inflammatory 

CCL3 CCR1, CCR5 inflammatory 

CCL3L1 CCR1, CCR3, CCR5 inflammatory 
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CCL3L3  inflammatory 

CCL4 CCR5 inflammatory 

CCL4L1  inflammatory 

CCL4L2  inflammatory 

CCL5 CCR1, CCR3, CCR5 inflammatory, platelet 

CCL7 CCR1, CCR2, CCR3, CCR5 inflammatory 

CCL8 CCR1, CCR2, CCR5 inflammatory 

CCL11 CCR3, CCR5, CXCR3, CCR2 dual 

CCL13 CCR2, CCR3 inflammatory 

CCL14 CCR1, CCR3, CCR5 platelete 

CCL15 CCR1, CCR3 platelete 

CCL16 CCR1, CCR2, CCR5, CCR8 unknown 

CCL17 CCR4 dual 

CCL18 CCR3 homeostatic 

CCL19 CCR7 homeostatic 

CCL20 CCR6 dual 

CCL21 CCR7 homeostatic 

CCL22 CCR4 dual 

CCL23 CCR1 platelet 

CCL24 CCR3 homeostatic 

CCL25 CCR9 homeostatic 

CCL26 
CCR3, CX3CR1, CCR1, CCR2, 
CCR5 

inflammatory 

CCL27 CCR10 homeostatic 

CCL28 CCR10, CCR3 homeostatic 

   

 XC chemokines  

name receptor category 

XCL1 XCR1 dual 

XCL2 XCR1 dual 

   

 

CX3C chemokines 
 

name receptor category 

CX3CL1 CX3CR1 dual 

 

 

 

 

 



II. Introduction     17 

2.1. CXCR3 chemokine system 

The CXC chemokine family comprises 17 members (Table 4, page 15). 

They can be further classified by the existence of a highly conserved ELR 

motif (Glu-Leu-Arg). This motif is shared by the chemokines CXCL1-3 and 

CXCL5-8 (Zlotnik and Yoshie 2012). The other chemokines lack the ELR 

motif (CXCL4, CXCL4L1, and CXCL9-16). The presence of the ELR motif 

in CXCL17 has not been described so far. Most of the non-ELR motif 

chemokines bind to the receptor CXCR3. 

The CXCR3 ligands CXCL9-11 can be expressed by immune cells like T 

cells and monocytes, especially peripheral blood monocytes and 

macrophages. Also, endothelial cells, keratinocytes, and fibroblasts have 

been detected to express CXCR3 ligands (Metzemaekers et al. 2018). 

The CXCR3 receptor is expressed on a wide variety of immune cells, 

including regulatory T cells, dendritic cells, NK and NKT cells, as well as 

CD4 and CD8-positive T cells (Chen and Mellman 2013; Wendel et al. 

2008).  

The initially identified variant of CXCR3 was called CXCR-A and is a 368 

amino acid long, seven-transmembrane G-protein coupled receptor capable 

of binding the ligands CXCL9, CXCL10 and CXCL11. After ligand/receptor 

interaction, the receptor provides intracellular signaling leading to 

proliferation, invasion, chemotaxis, and cell survival (Billottet et al. 2013). A 

splice variant of CXCR3 was identified and named CXCR3-B. In addition to 

the “classical ligands”, this isoform can also interact with CXCL4 and 

CXCL4L1 (Mueller et al. 2008). However, the activation lacks the induction 

of chemotaxis and instead promotes apoptosis, angiostasis, and growth 

suppression. There is another splice isoform called CXCR3-alt, which only 

accepts CXCL11 as an agonist (Ehlert et al. 2004). The function of CXCR3-

alt is not defined yet. 

CXCL9, CXCL10, and CXCL11 are strongly induced by interferon-γ (INF-γ). 

CXCL10 and CXCL11 can also be induced by IFN-α (Vanguri and Farber 

1990; Groom and Luster 2011). All of the CXCR3 ligands are susceptible to 

post-translational modification, such as proteolytic cleavage (Bronger et al. 

2019). The binding affinities of the three CXCR3 ligands sharply differ, and 
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a hierarchical binding is described. CXCL11 shows the highest binding 

affinity, followed by CXCL10 with intermediate affinity. CXCL9 has the 

lowest binding affinity to the receptor (Murphy et al. 2000). Interestingly, 

CXCL11 is the only ligand that can also bind to the inactivated, G-protein 

uncoupled, receptor. There are differential effects described after the 

binding of the different CXCR3 ligands. CXCL9 and CXCL10 tend to induce 

mainly chemotaxis and Ca2+ influx, whereas CXCL11 is the most potent 

inducer of receptor internalization (Colvin et al. 2004). 

The interaction of ligand and receptor induces, besides migration and Ca2+ 

influx, phosphorylation-dependent signaling. The downstream 

phosphorylation can activate target proteins like transcription factors such 

as members of the STAT family. CXCL11 binding can induce the 

phosphorylation of STAT3 and STAT6, which leads to a regulatory 

phenotype of CD4 positive T-cells (TH2 or Tr1) (Zohar et al. 2014). 

Conversely, CXCL9 and CXCL10 activate STAT1, STAT4, and STAT5, 

which leads to a stepwise polarization of CD4-positive T cells via T-bet and 

RORyT towards an effector lineage (Th1 and Th17). (Groom et al. 2012; 

Groom and Luster 2011; Karin and Wildbaum 2015). 

Taken altogether, the interaction between the three ligands CXCL9, 

CXCL10, and CXCL11 and their receptor CXCR3 orchestrates a complex 

regulatory network that plays a major role in immune-modulation during 

inflammation and associated diseases like cancer. 

2.1.1. CXCL9 expression and cancer 

The progression and development of cancer are dependent on the cross-

talk between carcinoma tissue and the surrounding microenvironment. 

Chemokines and their receptors are known to play an essential role in this 

context. CXCL9 is secreted by various cell types in this compartment 

including T lymphocytes, NK cells (Smit et al. 2003), dendritic cells 

(Muthuswamy et al. 2008), macrophages (Ikeda et al. 2014) and non-

immune cells, like endothelial cells, tumor cells and fibroblasts 

(Vandercappellen et al. 2008). 

The role of CXCL9 in tumor progression is quite controversial and indicates 

tumor-suppressing and tumor-promoting properties. High concentrations of 
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CXCL9 in tumor tissue have been associated with a good prognosis in 

ovarian cancer, lung cancer, colorectal cancer and melanoma (Bronger et 

al. 2016; Addison et al. 2000; Bedognetti et al. 2013; Kryczek et al. 2009; Z. 

Wu et al. 2016; Zhang et al. 2003). This favorable prognostic value was also 

demonstrated for breast cancer and was suggested to be dependent on the 

influence of CXCL9 and associated T cell-related markers, which caused a 

significantly increased pathological complete response rate after 

neoadjuvant therapy (Denkert et al. 2010). It was also shown that in a 

murine breast cancer model using the parental tumor cell line 66.1 in Balb/c 

mice, CXCL9 overexpressing tumor cells lead to reduced local tumor growth 

and lung metastasis. The reduced tumor burden was associated with high 

numbers of CXCR3-positive, CD4- and CD8-positive T cells. The protective 

potential of CXCL9 could be abolished by T cell depletion but not by NK cell 

depletion (Walser et al. 2007). On the other hand, the anti-tumor activity 

could be reduced by depletion of endogenous CXCL9 and thereby, the 

reduction of infiltrating T cells (Andersson et al. 2011). Similar effects have 

been shown after the epigenetic silencing of CXCL9, which led to a weak 

immune cell infiltration (Peng et al. 2015) 

However, there is evidence that CXLC9 can be connected to poor prognosis 

in other cancer entities, such as hepatocellular carcinoma, cervical cancer, 

prostate cancer and glioblastoma (Liu et al. 2015; Zhi et al. 2014; S. Hu et 

al. 2015; Sreekanthreddy et al. 2010). For breast cancer, high levels of 

CXCL9 protein have been shown in sera of patients with HR-positive 

metastatic breast cancer compared to HR-negative patients and healthy 

controls (Ejaeidi et al. 2015). 

 

2.1.2. CXCL9 in cancer therapy 

Modulating the microenvironment of breast cancer, including the chemokine 

CXCL9, has been shown to have beneficial effects on therapy outcome. 

There is a strong association of COX-2 (cyclooxygenase-2) and its 

immunomodulatory products, prostaglandin E2 (PGE2) and CXCL9, in a 

lymphocyte-dependent manner shown in different cancer entities, including 

breast cancer (Howe et al  2007). This interaction could be further supported 
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in breast cancer patients demonstrating that COX-2 expression correlates 

inversely with the CXCL9 expression (Bronger et al. 2012). Similar effects 

were also observed in transgenic HER2-overexpressing mice with COX-2-

deficient mammary epithelial cells. Here, the intra-tumoral CXCL9 influx was 

increased, resulting in enhanced recruitment of CD4+ Th cells and CD8+ 

CTLs (Markosyan et al. 2013). Furthermore, it was shown that similar 

effects in various breast cancer models could be achieved with both COX 

inhibition and PGE2 receptor antagonism. The treatment suppressed local 

tumor growth and metastasis spread in an IFN-γ and T-cell- or NK cell-

dependent manner (Kundu et al. 2009; Ma et al. 2006; Kundu et al. 2005). 

Not only the interaction between COX-2 and CXCL9 seems to affect tumor 

progression. There are also some implications between CXCL9 and 

standard chemotherapy. The CXCL9 expression is increased in human 

melanoma cell lines after cisplatin or dacarbazine treatment (Hong et al. 

2011). On the other hand, the antitumor effects of cisplatin therapy were 

enhanced after CXCL9 gene therapy in lewis lung carcinoma and colon 

carcinoma (Zhang et al. 2006). Increased CXCL9 concentrations have also 

been detected after treatment with other chemotherapeutics like 5-

fluorouracil (Lu et al. 2012) and lapatinib plus doxorubicin (Hannesdóttir et 

al. 2013). All these findings suggest that there is a link between CXCL9 

expression and therapy response. Specht and colleagues also indicated 

that breast cancer patients showed a better response to 

cyclophosphamide/methotrexate/5-fluoruracil therapy when the tumors 

contained a high expression of CXCL9 mRNA (Specht et al. 2009).  

Due to the potential increased recruitment of different immune cell 

populations, CXCL9 is more and more discussed as a potent partner for 

immunotherapies such as the PD-L1 blockade (Zou et al. 2016). Especially 

the PD-L1/PD-1 axis seems to be affected by CXCL9 regulation; Zhang and 

colleagues (Zhang et al. 2018) have shown that CXCL9 can upregulate PD-

L1 in gastric cancer. Furthermore, the general mechanism of angiogenesis 

conducted by CXCL9 might generally support therapies in cancer entities 

being highly dependent on robust angiogenesis (Romagnani et al. 2001). 
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2.2. CX3CL1 

CX3CL1 is so far the only member of the CX3C chemokines and is defined 

by additional three amino acids in between the characteristic cysteine 

residues of the chemokine domain. The protein is expressed as a 

transmembrane protein with an N-terminal extracellular chemokine domain 

after a highly glycosylated mucin-like stalk. The C-terminus is located inside 

the cell (Bazan et al. 1997). The basal expression of CX3CL1 conducts 

homeostatic processes like the recruitment of tissue-resident immune cells. 

It is also involved in inflammatory processes (Ludwig and Weber 2007). 

Thereby, strong expression patterns can be found after exposure to 

inflammatory modulators, including tumor necrosis factor-α (TNF-α) and 

NF-κB (Chandrasekar et al. 2003). As a transmembrane protein, CX3CL1 

is capable of providing excellent adhesive properties to its receptor CX3CR1 

(Harrison et al. 2001). Good adhesion is supported by the kinetics of the 

receptor and ligand interaction. A very slow receptor off rate has been 

shown, supporting the functional adhesive capacity (Haskell et al. 2000). 

The chemotactic phenomena are very likely to be provided by a soluble 

isoform of CX3CL1. This isoform can be generated by proteolytic cleavage 

of the chemokine domain. Many different proteases have been suggested 

to contribute to the shedding process. The disintegrin and metalloproteinase 

(ADAM) 17 and 10 shed an active form of CX3CL1 (Garton et al. 2001; 

Hundhausen et al. 2003). Also, active cathepsin S- and MMP9-mediated 

cleavage of CX3CL1 are discussed to contribute to inflammatory evens in 

the liver (Fonović et al. 2013; Bourd-Boittin et al. 2009).  

CX3CL1 has been connected to the recruitment of tumor-suppressive NK 

cells, T cells, and dendritic cells augmenting anti-tumor immunity (Guo et al. 

2003). These effects were also found in breast cancer, although there have 

been contradictory findings suggested concerning the influence on patients’ 

prognosis. Tsang et al. stated an association between CX3CL1 and 

lymphocyte infiltration but a poor prognosis for breast cancer patients 

(Tsang et al. 2013). Other researchers suggested similar results with a 

focus on the attraction of CD8+ T cells, NK cells, and dendritic cells 

associated with a good prognosis for breast cancer patients (Park et al. 

2012).  
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The association between high intratumoral CX3CL1 expression and good 

prognosis has also been demonstrated in other cancer entities, such as 

colon cancer, glioma and prostate cancer (Mlecnik et al. 2010; Sciumè et 

al. 2010; Blum et al. 2008) 

The anti-tumor activity mediated by CX3CL1 is already applied in several 

experimental therapy approaches that undergo preclinical studies at the 

moment, demonstrating that CX3CL1 gene therapy leads to tumor 

suppression in colon cancer (Kanagawa et al. 2007; Kim et al. 2015). A sub-

analysis of the differential effects of the soluble and the membrane-bound 

form showed that both isoforms contribute to the tumor-suppressive effect 

in this cancer entity (Vitale et al. 2007). The promising effects of a CX3CL1 

therapy could also be shown in different cancer entities such as colon 

cancer and osteosarcoma. Treatment with a CX3CL1 encoding nanosphere 

via aerosolization was sufficient to decrease the amount of lung metastasis 

in the CT26 (colon) and K7M2 (osteosarcoma) mouse tumor models 

(Richard-Fiardo et al. 2011) as well as in hepatocellular carcinoma (Tang et 

al. 2007). The results are further promoted by CX3CL1 RNA knockdown, 

which shows tumor-promoting effects in melanoma (Siddiqui et al. 2016) 
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III. AIMS OF THE THESIS 

This thesis aimed to identify the influence of CXCL9 and CX3CL1 on the 

anti-tumor response against breast cancer in vitro and in vivo. Especially 

the potential use as a therapeutic target for the enhancement of anti-HER2 

therapy was investigated, as this treatment depends on the presence of 

immune cells and their close interaction with the tumor cells. The project 

can be divided into the following subprojects: 

CXCL9 is a regulator of immune cell migration and angiogenesis. These 

effects have been linked to anti-tumor activity in several tumor entities. Is 

CXCL9 a mediator of anti-tumor response in breast cancer, and is there a 

way to pharmacologically increase its concentration in the tumor? 

The expression of CXCL9 in breast cancer patients has been connected to 

improved therapy response. How is the expression pattern of CXCL9 in 

human breast cancer tissue and blood samples, and is there a link between 

chemotherapy and CXCL9 expression in breast cancer cells? 

CX3CL1 is expressed in two isoforms and thereby combines adhesive and 

chemotactic properties. How are both isoforms regulated in breast cancer 

cells in vitro? 

The CX3CR1 receptor is expressed on different tumor-suppressive 

lymphocytes, including NK cells. Does CX3CL1 affect the cytotoxic 

capability of NK cells? Is there an effect on cell lysis in vitro, and can this 

effect be exploited therapeutically? Furthermore, has CX3CL1 an effect on 

the anti-tumor response in vivo, and is there an influence on the tumor 

microenvironment? Do CX3CL1-dependent effects enhance 

immunotherapy with trastuzumab in vivo? 

The expression of CX3CL1 and its receptor CX3CR1 has been analyzed for 

its prognostic value in other cancer entities. How is the expression of 

CX3CL1, its receptor, and the major shedding proteases in breast cancer 

patients? 
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IV. MATERIAL AND METHODS 

1. Material 

1.1. Tissue samples for immunohistochemical analysis and 

patient cohort 

For immunohistochemical studies, a cohort of breast cancer patients 

(n=347) was compiled (Table 5). Tissue was formalin-fixed and paraffin-

embedded. All patients were treated at the Department of Gynecology and 

Obstetrics, Klinikum rechts der Isar, Technische Universität München 

between 1988 and 2012, and had given written informed consent. 

Table 5: Composition of the breast cancer cohort used for immunohistochemical 
analyses 

 
Age median [years] (range) 

63 (23-97) 

  

stage   

I 42 (12.1%) 

II 170 (48.9%) 

III 135 (38.8%) 

  

pT ( tumor size)   

1 174 (50%) 

2 145 (41.7%) 

3 13 (3.7%) 

4 15 (4.3%) 

  

pN (lymph node involvement)   

pN0 215 (61.8%) 

pN+ 132 (37.9%) 

  

subtype    

HR+/HER2- 283 (81.3%) 

HER2+ 38 (10.9%) 

Triple-negative 27 (7.8%) 
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1.2. Human blood samples 

Blood samples were taken prospectively from 161 therapy-naive patients 

diagnosed with breast cancer (Table 6). Blood samples were stored for 30 

min at room temperature and afterwards centrifuged for 15 min at 1000 rcf. 

The sera were then pipetted into cryotubes and stored for further analysis 

at -20 °C. All patients were treated at the Department for Gynecology and 

Obstetrics, Klinikum rechts der Isar der Technischen Universität München 

between 2012 and 2019. Written informed consent was obtained from all 

patients. 

Table 6: Patient characteristics of the breast cancer cohort used for determination 
of chemokines in blood samples (n=161) 

  
Age median [years] (range) 58 (22-91) 

  
stage   

I 22 (13.7%) 

II 86 (53.4%) 

III 43 (26.7%) 

  
pT ( tumor size)   

is 1 (0.6%) 

1 74 (46%) 

2 60 (37.3%) 

3 12 (7.5%) 

4 11 (6.8%) 

  
pN (lymph node involvement)   

pN0 110 (68.3%) 

pN+ 49 ( 30.4%) 

  
subtype    

HR+/HER2- 118 (73.3%) 

HER2+ 23 (14.3%) 

Triple-negative 13 (8.1%) 
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1.3. Eukaryotic cell lines 

All the cell lines used were provided by the American Type Culture 

Collection (ATCC), Manassas, VA, USA. 

 

Table 7: Cell lines used  

Cell line ATCC number Tissue Origin Disease 

SKBR3 HTB-30 breast cancer human adenocarcinoma 

BT474 HTB-20 breast cancer human ductal carcinoma 

MDA-MB 453 HTB-131 breast cancer human metastatic carcinoma 

MDA-MB 231 HTB-26 breast cancer human adenocarcinoma 

HT29 HTB-38 colon cancer human adenocarcinoma 

4T1 CRL-2539 breast cancer murine stage IV breast cancer 

4T1-COX-2(-/-) 
Kindly provided by 
Prof. William 
Schieman 

breast cancer murine stage IV breast cancer 

 

1.3.1. Cell culture media 

Table 8: Cell culture medium used 

Medium Company Cell lines/Assay 

RPMI Life Technologies, Carlsbad, CA, USA 4T1, MDA-MB 231 

RPMI indicator Life Technologies, Carlsbad, CA, USA EU Assay 

Mc-Coy Medium Life Technologies, Carlsbad, CA, USA SK-BR-3, HT29 

Leibovitz Medium Life Technologies, Carlsbad, CA, USA MDA-MB 453 

 

Table 9: Supplements for cell culture used 

Cell culture supplements     

fetal calf serum (heat-inactivated at 57 °C for 30 min) 10% (w/v) 

HEPES buffer solution  10 mM 

L-Arginine   0.550 mM 

L-Asparagine   0.272 mM 

Sodium Pyruvate   1 mM 

Penicillin/Streptomycin  100 U/ml 

Neomycin (G418)   1 g/l 

Puromycin   5 ng/m 
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1.4. Antibodies 

1.4.1. Primary antibodies used for IHC and western blot analyses 

Table 10: Antibodies used for IHC and western blot 

Antibodies Reactivity Host Clonality Number Company 

Anti-CXCL9 human mouse IgG monoclonal MAB392 R&D Systems 

Anit-CXCR3 human mouse IgG monoclonal MAB160 R&D Systems 

Anti-CX3CL1 human goat IgG polyclonal AF365 R&D Systems 

Anti-CX3CR1 human goat IgG polyclonal AF5285 R&D Systems 

Anti-ADAM10 human mouse IgG monoclonal MAB1427 R&D Systems 

Anti-ADAM17 human mouse IgG monoclonal MAB9301 R&D Systems 

Anti-HER2 human rabbit IgG polyclonal A0485 Dako 

Anti-GAPDH human Mouse IgG monoclonal MAB374 Merck 

IgG Isotype  mouse IgG  AB-108-C R&D Systems 

IgG Isotype  goat IgG  MAB002 R&D Systems 

 

1.4.2. Antibodies used for FACS 

Table 11: Antibodies used for FACS analysis 

Antibodies Reactivity Dye Clone Number Company 

CD3 mouse PE-Cy7 17A2 100220 Biolegend 

CD4 mouse efluor450 RM4-5 48-0042-82 ebioscience 

CD8 a mouse APC-Cy7 [53-7.3] 47-0081-82 ebioscience 

DX5 mouse APC DX5 17-5971-82 ebioscience 

CD 25 mouse pe PC61.5 12-0251-8 ebioscience 

FoxP3 mouse/ rat FITC FJK-16s 11-5773-8 ebioscience 

CD11b mouse PE-Cy7 M1/70 25-0112-82 ebioscience 

CD11c mouse efluor450 N418 48-0114-80 ebioscience 

MHCII mouse APC M5/114.15.2 17-5321-82 ebioscience 

Ly6C mouse APC-Cy7 HK1.4 128026 Biolegend 

Ly6G mouse FITC 1A8 127606 Biolegend 

F4/80 mouse PE-Cy7 BM8 25-4801-8 ebioscience 

CD86 mouse PE-Cy5 GL1 15-0862-82 ebioscience 
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1.4.3. Secondary antibodies 

Table 12: Secondary antibodies used 

Antibodies Reactivity Host Clonality Number Company 

anti-mouse HRP Mouse goat IgG (H+L) Polyclonal 115-035-003 Jackson 

anti-rabbit HRP Rabbit goat IgG (H+L) Polyclonal G-21234 Invitrogen 

anti-goat HRP Goat donkey IgG (H+L) Polyclonal A15999 Life Technologies  

AlexaFluor 488 Mouse Goat Polyclonal A11001 Life Technologies 

AlexaFluor 488 Goat Rabbit Polyclonal A-11078 Life Technologies 

 

1.5. Technical devices 

Table 13: Technical devices and machines 

Device Company Equipment/ Application 

Bandelin Sonopuls 
Bandelin electronic, Berlin, 
Germany 

Ultrasonic homogenizer 

Cawomat 2000 IR 
Cawo, Schrobenhausen, 
Germany 

X-ray film processor 

Centrifuge 54 24 R 
Eppendorf AG, Hamburg, 
Germany 

Centrifuge 

EV231 Consort bvba, Turnhour, Belgium 
Electrophoresis power 
supply 

FACS Calibur 
Becton Dickinson, Franklin 
Lakes, NJ, USA 

FACS 

FACS Canto 
Becton Dickinson, Franklin 
Lakes, NJ, USA 

FACS 

Blotting chamber 
Bio-Rad Laboratories GmbH, 
Munich, Germany 

western blot 

HERACELL 150i 
Thermo Fisher Scientific, 
Waltham, MA, USA 

Cell incubator 

Herasafe 
Thermo Fisher Scientific, 
Waltham, MA, USA 

Laminar flow 

IKA MAG REO 
IKA Labortechnik, Staufen, 
Germany 

Stirring Plate 

Mini-Protein 3 Cell 
Bio-Rad Laboratories GmbH, 
Munich, Germany 

SDS-PAGE chamber 

MS1 Minishaker Carl Roth, Karlsruhe, Germany Vortex Mixer 

Multiskan FC 
Thermo Fisher Scientific, 
Waltham, MA, USA 

ELISA Reader 

Wallac Victor 3 Perkin Elmer, Waltham, MA, USA 
Fluorescence photometer 
(EU assay) 

LSM 800 Zeiss, Oberkochen, Switzerland Confocal laser microscope 

NanoZoomer Digital Pathology 
RS 

Hamamatsu, Hamamatsu, Japan Slide Scanner 

pH-Meter Lab 850 Schott, Mainz, Germany pH Meter 

Polymax 2014 
Heidolph Instruments GmbH. 
Schwabach, Germany  
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Olympus CK30 Olympus, Tokyo, Japan Light microscope 

Gel Doc XR+ 
Bio-Rad Laboratories GmbH, 
Munich, Germany 

Geldoc and westernblot 

Centrifuge 4K15C Sigma Centrifuge 

Lightcycler MX3005 Agilent q-RT-PCR 

Power Pac 300 
Bio-Rad Laboratories GmbH, 
Munich, Germany 

Electrophoresis power 
supply 

Purelab classic  Elga GmbH, Wein, Austria high purity water 

Rotina 48 R 
Hettich Zentrifugen, Tuttlingen, 
Germany 

Centrifuge 

Sartorius basic 
Sartorius AG, Göttingen, 
Germany 

Scale 

Sartorius BP 1200 
Sartorius AG, Göttingen, 
Germany 

Scale 

Vortex Genie 2 
Bender und Hobein AG, Zürich, 
Switzerland 

vortex mixer 

WMF Schnellkochtopf PERFECT 
WMF, Geislingen an der Steige, 
Germany 

pressure cooker 

 

1.6. Consumables 

Table 14: Consumables used 

 Consumable Company 

Blotting paper MN 8273 Macherey-Nage, Düren, Germany 

Cell culture flasks Greiner bio-one, Kremsmünster, Austria 

cell culture plates 
Becton Dickinson Labware, Franklin Lakes, 
NJ, USA 

Cell strainer 70 γM Corning, NY, USA 

Combitips plus 2.5ml/5ml Eppendorf AG, Hamburg, Germany 

Cryogenic vials 
NALGENE Labware, Thermo Fisher 
Scientific, Roskilde, Denmark 

96-well ELISA Microplates, PS, F-bottom 
Microcolon 200, med binding 

Greiner bio-one, Kremsmünster, Austria 

FASC vials conical Greiner bio-one, Kremsmünster, Austria 

Feather Disposable Scalpel 
Feather Safety Razor Co. LTD, Osaka, 
Japan 

Microscope slides R. Langenbrinck, Emmendingen, Germany 

Minisart sterile filter 0.1/0.2 γm Sartorius AG, Göttingen, Germany 

Nitrocellulose Transfer Membrane Protran 
BA 85, pore size 0.45 γm 

Schleicher und Schuell, Dassel, Germany 

Neubauer countig chamber LO Laboroptik. Lancing, UK 



IV. Material and Methods     30 

NUNC Immuno 86-well plates 
Nunc, Thermo Fisher Scientific, Roskilde, 
Denmark 

Pasteuer pipettes glass 
Hirschmann Laborgeräte, Berestadt, 
Germany 

Pipette tips Sarstedt, Nümbrecht, Germany 

Reaction tubes Sarstedt, Nümbrecht, Germany 

Serological pipettes  Greiner bio-one, Kremsmünster, Austria 

Sterile Syringes Braun, Melsungen, Germany 

Falcon Tubes Greiner bio-one, Kremsmünster, Austria 

X-Ray films CEA RP-new Agfa healthcare NV, Mortsel, Belgium 

 

1.7. Chemicals 

Table 15: Chemicals used 

Chemical Company 

7AAD Viability staining solution eBioscience, San Diego, CA, USA 

Acetylsalicylic acid Sigma, St. Louis, MN, USA 

Ammonium persulfate (APS) Carl Roth, Karlsruhe, Germany 

Antibody diluent Zytomed Systems GmbH, Berlin, Germany 

Bovine Serum Albumin (BSA) Sigma, St. Louis, MN, USA 

Bromophenol blue Serva, Heidelber, Germany 

Celecoxib Sigma, St. Louis, MN, USA 

Citric acid monohydrate Sigma, St. Louis, MN, USA 

Complete + EDTA Protease Inhibitor 
Cocktail 

Roche Diagnostics gmbH, Mannheim, 
Germany 

Cyclophosphamide 
provided by the pharmacy, Technical 
University of Munich 

Dimethyl sulfoxide (DMSO)  Sigma, St. Louis, MN, USA 

Dulbeccos’s Phosphate-buffered Saline 
(PBS) 

Life Technologies, Carlsbad, CA, USA 

EC-Fixierer F 1000 Ernst Christiansen G,bH, Planegg, Germany 

Epirubicin 
provided by the pharmacy, Technical 
University of Munich 

Ethylenediaminetetraacetic acid Biochrom AG, Berlin, Germany 

Ethanol 
provided by the Department of Pathology, 
Technical University of Munich 

Fetal Calf serum Life Technologies, Carlsbad, CA, USA 
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Geneticin G418 Sulfate Life Technologies, Carlsbad, CA, USA 

HEPES buffer solution 1M Life Technologies, Carlsbad, CA, USA 

Hydrogen chloride Carl Roth, Karlsruhe, Germany 

Hydrogen chlride fuming 37% Merck, Darmstadt, Germany 

Hydrogen Peroxide 30% Merck, Darmstadt, Germany 

IL-2 PeproTech, London, UK 

Indomethacin Sigma, St. Louis, MN, USA 

Interferon-γ PeproTech, London, UK 

Lapatinib 
provided by the pharmacy, Technical 
University of Munich 

L-Arginine Sigma, St. Louis, MN, USA 

L-Asparagine Sigma, St. Louis, MN, USA 

Mayer’s hematoxylin solution Carl Roth, Karlsruhe, Germany 

Methanol Carl Roth, Karsruhe, Germany 

Paclitaxel 
provided by the pharmacy, Technical 
University of Munich 

PageRuler Prestained Protein Ladder 
Pierce Biotechnology Thermo Fisher 
Scientific, Rockford, IL, USA 

Penicillin-Streptomycin Sigma, St. Louis, MN, USA 

Pertex mounting medium Medite GmbH, Burgdorf, Germany 

Ponceau S AppliChemo, Darmstadt, Germany 

Polybrene Satna Curz Biotechnology, Dallas, TX, USA 

Potassium chloride RdH Labrchemikalien, Seelze, Germany 

Potassium dihydrogen phosphate Merck, Darmstadt, Germany 

Puromycin 10 mg/ml Life Technologies, Carlsbad, CA, USA 

Rotiphorese 40 /Acrylamid) Carl Roth, Karlsruhe, Germany 

RPMI Medium 1640 Life Technologies, Carlsbad, CA, USA 

Roche Universal Probe Roche, Basel, Switzerland 

Roche Universal Probe Roche, Basel, Switzerland 

Roche Universal Probe Roche, Basel, Switzerland 

Skimmed Milk powder Sigma, St. Louis, MN, USA 



IV. Material and Methods     32 

Sodium chloride Carl Roth, Karlsruhe, Germany 

Sodium dodecyl sulfate (SDS) Pellets Carl Roth, Karlsruhe, Germany 

Sodium fluoride (NaF) Carl Roth, Karlsruhe, Germany 

Sodium hydroxide solutions Merck, Darmstadt, Germany 

Sodium orthovanadate Sigma, St. Louis, MN, USA 

Sodium pyrophosphate Sigma, St. Louis, MN, USA 

Sodium pyruvate Sigma, St. Louis, MN, USA 

Tapi-2 Sigma, St. Louis, MN, USA 

N,N,N’,N’-Tetramethylethylenediamine 
(TEMED) 

AppliChem, Darmstadt, Germany 

Tumor necrosis factor-α PeproTech, London, UK 

Trastuzumab 
provided by the pharmacy, Technical 
University of Munich 

Tris (Ultra Pure) Carl Roth, Karlsruhe, Germany 

Tris hydrochloride Carl Roth, Karlsruhe, Germany 

Triton X-100 Sigma, St. Louis, MN, USA 

TRIZMA Base Sigma, St. Louis, MN, USA 

Trypan blue solution 0.4% Biochrom AG, Berlin, Germany 

Trypsin/EDTA solution (10x)  Biochrom AG, Berlin, Germany 

Tween 20 Sigma, St. Louis, MN, USA 

qPCR Mastermix, low ROX Agilent, Santa Clara, USA 

Xylene 
Department of Pathology, Technical University 
of Munich 
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1.8. KITS 

Table 16: Commercially available kits used 

Kit Company  Method 

Pierce BCA Protein Assay Kit 
Pierce Biotechnology Thermo 
Fisher Scientific, Rockford, IL, USA 

western blot  

DAB substrate kit high contrast 
Zytomed Systems GmbH, Berlin, 
Germany 

IHC 

Duo Set ELISA Cxcl9 R&D Systems, MN, USA ELISA 

Duo Set ELISA CXCL9 R&D Systems, MN, USA ELISA 

Duo Set ELISA hCXCL10  R&D Systems, MN, USA ELISA 

Duo Set ELISA Cx3cl1 R&D Systems, MN, USA ELISA 

Duo Set ELISA hCX3CL1 R&D Systems, MN, USA ELISA 

Pierce ECL western Blotting 
Substrate 

Pierce Biotechnology Thermo 
Fisher Scientific, Rockford, IL, USA 

western blot 

TMB Microwell Peroxidase 
Substrate System 

KPL, Gaithersburg MD, USA ELISA 

ZytoChem Plus HRP Broad 
Spectrum Bulk Kit  

Zytomed Systems GmbH, Berlin, 
Germany 

IHC 

NucleoBond Xtra Midi Machery-Nagel, Düren, Germany 
Plasmid 
preparation 

RNeasy Plus Kit Qiagen, Hilden, Germany qPCR 

Foxp3 staining Kit eBioscience, San Diego, USA FACS 

1.9. Plasmids 

Table 17: Plasmids used 

Plasmid Company 

pCMV6-Cxcl9 OriGene Technologies, Rockville, USA 

pCMV6-Cx3cl1 OriGene Technologies, Rockville, USA 

pRS-SCXCL9 OriGene Technologies, Rockville, USA 

pCMV6-Kan/Neo OriGene Technologies, Rockville, USA 

pCMV6-Entry OriGene Technologies, Rockville, USA 

pRS-scrambled OriGene Technologies, Rockville, USA 

1.10. Primer 

Table 18: Primer used 

Target 
Nucleotide sequence of forward 
primers in 5’→3’ direction 

Nucleotide sequence of reverse 
primers in 5’→3’ direction 

Cxcl9 CTT TTC CTC TTG GGC ATC AT GCA TCG TGC ATT CCT TAT CA 

Cx3cl1 GGC TTT GCT CAT CCG CTA T CAG AAG CGT CTG TGC TGT GT 

Hprt CCT CCT CAG ACC GCT TTT T AAC CTG GTT CAT CAT CGC TAA 
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2. Methods 

2.1. Cell culture 

2.1.1. Cultivation of cells 

All cells were incubated in a cell incubator (HERACELL 150i) at 37 °C and 

5% CO2 in a water-saturated atmosphere. The appropriate cell culture 

medium was changed every three to four days (Table 19). Cells were 

cultured until a maximum confluence of 70% was reached. For splitting, the 

medium was removed, and the cells were washed with PBS (Dulbecco’s 

PBS). Cells were incubated with a cell-specific splitting solution ( 

Table 20. Page 35) for 5 min at 37 °C in the incubator. Afterwards, the 

detached cells were washed off with cell culture medium, transferred into a 

15 ml tube and centrifuged at 1000 rcf for 3 min. The supernatant was 

discarded, and the cell pellet was resuspended in fresh cell culture medium 

and passed into a fresh cell culture flask. 

Table 19: Cell line-specific cell culture media 

Cell line Medium supplement 

4T1, MDA-MB 231 RPMI 10% FCS 

10 mM HEPES 

0.550 mM L-Arginine 

0.272 mM L-Asparagine  

SK-BR-3, HT29 Mc Coy’s 10% FCS 

10 mM HEPES 

0.550 mM L-Arginine 

0.272 mM L-Asparagine  

BT474 DMEM 
 

 

10% FCS 

10 mM HEPES 

0.550 mM L-Arginine 
0.272 mM L-Asparagine 
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MDA-MB 453 Leibovitz’s 10% FCS 

10 mM HEPES 

0.550 mM L-Arginine 

0.272 mM L-Asparagine  

NK cells RPMI 10% (v/v) FCS  

0.550 mM L-Arginine 

0.272 mM L-Asparagine 

1% (v/v)Sodium Pyruvat 

1% (v/v)Penecillin/Streptomycin 

 

Table 20: Splitting solutions 

Cell line    Splitting solution  

 
RPMI, MDA-MB 231    

 
5% (v/v) EDTA in PBS 

 
SK-BR-3, BT474, MDA-MB 453 

 
0.05% (v/v) Trypsin 

  

 
0.02% (v/v) EDTA in PBS 

2.1.2. Storage of cell culture cells 

Cells were frozen in liquid nitrogen for longtime storage. Therefore, the cells 

were detached with a splitting solution ( 

Table 20), washed off with PBS, transferred to a 15 ml tube and centrifuged 

for 3 min at 1000 rcf. The supernatant was discarded, and the cell pellet 

was resuspended in freezing medium (106 cells/ml in 5% DMSO and 95% 

FCS) and transferred to sterile cryogenic tubes. The cells were cooled down 

with a constant gradient of 1 °C/min until -80 °C was reached. Afterwards, 

the tubes were transferred to liquid nitrogen at -196 °C. Frozen cells were 

thawed on demand for reuse in cell culture. After removing the cells from 

liquid nitrogen, the frozen pellet was washed with cold cell culture medium 

(Table 19, page 34) until it was resuspended and moved to a fresh 15 ml 

tube containing 8 ml cold cell culture medium. The cells were centrifuged at 

1000 rcf for 3 min, and the supernatant, including the cell-toxic DMSO, was 

discarded. The cell pellet was resuspended in cell culture medium and 

transferred to an FCS-precoated cell culture flask. After 24 hours, the 
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medium was replaced by fresh medium, and the cells were cultivated as 

previously described. 

2.1.3. In vitro stimulation experiments 

Murine and human breast cancer cells were removed from cell culture flasks 

and resuspended with 10 ml cell culture medium (Table 19, page 34). Cells 

were counted and seeded at fixed concentrations in cell culture plates 

overnight (1.4 * 105 cells/well for 12-well-plates and 2.5 * 105 cells/well for 

6-well-plates). The next day, the cell culture medium was removed, and 

cells were starved in serum-free medium without FCS. After 24 hours, the 

serum-free medium was renewed, and different stimuli (Table 21) were 

added to the cells together with the corresponding controls. 24 hours later, 

the supernatant was removed and stored at -20 °C, the cells were detached, 

and the cell pellets were stored at -20 °C. 

Table 21: Substances for in vitro stimulation cell culture experiments 

Reagent Stock Dilution Control 

TNF-α 5 ng/µl in 0.1% BSA/PBS 10 ng/ml 0.1% BSA/PBS 

IFN-γ 100 ng/µl 10 ng/ml 0.1% BSA/PBS 

Tapi-2 12 mM in aqua dest. 7.5 µM  aqua dest. 

Indomethacin 10 mg/ml in ethanol 10 µM ethanol  

Ibuprofen 10 mg/ml in ethanol 50 µM  ethanol  

ASS 10 mg/ml in ethanol 10 µM ethanol  

Paclitaxel 6 mg/ml in aqua dest. 12.5 nM aqua dest. 

Epirubicin 2 mg/ml in aqua dest. 1.6 nM aqua dest. 

Cyclophosphamid 20 mg/ml in aqua dest. 250 µM aqua dest. 

 

2.1.4. NK cell isolation 

NK cells were freshly isolated from a leukapheresis product of a volunteer 

donor. The CD19+ B cells and CD3+ T cells were separated from the NK 

cells in a negative selection. The leukapheresis product was diluted with 

RPMI 1:3. Afterwards, a density gradient separation was prepared by 
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transferring 10 ml density gradient separation medium (LSM1077) into a 

fresh 50 ml tube. The diluted cell suspension was added carefully, and the 

whole suspension was centrifuged at 300 rpm for 20 min. The lymphocytes 

accumulated in the interphase between medium und LSM1077 were 

collected by pipetting and transferred to a new 50 ml tube. The cells were 

washed with RPMI and centrifuged again. The cell pellet was then 

resuspended with 10 ml NK cell medium, and the cells were counted with a 

Neubauer counting chamber. Cell density was adjusted to a concentration 

of 20 * 106 cells/ml and incubated overnight at 37 °C. The next day, the cell 

suspension was removed from the flask and centrifuged at 300 rpm for 5 

min. The supernatant was discarded, and the cell pellet was resuspended 

in 50 ml MACS buffer. 100 ml were taken for FACS analysis and mixed with 

1 ml of FACS buffer. The antibody incubation was performed for 30 min on 

ice and protected from light. The antigens tested are listed in (Table 22):  

Table 22: Antibody panels for determination of NK cell purity 

Antibody Amount of antibody in FACS staining 

Panel 1 
 

IgG1-FITC 5 µl 

IgG1-PE 5 µl 

IgG1-PerCP 5 µl 

IgG1-APC 1 µl 

Panel 2 
 

CD56-FITC 5 µl 

CD19-PE 20 µl 

CD3-PerCp 10 µl 

CD45-APC 1 µl 

 

The rest of the cell suspension in MACS buffer was centrifuged at 300 rpm 

for 5 min, and the supernatant was discarded. The cells were resuspended 

in MACS buffer at a concentration of 2 * 108 cells/ml. Afterwards, CliniMCAS 
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microbeads were added to the cell suspension (1 ml CD3 microbeads for 

2*109 cells and 1 ml CD19 microbeads for 0.666 * 109 cells). The solution 

was incubated in a head-over-head rotator at room temperature for 30 min. 

Gentle MACS XS columns were equilibrated with 50 ml MACS buffer by 

washing three times. The magnetic field was activated, and the incubated 

cell suspension was filtered through a 100 µm mesh and applied to the 

columns. The columns were washed three times with MACS buffer, and 

selected cells were eluted by deactivating the magnetic field and rewashing 

them with MACS buffer. NK cell enrichment was determined with a FACS 

analysis of the eluted cells. Afterwards, cells were centrifuged and 

resuspended in freezing medium and frozen as previously described for 

longtime storage. The purity of CD56+ cells was above 83%. 

2.1.5. NK cell cultivation 

NK cells were thawed as previously described and resuspended in 8 ml NK 

cell medium and transferred to a suspension cell culture flask. The cells 

were then incubated overnight at 37 °C. The next day, the cells were 

counted and adjusted to a concentration of 5 * 106/ml. The suspension was 

then seeded into 6-well plates and stimulated with 100 U IL-2 for at least 

three days.  

2.1.6. Stable overexpression of breast cancer cell lines 

Cells were seeded in 6-well plates, as previously described IV.2.1.3. On the 

next day, the medium was replaced by 1 ml of fresh serum-free medium. 

The transfection reagent was prepared by adding 6 µl of Lipofectin reagent 

to 100 µl serum-free medium in a sterile polystyrene round-bottom tube and 

3 µg of the desired overexpression plasmid (Table 17, page 33) in 100 µl 

hunger medium in another tube. Both solutions were incubated for 45 min 
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at room temperature. After incubation, the DNA-containing solution was 

added to the Lipofectin solution, and the mixture was incubated for another 

15 min at room temperature. The transfection solution was then added to 

the adherent cells and incubated for 6 hours. After that, the supernatant was 

discarded, and 3 ml of fresh cell culture medium were added. The cells were 

incubated until the 6 well plate was at a confluence of 80%. Then the cells 

were split into two 10 cm Petri-dishes and cultured until 80% confluence 

again. Dependent on the plasmid, the appropriate selection medium was 

added to the cells. The surviving clones were slightly detached with a 

splitting solution (Table 20, page 35)and single-cell clones were expanded 

for analysis of the transfection efficiency with Enzyme-linked 

immunosorbent assay (ELISA).  

2.1.7. Stable shRNA-mediated knockdown of breast cancer cell 

lines 

For stable knockdown, a retrovirus packaging cell line was used (Phoenix-

ECO). The cells were seeded in a 6-well plate as previously described and 

cultured overnight to a confluence of 70% (IV.2.1.3). The cells were then 

transfected with lipofection, as previously described using an shRNA-

containing plasmid IV.2.1.6. After six hours, the supernatant was removed, 

and fresh culture medium was added. The medium was then changed every 

morning and evening for the next two days. The whole retroviral phage-

containing supernatant was collected, and 10 µg/ml polybrene was added. 

Target cells were seeded as previously described and were covered with 

retrovirus-containing solution. The solution was renewed after 12 hours and 

replaced by cell culture medium the next day. The cells were then grown to 

a confluence of 80% and split into two 10 cm dishes. The selection was then 
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performed as previously described (IV 2.1.6). 

2.1.8. Proliferation assay 

Different 4T1 transfectants and wildtype cells were seeded in 24-well plates, 

as previously described (2 * 104 cells/well). Cells were detached with 

increasing amounts of splitting solution and counted by using a Neubauer 

counting chamber after 3 hours (200 µl splitting solution), 24 hours (300 µl 

splitting solution), 48 hours (400 µl splitting solution) and 72 hours (500 µl 

splitting solution). The proliferation rate was measured by normalization to 

the initial cell count. 

2.2. Flow cytometry of cultured cells 

Cells were removed from cell culture flask with splitting solution, centrifuged 

at 1000 rcf for 3 min, and the supernatant was discarded and resuspended 

in 1 to 5 ml FACS buffer (Table 23). 

Table 23: Preparation of FACS buffer 

FACS buffer  

      

fetal calf serum 1% 

EDTA  0.1 mM 

sodium azide 0.1% 

PBS   ad 1l 

 

Samples were counted afterwards, and 1 * 106 cells were used for one 

sample. Cells were washed in 500 µl FACS-buffer, centrifuged, and 

resuspended in another 50 µl FACS buffer. 8 µl of antibody (200 µg/ml) was 

added to the sample and incubated for two hours on ice and resuspended 

every 20 min. Samples were centrifuged and washed in 500 µl FACS buffer. 

After another centrifugation, the cells were resuspended in 700 µl FACS 

buffer, and 2 µl of the fluorophore-conjugated secondary antibody (Alexa 



IV. Material and Methods     41 

488 goat anti-mouse) were added. The incubation was done for 30 min on 

ice and protected from light. After the incubation, cells were washed with 

500 µl FACS buffer, centrifuged, and resuspended in 700 µl of FACS buffer. 

4 µl of the viability staining (7AAD) was added, and samples were ready to 

be measured after 10 min incubation in the dark. Centrifugation at 1000 rpm 

for 3 min and washing with 500 µl FACS buffer was performed between 

each step.  

2.2.1. Flow cytometry of murine tissue 

Five million dissociated tumor or spleen cells were used for each sample. 

Cells were stained with live/dead fixable dye 506 in 100 µl FACS-buffer 

(1:200, Table 23, page 40) for 15 min at room temperature. Afterwards, free 

Fc-fragments were blocked with 2.4G 2 antibody in 100 µl FACS-buffer 

(1:300) for 10 min at 4 °C without further washing, and the surface labeling 

was performed with different antibodies (Table 24, page 42) for 15 min on 

ice. In preparation for Foxp3 detection, the eBioscience Foxp3 staining kit 

was used. Cells were now resuspended in 200 µl freshly prepared fix/perm 

solution for 60 min at 4 °C. Afterwards, cells were washed three times with 

perm buffer. Foxp3 detection was performed in 100 µl perm buffer for 60 

min at room temperature. Cells were washed in 200 µl perm buffer after 15 

min incubation. For measurement, cells were resuspended in 500 µ l of 

FACS buffer. If not mentioned otherwise, there was a washing step with 500 

µl FACS buffer between each step, followed by centrifugation at 1000 rcf for 

3 min. For each sample, fluorescence minus one (FMO), unstained control, 

and live/dead only controls were prepared and measured. 
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Table 24: Antibody panels for lymphocyte determination in murine tumors 

Antigen Channel/Fluorophore Dilution 

CD3 PE-Cy7 1:200 

CD4 eFluor 450 1:400 

CD8a APC-Cy7 1:200 

DX5 APC 1:200 

CD 25 PE 1:300 

FoxP3 FITC 1:200 

CD11b PE-Cy7 1:600 

CD11c eFluor 450 1:300 

MHCII APC 1:600 

Ly6C APC-Cy7 1:400 

Ly6G FITC 1:300 

F4/80 PE-Cy7 1:400 

CD86 PE-Cy5 1:400 

 

2.3. In vivo experiments 

2.3.1. Mouse strains 

The mouse strains Balb/c and Balb/c SCID were obtained from Charles 

River Laboratories. Mice were maintained at the helicobacter-free mouse 

room 4 in the animal facilities of the Zentrum für Präklinische Forschung of 

the Technical University of Munich. All experiments were performed 

according to standards and approved by the government of Upper Bavaria. 

2.3.2. Subcutaneous tumor inoculation 

Mice at the age of eight weeks were taken for the tumor implantation 

experiments. Two different models were used following the same 

procedure. A syngeneic mouse model was achieved by transplanting 104 

4T1 murine breast cancer cells into the 4th fat pad of female Balb/c wild type 

mice. The same model was used in a xenogenic context by transplanting 

2 * 106 human HT29 or MDA-MB 453 cells into the 4th fat pad of 

immunocompromised female Balb/c SCID mice (CBySmn.Cg-Prkdcscid/J ). 

In addition, transfected cell lines were used for the in vivo experiments. The 
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animals were sedated with isoflurane before inoculation, and cells were then 

injected with a sterile syringe in a volume of 50 µl PBS. The mice were 

closely followed up every 48 hours, and the tumor size was measured using 

a caliper. The mice were sacrificed after a total tumor diameter of 1.5 cm 

had been reached or if any other predefined critical status was observed. 

Those included losses of weight, unnatural social behavior, or injuries. 

2.3.3. Indomethacin treatment 

The mice were treated by oral gavage every day for 14 days. For this, 50 

µg of Indomethacin were dissolved in 100 µl 20% ethanol in water and fed 

afterwards. Control mice were fed with 20% ethanol in water only. Animals 

were sacrificed after a total of 21 days. 

2.3.4. Trastuzumab treatment  

The mice were treated by intraperitoneal injection twice a week. To this end, 

the appropriate dose of 5 mg/kg was diluted in water of injectable grade, 

and animals were treated afterwards. Control mice were injected with water 

only. Animals were sacrificed when a critical status, as described above, 

was observed, and the animals were further analyzed. 

2.3.5. Tissue generation 

The mice were anesthetized with isoflurane and blood samples were taken 

from the v. fasciales. Afterwards, the mice were sacrificed by cervical 

dislocation. The tumor and spleen were removed, weighed, measured, and 

photo-documented. Kidneys, liver, lungs, and lymph nodes were also 

dissected. The tissue was either freshly frozen with liquid nitrogen or moved 

to fixation with 4% paraformaldehyde overnight at 4 °C. Pieces of tumor and 

spleen, as well as the lungs, were used for immediate dissociation. 
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2.3.6. Dissociation of mouse tissue 

Tumor and spleen were removed from the mouse right after sacrifice.  

Tissue weight was measured on a scale, and half of the tissue was stored 

in 2 ml HBSS in a 24-well plate on ice. The other half of the tissue was 

stored for IHC analysis and fresh frozen. For dissociation, the tumor was cut 

into small pieces with a fresh scalpel and 1 ml of digestions solution (RPMI 

medium containing 0.5 mg/mL Liberase TL and 0.25 mg/mL Dnase I) was 

added. Solution and tissue pieces were blown through a 3 ml syringe for 

optimal homogenization. Afterwards, the samples were incubated for 45 min 

at 37 °C. The reaction was stopped by adding 20 µl EDTA solution (0.5 M). 

All the samples were strained through a new 70 µm cell strainer into a 50 ml 

Falcon. Samples were washed with 4 ml of FACS buffer. Cells were 

centrifuged at 250 rpm or 10 min at 4°C, resuspended in FACS buffer. The 

cell solution was then processed to FACS analysis. 

2.3.7. Lung metastasis colony formation assay 

Lungs were digested in the same way as tumors and spleens. The cell 

suspension was washed three times with 10 ml of HBSS. Cells were 

afterwards resuspended in selection medium (Table 25). Three dilutions 

were prepared (1:10, 1:100, 1:1000), and all of them were plated in 10 cm 

cell culture dishes. After two weeks of incubation at 37 °C, the medium was 

removed, and colonies were fixed with ice-cold methanol. Colonies were 

counted for every dilution and every sample. 

Table 25: Selection medium for selection of positively transfected cell clones 

Selection medium   

FCS  10% (v/v) 

Penicillin/Streptomycin  1% (v/v) 

6-Thioguanine 5 µg/ml 

RPMI ad 500 ml 
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2.4. Enzyme-Linked ImmunoSorbent Assay (ELISA) 

A precise and sensitive way of measuring protein concentrations in 

solutions or tissue lysates is ELISA. In this project, only commercially 

available and validated ELISA assays were used (R&D Systems, CXCL9, 

CXCL10, CX3CL1, Prostaglandin IV.1.8). The following procedure is 

adapted from the distributor’s manual (R&D Systems).  

2.4.1. Sandwich ELISA 

This technique is based on a two-step reaction with two antibodies being 

used for the detection. The first antibody captures the analyte out of a 

solution or lysate. The second antibody is conjugated to a reporter enzyme 

and links this specifically to the analyte.  

Uncoated NUNC microtiter plates were incubated with 1% BSA/PBS 

solution for one hour at room temperature to block unspecific background 

signals. After the blocking steps, the wells were incubated with the 

corresponding dilutions of the capture antibody for one hour (Table 26): 

Table 26: Capture antibodies for chemokine detection via ELISA 

Antigen Species Concentration 

CXCL9 mouse 1:180  
CXCL10 mouse 1:180  
CX3CL1 mouse 1:180  

    

CXCL9 human 1:180  
CXCL10 human 1:180  
CX3CL1 human 1:180   

 

The supernatant was discarded, and all wells were washed three times with 

PBS-T (PBS with 0.5% Tween 20). Doublets of 100 µl of sample and 

standard (dilution series) were loaded in each well and incubated for two 

hours at room temperature. The supernatant was discarded, and the wells 
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were washed with PBS-T. Now the HRP-conjugated detection antibody was 

added to each well and incubated for two hours at room temperature.  

Table 27: Detection antibodies for chemokine detection via ELISA 

Antigen Species Concentration 

CXCL9 mouse 1:180  
CXCL10 mouse 1:180  
CX3CL1 mouse 1:180  

    
CXCL9 human 1:180  
CXCL10 human 1:180  
CX3CL1 human 1:180   

 

The final reporter reaction was performed by the addition of hydrogen 

peroxide and HRP substrate for 20 min and stopped by the addition of 

H2SO4. Signal accumulation was detected at 450 nm.  

2.4.2. Competitive ELISA 

In some cases, the analyte is too small to provide two epitopes for two 

potentially binding antibodies. Therefore, a competitive PGE2 ELISA Kit 

(Cayman) was used. The plates were precoated with an anti-mouse IgG. 

The wells were incubated with a tracer (AChE linked to PGE2), the specific 

PGE2 antibody, and either sample or standard. The measurement was 

performed in triplets. All unbound reagents were removed by repeated 

washing steps with PBS-T. The wells were then incubated with ELLmanns 

reagent, which can be catalytically cleaved by the AChE. 

2.5. Europium NK cell lysis assay 

NK cells were thawed by the addition of 8 ml NK cell medium (Table page 

34). The solution was then transferred to a T-25 suspension cell culture flask 

and was incubated overnight. The next day, the NK cells were counted and 

adjusted to a concentration of 5 * 106 cells/ml in 6-well plates. Afterwards, 
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the cells were stimulated with IL-2 (final concentration 500 U/ml) for three 

days. Tumor cells were prepared by seeding 5 * 105 cells/well in a 6-well 

plate. The next day, the cells were stimulated or transfected, as previously 

described (IV.2.1.6). The cell lysis assay was performed by labeling 5 * 105 

tumor cells with 0.5% DELFIABATDA reagent in 200 ml Europium medium 

for 30 min at 37 °C. After that, the cells were resuspended in 10 ml Europium 

medium (RPMI Medium w/o Phenol red, 10% FCS), and 100 µl were used 

for each well in the assay. The NK cells were resuspended in 5 ml Europium 

medium and counted. 1.4 * 106 cells were then resuspended in 28 ml 

Europium medium, and a 6-fold 1:1 dilution series was prepared. 100 µl of 

each NK cell dilution was added to the prepared tumor cell solution. Each 

sample was prepared in triplicates, and altogether different tumor cell/NK 

cell ratios were measured (1:10; 1:5; 1:2.5). For determination of specific 

cell lysis, a blank value with medium only, maximum lysis with 0.5% Triton 

and spontaneous lysis with tumor cells only, was also prepared. NK cells 

and tumor cells were centrifuged and incubated for 4 hours at 37 °C. After 

the incubation, 25 µl from each well were transferred to 200 µl of Europium 

solution (Perkin Elmer), and the fluorescence was measured with a time-

resolved fluorometer. The specific cell lysis was calculated after subtraction 

of the blank value (medium only) and spontaneous lysis related to the 

maximum lysis. 
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2.6. Protein isolation 

2.6.1. Isolation of tissue 

For the protein isolation, small pieces of fresh frozen tissue (0.5 cm3) from 

human or murine samples were placed into frozen cryotubes together with 

a freshly autoclaved steel ball. The samples were homogenized for 2 * 10 

seconds in a tissue lyser. The dissociated tissue was resuspended in 250 

µl lysis buffer (Table 28). The probe was centrifuged at maximum speed for 

5 minutes, and the supernatant was transferred to a fresh tube and used for 

concentration determination and gel-electrophoreses. 

Table 28: RIPA buffer 

    

Triton X100 1% 

protease inhibitors 1x 

Vanadate 1 mM 

glycerol phosphate 1 mM 

sodium flouride  50 mM 

sodium pyrophosphate 10 mM 

TBS (pH7.4) ad 100 ml 

 

2.6.2. Isolation of cells 

106 Cells were removed from the flasks with splitting solution ( 

Table 20, page 35) and washed with PBS. After centrifugation at 1000 rcf 

for 3 minutes, the supernatant was discarded and resuspended with 250 µl 

of lysis buffer. Samples were incubated on ice for 20 minutes, and 

afterwards, the cells were sonicated for 10 seconds. The supernatant was 

used for concentration determination or gel electrophoreses after a final 

centrifugation step for 5 min at maximum speed. 

 



IV. Material and Methods     49 

2.6.3. Protein concentration. 

The Pierce BCA Protein Assay KIT (Thermo scientific) was used. All 

reagents were prepared according to the supplier’s protocol. The BCA 

assay Kit is based on a copper reduction reaction, which leads to intense 

purple color, stoichiometrically equal to the concentration of protein in the 

solution. A good quantification is possible by preparing a calibration row of 

bovine serum albumin within every experiment (2 mg, 1.5 mg, 0.75 mg, 0.5 

mg, 0.25 mg, 0.125 mg, 0.025 mg). 10 µl of protein solution was mixed with 

200 µl of working solution, prepared according to the manual. Samples were 

prepared in doublet. Afterwards, the reaction was incubated at 37 °C for 30 

min. Absorption was quantified at 569 nm. 

2.7. SDS-Polyacrylamide Gel electrophoresis (SDS-PAGE) 

Gels containing 7% to 12% polyacrylamide were prepared as followed in 

glass plates with a distance of 1.5 mm (Table 29). Gels were moved to a 

protean tetra chamber (Biorad, München). All lysates were diluted to 30 µg 

of protein per slot with protein lysis buffer, and 6 µl of reducing Lämmli buffer 

with mercaptoethanol was added to a total volume of 30 µl. The samples 

were denatured at 95 °C for 5 min before being loaded onto the 

polyacrylamide- gel. 

Table 29: Stacking and separation gel for SDS-PAGE  

stacking gel   separation gel    

aqua dest 4.1 µl aqua dest 3 ml 

Tris HCl 1.5 M pH 
8.8 

2.6 µl 
Tris HCl 1 M pH 
6.8 

1.3 ml 

Polyacrylamid 3.3 µl Polyacrylamid 750 µl 

10%SDS 100 µl 10%SDS 50 µl 

TEMED 50 µl TEMED 25 µl 

APS 10%  15 µl APS 10% 10 µl 

total 10 ml total 5 ml  
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The chamber was filled with electrophoresis buffer (Table 30), and two gels 

could be processed in parallel. The samples were run for one hour at 120 V 

or until the loading front was close to the end of the gel.  

Table 30: Electrophoresis buffer 

Electrophoresis buffer   

Tris Base  25 mM 

Glycin   190 mM 

SDS    0.10% 

aqua dest  Ad 1 l 

 

2.8. Western Blot analysis 

The blot was performed in the same protean tetra chambers using a 

procedure for wet protein transfer. When the SDS-PAGE was finished, the 

gel was removed from the glass plates, and the stacking gel was discarded. 

A nitrocellulose membrane with a pore size of 0.45 µm was moved onto the 

separation gel. Since constant pressure, in order to guarantee sufficient 

contact, is necessary for a successful protein transfer, three layers of filter 

paper and sponges were applied to each side of the gel/membrane stack. 

The whole staple was then moved into a blotting cassette and placed into 

the blotting chamber. All steps were performed under wet conditions. The 

chamber was filled with blotting buffer (Table 31), and the full aperture was 

placed in sufficient amounts of ice. The electroblotting was done for 1.5 

hours at 250 mA. 

Table 31: Wet blotting buffer 

Blotting buffer   

Tris Base  25 mM 

Glycin   190 mM 

Methanol   20% 

aqua dest   ad 1 l 
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After successful blotting, the membrane was removed and blocked with 5% 

(w/v) skimmed milk powder in TBS-T for one hour at room temperature. 

Afterwards, following short washing, the blocking solution was discarded, 

and the primary antibody in 2.5% (w/v) skimmed milk powder in TBS-T was 

added to the membrane and incubated for one hour at room temperature or 

4 °C overnight (Table 32). 

Table 32: Primary antibodies for western blot. For further detail see (Table 10 page27)  

Primary 
antibody 

Isotype  Final concentration 

CX3CL1 monoclonal mouse IgG 1 µg/ml  
ADAM10 polyclonal goat IgG 2 µg/ml  
ADAM17  monoclonal mouse IgG 1 µg/ml  
CX3CR1 polyclonal goat IgG 1 µg/ml  
GAPDH monoclonal mouse IgG 0.5 µg/ml   

 

The membrane was washed three times with TBS-T for 5 min. Then, the 

secondary HRP-conjugated antibodies in 2.5% skimmed milk powder TBS-

T were added to the membrane and were incubated for 1 hour at room 

temperature. 

Table 33: Secondary antibodies for western blot 

Secondary antibody Isotype Final concentration   

Goat anti-mouse HRP Polyclonal IgG (H+L) 1:10000 
 

Donkey anti-goat HRP Polyclonal IgG (H+L) 1:1000   

 

After another washing step with TBS-T, the membranes were incubated with 

ECL western blot detection reagent and detected in an automatic X-ray film 

processing machine. Afterwards, the antibodies were removed by 

incubating the membrane in stripping buffer at 80 °C for 20 min. After 

stripping, the membrane was blocked and incubated with antibodies as 

described above. This procedure was performed at maximum for two times 
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Table 34: Stripping buffer 

Stripping buffer   

Glycin  200 mM 

NaCl  280 mM 

pH    2.5 

aqua dest.  Ad 1 l 

 

2.9. Paraffin embedded tissue analysis  

2.9.1. Hematoxylin and Eosin (HE) staining 

Samples were deparaffinized with xylol 10 minutes two times, followed by a 

descending alcohol series, starting at 96% to 50% for 3 min each. After that, 

the sections were put into tap water and were then incubated in a 

haemalaun solution for 3 min. Blueing was performed for at least 5 min in 

tap water. Eosin staining was conducted in prepared eosin solution (1.5 g 

eosin in 1% acidic acid in 300 ml 96% ethanol). Slides were stained in the 

solution for 1 min and then washed again in tap water. Slides were 

dehydrated using an ascending alcohol series to 96% for 3 min each and 

two times xylol for 5 minutes each. Sections were mounted with Pertex 

(Medite) afterwards.  

2.9.2. Immunohistochemical analysis (IHC) 

Several IHC protocols have been established depending on the used 

antibody and tissues. In general, all the sections were deparaffinized with 

xylol tow times for 10 minutes each and a descending alcohol series for 5 

minutes each. Afterwards, the slides were washed two times with TBS 

buffer followed by antigen retrieval using an appropriate buffer and pressure 

cooking for four minutes. Slides were cooled down slowly with aqua dest. 

and washed with TBS-T two times for 5 minutes. Endogenous peroxidase 

activity was blocked with 3% peroxide solution for 20 min. Different blocking 
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steps were applied to get rid of endogenous biotin, avidin, and FC 

fragments. The primary antibody was diluted to the proper concentration in 

the antibody dilution solution (Table 10, page 27). Sections were incubated 

with 120 µl of antibody dilution for 1 hour at room temperature or 4 °C 

overnight. Signal detection was achieved using a two-step labeled 

streptavidin-biotin (LSAB, Dako) system. A species-specific biotin-

conjugated secondary antibody was incubated for 20 min. A streptavidin-

conjugated HRP was incubated for another 20 min. Detection was acquired 

using DAB substrate for 20 min. Afterwards, the reaction was stopped with 

aqua dest. For better contrast, the slides were counterstained with 

haemalaun for 3 min, and the blueing was performed for at least 5 min. In 

between every step, there was a washing step performed with TBS for 5 

min. Finally, the slides were dehydrated with an ascending alcohol series 

for 3 min each and two times xylol for 10 min. Slides were mounted with 

Pertex afterwards.  

2.10. Reverse transcription-quantitative polymerase chain reaction 

(RT-qPCR) 

2.10.1. RNA Isolation 

 

The isolation of total RNA was carried out according to the manufacture’s 

protocol. Deep frozen tissue pieces (0.5 cm3) were homogenized and 

resuspended in RLT buffer (Qiagen). The RNeasy mini kit (Qiagen) is based 

on a step by step purification of RNA. In the first step, unwanted gDNA is 

removed, and, in a second step, the RNA is isolated and purified. 
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2.10.2. Evaluation of RNA quality 

The concentration of the freshly isolated mRNA was measured by using 1 

µl of a sample in the nanodrop spectrophotometer (Thermo scientific). 

Potential contamination of DNA and protein was calculated by building the 

proportion between 260 nm and 280 nm, as well as 230 and 260 nm. 

Samples with a ratio of 1.8 were accepted as good quality and stored at  

-80 °C. 100 ng of the spectrophotometrically approved samples were put in 

a 1% agarose gel to check for the proper integrity of the ribosomal RNA 

bands. Samples showing two bands at 28S and 18S ribosomal RNA were 

accepted and put into further analysis. 

2.10.3. cDNA synthesis 

For cDNA synthesis, 1 µg of RNA was reversely transcribed using the cAMV 

reverse transcription kit (Thermo Fisher). The reaction mix was prepared 

according to the manufacturer’s protocol and filled up with aqua dest. to a 

total of 20 µl (Table 35). The mixture was incubated for 10 min at 23 °C, and 

the synthesis was performed for 10 min at 55 °C, followed by an inactivation 

step for 10 min at 80 °C. The cDNA concentration was measured and 

adjusted to a total concentration of 70 ng/µl with aqua dest. and stored at -

20°C for further use. 

Table 35: Pipetting scheme for cDNA synthesis 

cDNA synthesis   

5x cDNA synthesis buffer 4 µl 

dNTP mix 2 µl 

RNA Primer (Random hexameres) 1 µl 

Reverse transcriptase enhancer 1 µl 

Template RNA x µl = 1 µg RNA 

Water PCR Grad (Rnase free) 12 - x µl 

total 20   µl 
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2.10.4.  q-RT-PCR 

This technique makes use of the PCR-dependent amplification of DNA and 

allows a quantitative analysis by adding a quenched fluorescent, amplicon-

specific probe (Roche Universal Probe Library) to the reaction. After 

polymerase readout, the quencher is lost, and the fluorescent signal can be 

detected. The mass equivalent fluorescence makes it possible to measure 

the amount of amplified target DNA accurately in a time-dependent manner. 

Table 36: Roche universal probes used for qRT-OCR 

target gene Roche probe # 

Cx3cl1  80 

Cxcl9 91 

Hprt 95 

 

210 ng of cDNA was used for the qPCR analysis. After an initial denaturation 

step at 95 °C for 3 min, 40 cycles each 15 s at 95 °C followed by 1 min at 

60 °C were used for the measurement.  

Table 37: qPCR pipetting scheme 

qPCR 
 

aqua dest 5.8 µl 

forward primer 20 µM 0.4 µl 

reverse primer 20 mM 0.4 µl 

Roche UPL 0.4 µl 

Brilliant III Master Mix 10 µl 

cDNA 70 ng/µl 3 µl 

total 20 µl 

 

2.11. Transformation of bacterial cells 

For plasmid amplification, the target plasmids were transformed into 

competent DH5α bacteria. 0.5 µg of plasmid DNA was added to 50 µl DH5 

α bacterial cells. The mixture was incubated for 20 min on ice, and 
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afterwards, a heat shock was applied for 45 s at 42 °C. The samples were 

then incubated on ice for at least 2 min and then transferred to a pre-culture 

in 1 ml of LB medium (Table 38) for one hour at 37 °C. The pre-culture was 

then added into 100 ml LB medium containing the corresponding selection 

antibiotic for overnight culture at 37 °C. After a maximum of 16 hours, the 

cells were centrifuged at 5000 rcf for 10 min and pellets were stored at -20 

°C. 

Table 38: LB Medium 

LB Medium   

tryptone 1 g 

yeast extract  0.5 g 

NaCl 1 g 

aqua dest. ad 100 ml 

 

2.12. Plasmid preparation 

The plasmid preparation was performed using the Midi Prep Protocol and 

the NucleoBond Xtra Midi Kit. The cell pellets of transformed DH5 α cells 

were resuspended in the provided buffer, and the protocol was conducted 

according to the manufacturer’s instructions. After purification, the 

concentration of plasmid DNA was measured, and the solutions were stored 

at -20 °C for further use. 
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V. RESULTS 

 

1. Induction of Cxcl9 by inflammatory cytokines in 

murine 4T1 breast cancer cells 

The release of Cxcl9 by the murine breast cancer cell line 4T1 was 

measured in the cell supernatants by ELISA after the stimulation with the 

inflammatory cytokine IFN-γ in vitro.  

 

 

  

Figure 2: Induced Cxcl9 secretion in the murine 4T1 breast cancer cell line.  

The secretion of Cxcl9 in 4T1 breast cancer cells could be significantly increased by 
inflammatory stimulus and COX inhibition (A), Dose-dependent stimulation with the 
inflammatory cytokine IFN-γ (2.5;5;10 ng/ml) (B) Non-selective COX inhibition by 
indomethacin (10 µM) together with an IFN-γ stimulation (10 ng/ml). (C) The COX 
inhibition led to reduced prostaglandin PGE2 synthesis. (D) Stable COX-2 knockdown 
(4T1pRS-shCOX-2) and dose-dependent IFN-γ stimulation led to differential secretion of 
Cxcl9. Data from three independent experiments; *p < 0.05, **p < 0.005, ***p < 0.001. 
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Under baseline conditions in our experimental setting, the secretion of Cxcl9 

by 4T1 cells was at a concentration of 68.7 pg/ml. The accumulation of 

Cxcl9 in the cell culture supernatant could be increased in a dose-

dependent manner by raising the IFN-γ concentration. The amount of 

secreted Cxcl9 was tripled after stimulation with 2.5 ng/ml IFN-γ to a 

concentration of 229 pg/ml (<0.001, Figure 2A, page 57). Further stimulation 

with 5 ng/ml IFN-γ increased the secretion to 317 pg/ml (p<0.001, Figure 

2A, page 57). A final concentration of 10 ng/ml IFN-γ is sufficient to increase 

Cxcl9 by the factor of 14 compared with baseline secretion to a 

concentration of 1.35 ng/ml (p<0.0001, Figure 2A, page 57). 

 

2. Induction of Cxcl9 by non-selective COX inhibition 

A study analyzing the effect of COX inhibition in human breast cancer cells 

revealed an increased CXCL9 secretion after treatment with non-selective 

COX inhibitors (Bronger et al. 2012). Additionally, an increased COX 

expression in breast cancer specimens was associated with a decreased 

amount of TILs in the tumor tissue. Following the regulation of Cxcl9 in 4T1 

cells via IFN-γ, the effects of unselective COX inhibition (indomethacin) 

together with IFN-γ stimulation in the same experimental set up were 

analyzed.  

Combined treatment of 4T1 cells with 10 µM indomethacin and 10 ng/ml 

IFN-γ showed 17% increased Cxcl9 secretion (1350 ng/ml) compared to 

IFN-γ only (1150 ng/ml; p=0.039, Figure 2B, page 57). The synthesis of 

PGE2 was significantly impaired by indomethacin-induced COX inhibition. 

The absolute concentrations decreased from 3090 pg/ml to 545 and 488 
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pg/ml after 24 h and 48 h (p=0.010 and p=0.002, Figure 2C, page 57). To 

further validate the effect of COX inhibition, COX-2 was knocked down in 

4T1 cells via short hairpin RNA (shRNA) (cells were kindly provided by Prof. 

William Schieman, Institute of Cancer Research, Case Western Reserve 

University). The COX-2-depleted cells and the corresponding scrambled 

control cells showed no increased Cxcl9 secretion compared to wildtype 

4T1 cells under normal cell culture conditions (Figure 2D, page 57). After 

stimulation with IFN-γ, the COX-2-depleted cells showed increased Cxcl9 

secretion compared to the scrambled control and wildtype cells, in a dose-

dependent manner (Figure 2D page 57). Stimulation with 1 ng/ml IFN-γ 

doubled Cxcl9 concentration compared to non-stimulated control cells, the 

effect was stronger with a concentration of 5 ng/ml IFN-γ and increased 

Cxcl9 secretion by a factor of 1.5 (p=0.023, Figure 2D, page 57). 
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3. Overexpression or depletion of Cxcl9 does not affect 

cell growth in vitro in murine 4T1 breast cancer cells 

In order to further analyze the effects of Cxcl9 in a murine model of breast 

cancer, 4T1 cells were stably transfected with Cxcl9 (pCMV6-Cxcl9) and 

shRNA against Cxcl9 (pRS-sCXCL9).  

 

Figure 3: Generation of stably Cxcl9-overexpressing and Cxcl9-depleted 4T1 
murine breast cancer cells.  

(A) Cxcl9-depleted cells (pRS-shCxcl9) showed significantly decreased Cxcl9 secretion 
upon IFN-γ stimulation. Data was generated by ELISA of three different experiments 
(*p<0.05).(B) Cxcl9-overexpressing (pCMV6-Cxcl9+) 4T1 cells showed approx. 200-fold 
increased Cxcl9 secretion compared to control vector-transfected cells (pCMV6-
Kan/Neo).(C) Relative growth curves of Cxcl9-transfected (pCMV6-Cxcl9+) or Cxcl9-
depleted (pRS-sCXCL9) cells and of control cells (pCMV6-Kan/Neo, pRS-scrambled) 
were determined by cell counting in three independent experiments. The quantification 
of growing cells was set in relation to the initial cell count at three hours after seeding.  

 

ELISA for Cxcl9 showed a significant chemokine secretion in the stably 

Cxcl9-transfected cells under unstimulated conditions (2230 pg/ml) as 

compared to the control vector cells (105 pg/ml, p<0.001, Figure 3A). On 

the other hand, knockdown of Cxcl9 by shRNA impaired Cxcl9 secretion 

upon IFN-γ stimulation compared to wild-type or scrambled-control cells by 
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approx. 60% (p<0.001, Figure 3B, page 60). The Cxcl9-overexpressing 

cells, as well as the Cxcl9 depleted cells, showed no significant change in 

growth rates compared to control cells (Figure 3C, page 60). 

4. Cxcl9 overexpression improves the anti-tumor 

response in the 4T1 syngenic mouse breast cancer 

model 

Stably Cxcl9-overexpressing 4T1 cells and the corresponding control cells 

were subcutaneously injected into female Balb/c mice. The tumor diameter 

was measured regularly, and the mice were sacrificed after 21 days. Blood 

was taken for determination of the chemokine concentration, and the tumor 

was dissected and documented as described in the Materials section 

(Figure 4, page 62). 
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A highly Cxcl9-overexpressing 4T1 cell clone was used for the in vivo 

experiment with a secretion of 0.50 ng/ml Cxcl9 in the supernatant 

compared to 0.07 ng/ml in the control cells (Figure 4A). The tumor volume 

 

Figure 4: High Cxcl9 expression of tumor cells led reduced tumor burden in the 
syngenic 4T1 mouse model.  

(A) Cxcl9 secretion was significantly increased in Cxcl9-overexpressing cells (pCMV6-
Cxcl9) compared to control cells (pCMV6-Kan/Neo). Unstimulated cell supernatants were 
tested by ELISA right before tumor injection (n=3). 1x104 tumor cells were injected in the fat 
pad of female Balb/c mice and tumor growth was documented for 21 days. 7 mice were 
used per group. Tumor volume (B) and tumor mass (C) were significantly decreased in 
Cxcl9-overexpressing cells (pCMV6-Cxcl9) compared to control cells (pCMV6-Kan/Neo) 
(D) increased Cxcl9 levels of blood samples in mice with Cxcl9-overexpressing tumors as 
determined by ELISA (n=7) and (E) increased Cxcl9-mRNA levels in tumor tissue of mice 
with Cxcl9-overexpressing tumors as determined by RT-qPCR normalized to HPRT 
expression (n=7).*p>0.05 
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of mice bearing Cxcl9-overexpressing tumors differed significantly from the 

control group after 12 days (pCMV6-Cxcl9: 17.7 ± 8.6 mm3 and pCMV6-

Kan/Neo: 67.9 ± 7.5 mm3; p=0.002, Figure 4B, page 62). The difference in 

tumor size increased after 17 days by a factor of 3 (pCMV6-Cxcl9: 51 ± 6.5 

mm3 and pCMV6-Kan/Neo: 156.4 ± 36.8 mm3 p=0.035, Figure 4, page 62). 

The discrepancy in tumor volume persisted till the end of the experiment at 

day 21 with a final mean tumor volume of 129.3 ± 18.1 mm3 for Cxcl9-

overexpressing tumors and 404.4 ± 87.2 mm3 for control tumors (p=0.003, 

Figure 4, page 62). The 4T1 wild type tumors showed a mean weight of 456 

mg ± 133 mg in comparison to 165 mg ± 50 mg for Cxcl9-overexpressing 

tumors (p<0001, Figure 4C, page 62). The analysis of Cxcl9 in blood 

samples showed elevated Cxcl9 concentrations in plasma of mice bearing 

Cxcl9-overexpressing tumors suggestive of its secretion into the circulation 

by the tumor cells (2 pg/ml vs. 14 pg/ml p=0.013, Figure 4D, page 62). 

Analysis of Cxcl9 mRNA expression in the tumors after 21 days revealed 

stably increased chemokine mRNA levels in tumor tissue of Cxcl9-

overexpressing 4T1 cells by a factor of 6 compared to control tumors (0.13 

± 0.05 vs. 0.58 ± 0.23, p=0.024, Figure 4E, page 62).  
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5. CXCL9 knockdown does not affect tumor growth in 

the 4T1 syngeneic breast cancer mouse model 

Cxcl9-depleted 4T1 cells and scrambled RNA control cells were injected 

into the fat pad of female Balb/c mice. The tumor volume was measured for 

21 days. On day 21, the mice were sacrificed, blood samples were taken, 

and tumor tissue was dissected and documented (Figure 5, page 65). The 

Cxcl9-depleted 4T1 cells showed a significantly reduced secretion of Cxcl9 

compared to the scrambled control cells (p<0.001, Figure 5A, page 65). 

There was no significant difference in tumor volume during the whole 

experiment and, in the end, resulted in a mean tumor volume of 

140 ± 89 mm3 for Cxcl9 depleted 4T1 cells and 163.8 ± 55 mm3 for 

scrambled control cells (Figure 5C, page 65). 
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Figure 5: Cxcl9 knockdown showed no significant effect on tumor growth in the 
syngenic 4T1 mouse model.  

1x104 tumor cells were injected in the fat pad of female Balb/c mice, and tumor growth was 
assessed for 21 days in 7 animals per group. (A) Successful knockdown showed 
significantly decreased Cxcl9 secretion after stimulation with 5 ng/ml IFN-γ detected with 
ELISA (n=3). (B) Plasma levels of Cxcl9 after 21 days showed no significant difference 
between Cxcl9-depleted samples and controls, measured by ELISA (n=7). (C) No 
significant difference in tumor growth was detected between Cxcl9-depleted tumors (pRS-
sCxcl9) and controls (pRS-scrambled). (D) There was no difference in tumor weight 
detected after 21 days (n=7).  

The evaluation of Cxcl9 concentration in plasma samples showed no 

difference between the Cxcl9 depleted cells and scrambled controls with a 

mean expression of approx. 30 pg/ml (Figure 5B). The determination of 

tumor mass after dissection showed no difference between Cxcl9-depleted 

tumors and the control group (pRS-sCXCL9: 0.69 ± 0.36 g, pRS-scrambled: 

0.77 ± 0.12 g, Figure 5D).  
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6. Non-selective COX inhibition with indomethacin suppresses 

tumor growth in the 4T1 breast cancer model in vivo 

4T1 wild type cells were subcutaneously injected into the 4th fat pad of 

female Balb/c mice. Seven days after tumor inoculation, the mice were 

randomized and treated with 50 µg/kg/d of indomethacin or ethanol as 

control by oral gavage every day for two weeks. Tumor diameters were 

measured, and the mice were sacrificed after 21 days. Tumor and spleen 

were freshly dissected and documented (Figure 6, page 67). Blood samples 

were taken for Cxcl9 concentration determination. The dissected tissues 

were homogenized and used for fluorescence assisted cell sorting (FACS) 

analysis of different immune cell surface markers (Figure 7 page 68). 
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Figure 6: Non-selective COX inhibition by indomethacin promotes tumor-
suppressive effects in the 4T1 breast cancer model in vivo.  

(A) Eight weeks old female Balb/c mice were inoculated subcutaneously (s.c) with 1x104  
4T1 wildtype cells (4T1-WT). Indomethacin or vehicle control treatment was started 7 
days after tumor inoculation (Indomethacin per os 50 µg/d/kg and equivalent ethanol 
control, n=7).(B) After treatment, the tumor volume was significantly lower in the 
indomethacin-treated group compared to the ethanol control group. (C) Tumor weight 
was significantly lower in the indomethacin-treated animals at the end of the experiment 
on day 21. (D) Formation of lung metastases was significantly decreased in 
indomethacin-treated mice compared to the control group (p=0.05). (E) The plasma level 
of Cxcl9 assessed by ELISA was showed higher chemokineconcentration after 14 days 
of indomethacin treatment compared to the control group (n=7; p=0.14). *p < 0.05; **p < 
0.005, ***p<0.001. 
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Figure 7: Indomethacin modulates tumor immune cell infiltration in the 4T1 breast 
cancer model in vivo.  

(A) Increased populations of NK cells, Ly6C+ and CD11+ dendritic cells and regulatory  
as well as CD3+, CD4+ and CD8+ T cells were detected in tumors of indomethacin-treated 
mice compared to the control group (n=7 per group). (B) NK cells, CD8+ and CD4+ T 
cells, regulatory T cells and total CD3+ immune cells were increased in spleens of 
indomethacin-treated mice compared to the control. *p < 0.05; **p < 0.005 
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The indomethacin treatment of 4T1 cell-derived tumors induced a significant 

reduction of tumor growth (tumor volume) during the whole experiment. The 

tumor volume was significantly different 12 days after tumor inoculation by 

the factor of three in indomethacin-treated mice (17 ± 3 mm3) compared to 

ethanol-treated animals (67 ± 2 mm3, p<0.001, Figure 6B, page 67). After 

15 days, the tumor volume of indomethacin-treated tumors increased to a 

mean volume of 44 ± 3 mm3, whereas the tumor volume of ethanol-treated 

mice was significantly increased (100 mm3, p=0.04, Figure 6B, page 67). 

After 21 days, the volumes of untreated tumors raised to a median size of 

400 ± 87 mm3, and the indomethacin-treated tumors remained at a three-

time lower median volume of 120 ± 18 mm3 (p=0.006, Figure 6B, page 67). 

The mean tumor weight of the indomethacin-treated samples was at 

159 mg ± 49 mg in comparison to 409 ± 133 mg of ethanol-treated animals 

(p=0.0005, Figure 6C, page 67). The formation of lung metastases was also 

decreased after indomethacin treatment (mean colony count: 20) compared 

to ethanol control (median colony count: 205, p=0.048, Figure 6D, page 67). 

The quantification of Cxcl9 serum levels showed a trend towards an 

elevated Cxcl9 concentration in the indomethacin-treated animals 

(32.1 vs. 54.3 pg/ml; p=0.143; Figure 6E, page 67).  

The evaluation of different immune cell populations in the tumor showed 

significant elevations of DX5+ cell populations (3.5% vs. 5.9%; p<0.001), 

CD25- Foxp3+ cells (0.6% vs. 0.9%; p<0.001), Ly6c+ cells (6.7% vs. 10.7%; 

p<0.001) and CD11+ cells (1.4% vs. 2.6%; p<0.001) in indomethacin-treated 

mice (Figure 7A, page 68). Other T-cell subsets were not changed by the 

treatment with indomethacin, especially CD3+ (17.5% vs. 17.9%), CD4+ 

(8.5% vs. 9.7%) and CD8+ (2.8% vs. 2.6%). Additional effects on immune 
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cell populations were detected in the spleens of the corresponding animals. 

Increased populations of CD3+ (12% vs. 16.2%; p=0.0058), CD4+ (6.7% vs. 

9.7%; p=0.002) and CD8+ T-cells (0.01% vs. 0.02%; p=0.005) as well as 

DX5+ cells (1.6% vs. 2.4%; p=0.014) were detected in the spleens of 

indomethacin-treated mice compared to the control group (Figure 7B, page 

68). Also, the number of CD25- and CD25+ Foxp3+ cells (0.8% vs. 1.3%; 

p=0.0015) was found to be increased in spleen samples of animals fed with 

indomethacin (Figure 7B, page 68). 
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7. Induction of CXCL9 in human breast cancer cell lines 

upon cytokine stimulation 

The human breast cancer cell lines SKBR3 and MDA-MB 231 were treated 

with different concentrations of IFN-γ and different COX inhibitors 

(indomethacin, acetylsalicylic acid (ASS), and celecoxib) to determine the 

effects of cytokine stimulation and COX inhibition on the secretion of 

CXCL9.  

 

Figure 8: Induction of human CXCL9 expression in the human breast cancer cell 
lines SKBR3 and MDA-MB 231.  

(A) ELISA measurement showed increased secretion of CXCL9 in SKBR3 and MDA-MB 
231 cells after inflammatory cytokine stimulation (IFN-γ 5 and 10 ng/ml, n=3, and TNF-α 
10 and 20 ng/ml, n=3). (B) Unselective COX inhibition by indomethacin 10 µM and ASS 
10 µM augments IFN-γ-induced CXCL9 secretion, whereas selective COX-2 inhibition 
with celecoxib (10 µM) does not alter CXCL9 secretion in SKBR3 cells (n=3). **p<0.005. 

 

BSA-treated SKBR3 cells showed no baseline CXCL9 secretion in the cell 

supernatant, whereas stimulation with IFN-γ significantly increased the 
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secretion of CXCL9 in a dose-dependent manner (Figure 8A, page 71). 

Stimulation with 5 ng/ml IFN-γ and 10 ng/ml IFN-γ enhanced the secretion 

of CXCL9 to 579 ± 39 pg/ml and 1030 ± 13 pg/ml, respectively, in SKBR3 

cells (p<0.001). The stimulatory effect of IFN-γ in MDA-MB 231 cells was 

significantly elevated at concentrations of 10 ng/ml IFN-γ (Figure 8A, page 

71). Expression levels were comparable to SKBR3 (849 ± 127 pg/ml). 

Similar effects were detected for TNF-α in SKBR3 cells. Stimulation with 20 

ng/ml TNF-α significantly increased CXCL9 secretion to 649 ± 100 pg/ml 

(p<0.001). MDA-MB 231 cells showed no sensitivity towards TNF-α 

stimulation with respect to CXCL9 secretion. Combined stimulation with 

TNF-α and IFN-γ showed a synergistic effect on chemokine secretion in 

both cell lines with a concentration of 3360 ± 104 pg/ml (p<0.001) (Figure 

8A, page 71).  

The addition of indomethacin, a non-selective COX inhibitor, to IFN-γ-

treated cells further increased the secretion of CXCL9 to a concentration of 

7641 ± 799 pg/ml compared to IFN-γ treated alone in this experimental 

series 2985 ± 258 pg/ml (p<0.001, Figure 8B, page 71). Similar effects were 

achieved with the non-selective COX inhibitor acetylsalicylic acid (5954 ± 

360 pg/ml, p=0.009). The addition of the selective COX-2 inhibitor celecoxib 

had no effect on the CXCL9 concentrations in the cell culture supernatant 

(Figure 8B, page 71). 
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8. CXCL9 and CXCL10 concentrations in the sera of 

breast cancer patients  

The concentration of serum CXCL9 levels was measured in blood samples 

of 161 breast cancer patients (Table 6 page 25). The blood samples were 

taken before any therapy was started.  

 

Figure 9: Serum levels of CXCL9 and CXCL10 in therapy-naïve breast cancer 
patients.  

The serum levels of CXCL9 (A) and CXCL10 (B) were determined by ELISA in a group 
of 161 breast cancer patients. 

 

Table 39: Distribution of CXCL9 and CXCL10 concentrations in the sera of breast 
cancer patients, classified according to the respective quartiles based on the 
maximal values. 

 CXCL9 CXCL10 

quartile range  range  

q1 0 pg/ml  <12.9 pg/ml  

q2 0-11.7 pg/ml  12.9-25.7 pg/ml  

q3 11.7-188 pg/ml  25.7-45.9 pg/ml  

q4 188-3176.5 pg/ml  45.9-2209.5 pg/ml  

     

 

There was no correlation of CXCL9 and CXCL10 serum concentrations 

detected in this cohort (Spearman-rho correlation R=0.166; p=0.036).  
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9. Stimulation of breast cancer cells with 

chemotherapeutics increased the IFN-γ-mediated 

CXCL9 secretion in vitro  

SKBR3 and MDA-MB 231 cells were stimulated with IFN-γ and different 

concentrations and formulations of systemic therapeutic agents, including 

cyclophosphamide, paclitaxel, lapatinib, and epirubicin. All of these are well-

established cornerstones of modern breast cancer therapy. 

 

Figure 10: Co-stimulation with IFN-γ and chemotherapeutics of human breast 
cancer cells led to increased secretion of CXCL9.  

(A) ELISA evaluation of CXCL9 showed increased chemokine secretion after treatment 
with different concentrations of cyclophosphamide, paclitaxel, lapatinib, and epirubicin in 
SKBR3 cells (n=3). (B) The most efficient concentrations of chemotherapy treatment 
(CTX), as seen in the SKBR3 cells, increased IFN-γ-induced CXCL9 secretion also in 
MDA-MB 231 cells (n=3). *p < 0.05; **p < 0.005. 
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As shown before, INF-γ induced a significant increase in CXCL9 expression 

in comparison to BSA-treated control cells (Figure 10, page 74). The 

treatment of SKBR3 cells with cyclophosphamide showed a trend towards 

increased chemokine concentrations. In contrast, paclitaxel altered the 

CXCL9 secretion only at low concentrations (25 mM and 12.5 mM), there, 

twice as much chemokine (1274 ± 160 pg/ml vs. 2060 ± 63 pg/ml, p=0.014) 

could be detected in the supernatant compared to IFN-γ only stimulated 

cells with 897 ± 72 pg/ml (Figure 10A, page 74). The addition of lapatinib to 

IFN-γ in SKBR3 cells enhanced CXCL9 secretion from 1742 ± 23 pg/ml to 

2019 ± 13 pg/ml, respectively (p=0.002). Epirubicin treatment doubled the 

secretion of CXCL9 into the supernatant in comparison to IFN-γ-only treated 

samples (1130 ± 34 pg/ml vs. 2058 ± 10 pg/ml, p=0.001, Figure 10A, page 

74).  

The most efficient concentrations in terms of CXCL9 stimulation were 

validated in another cell line (MDA-MB 231 cells, Figure 10B, page 74). The 

chemotherapeutics cyclophosphamide (p=0.034) and paclitaxel (p=0.014) 

showed significantly increased CXCL9 secretion in this cell line by the factor 

of approx. two (1481 ± 132 pg/ml; 1450 ± 232 pg/ml, respectively vs IFN-γ 

859 ± 40 pg/ml). For epirubicin treatment, there was an elevated chemokine 

secretion from 859 ± 40 pg/ml to 1998 ± 340 pg/ml (p=0.08) detected. 

Lapatinib treatment significantly increased CXCL9 expression in 

comparison to IFN-γ treated cells from 859 ± 40 pg/ml to 2183 ± 60 pg/ml 

(p=0.0018, Figure 10B, page 74). 
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10. CXCL9 expression in human breast cancer samples 

In order to analyze the distribution of CXCL9 expression in human breast 

cancer, 239 tissue samples of breast cancer patients were 

immunohistochemically analyzed (Table 40, page 77).  

 

Figure 11: Immunohistochemical (IHC) analysis of CXCL9 expression in breast 
cancer tissues:  

Immunohistochemical staining of CXCL9 showed low +1 (A), moderate +2 (B), or high 
+3 (C) expression in breast cancer tissue. (D) A negative control without primary 
antibody showed no background signals. (E) positive control: kidney.  

 

 

CXCL9 is localized mainly to tumor cells, in particular to the cytoplasm, but 

also endothelial cells, whereas nuclei stay signal-free (Figure 11). There 

was no signal detected in stromal cells or fatty tissue. The expression is 

differentially distributed among samples of different patients and allowed to 

categorize the CXCL9 intensity into low expression (scores 0 and +1) and 

high expression (scores +2 and +3). A negative control without primary 

antibody showed no signal. CXCL9 detection in kidney samples was 
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localized to ductal structures. Other cell compartments like glomeruli, 

pericytes, and stromal cells showed no signal. Among 239 samples, 136 

(56.9%) showed a high expression of CXCL9 in tumor tissue. There was an 

equal distribution of CXCL9 high and low cases among HR+ and HER2+ 

cases but a significant association of high CXCL9 expression and TNBC as 

well as HR- cases (p=0.004 and p=0.015 respectively Table 40, page 77). 

Table 40: Distribution of CXCL9 IHC scores in a cohort of 239 breast cancer patients.  

Relative distribution among breast cancer subgroups divided into HER2 receptor (HER2), 
estrogen receptor (ER) and progesterone receptor (PR). Scores of 0 and 1+ were defined 
as low, and scores of 2+ and 3+ as high. High CXCL9 expression in the respective 
subgroups is indicated in bold. 

scoring percentage   

low 43%   

high 57%     

    

HER2   CXCL9 high CXCL9 low 

positive  25 15 10 

negative 214 121 93 

Chi-Quadrat 0.741   

HR   CXCL9 high CXCL9 low 

positive 189 100 89 

negative 50 36 14 

Chi-Quadrat 0.015   

TNBC   CXCL9 high CXCL9 low 

yes 25 21 4 

no 214 115 99 

Chi-Quadrat 0.004   
 

The analysis of the association of CXCL9 expression with clinical 

parameters and survival was performed with Kaplan-Meier analysis (Figure 

12, page 78) as well as es univariate cox-regression analysis. The 

immunohistochemical data were further compared to publicly available 

Affymetrix datasets (Table 41, page 79) 
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Figure 12: Association of CXCL9 expression with overall- and progression-free 
survival. Kaplan-Meier analysis of CXCL9 immunohistochemistry of 239 breast cancer 
patients reveals a trend towards significance for an association with (A) DFS (p=0.084) 
but not (B) OS (p=0.5). Kaplan Meier analysis of publicly available Affymetrix data shows 
a significant correlation of high CXCL9 expression and better (C) DFS (p=0.0011) as 
well as (D) OS (p=0.0039). 

 

The analysis of CXLC9 expression in 239 breast cancer specimens showed 

a borderline significant (p=0.084) association with an adverse prognosis for 

DFS and no association for OS (p=0.5, Figure 12A+B, page 78). However, 

the publicly available Affymetrix data (Györffy et al. 2010) showed an 

association of high CXCL9 expression with better DFS (p=0.0011) and OS 

(p=0.0039, Figure 12C+D). 
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Table 41: Univariate cox regression analysis of CXCL9 expression 

 DFS  OS   

  p HR p HR   

tumor≥20 mm 0.019 1.775 (1.098 - 2.869) 0.002 2.578 (1.399 - 4.753) 

age≥60 y 0.831 0.950 (0.593 - 1.521) 0.083 1.704 (0.933 - 3.112) 

pT≥2  0.00047 1.568 (1.219 - 2.017) 0.000011 1.864 (1.412 - 2.461) 

pN positive 0.01 1.374 (1.079 - 1.749) 0.003 1.524 (1.154 - 2.014) 

Grading≥3 0.125 1.341 (0.922 - 1.949) 0.017 1.78 (1.109 - 2.858) 

TILs≥30% 0.89 0.953 (0.482 - 1.886) 0.931 0.960 (0.376 - 2.447) 

CXCL9 low 0.088 1.777 (0.918 - 3.442) 0.499 1.270 (0.635 - 2.541) 

 

Univariate cox-regression analysis of tumor-associated factors assessed 

within the breast cancer cohort showed that the clinical factors tumor size 

(p=0.019), tumor stage (p=0.00047), and nodal status (p=0.01) describe 

significant, prognostic factors for DFS and OS in this group of patients. In 

terms of OS, tumor grading also demonstrated prognostic impact in this 

cohort (Table 41).  
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11. Differential CXCR3 expression in human breast 

cancer patients 

Detection of the CXCL9 receptor, CXCR3, in human breast cancer patients 

was performed in 287 samples by immunohistochemical analysis. 

 

Figure 13: Immunohistochemistry (IHC) analysis of CXCR3 in breast cancer tissue:  

Scoring intensities of CXCR3 in IHC showed (A) low +1 (B) moderate +2 and (C) high 
+3 expression in breast cancer tissue. (D) A negative control without primary antibody 
showed no background signal. (E) Positive control: kidney. 

 

CXCR3 was detected in tumor cells and lymphocytes located in tumor-

surrounding tissue or blood vessels (Figure 13). Other tissue compartments 

like stroma and fatty tissue remained signal-free. The intensity was different 

in various samples, and a classification into low expressing (scores 0 +1) 

and high expressing (scores 2 +3) samples was done. Only the signal 

intensity in tumor cells was taken into account for scoring and the formation 

of the groups. A negative control without primary antibody showed no signal. 

Kidney samples were CXCR3-positive in ductal structures but not glomeruli, 
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stroma, or pericytes. 61.3% of all breast cancer cases showed high 

expression for CXCR3.  

Among those cases, 50% of HER2-positive cases showed high expression 

of CXCR3 as well as 59% of HR+ cases. Among the triple-negative cases, 

88.9 % were stained positive for high CXCR3 expression and the correlation 

of CXC3 expression and the lack of HR and HER2 remained significant in 

the chi-Quadrat test. (p=0.033, Table , page 81) 

Table 42: Distribution of CXCR3 IHC score in a cohort of 287 breast cancer patients.  

Relative distribution among breast cancer subgroups divided into HER2 receptor (HER2), 
estrogen receptor (ER) and progesterone receptor (PR). Scores of 0 and 1+ were defined 
as low, and scores of 2+ and 3+ as high. High CXCR3 expression in the respective 
subgroups is indicated in bold. 

scoring percentage   

low 39%   

high 61%     

    

HER2   CXCR3 high CXCR3 low 

positive  25 11 14 

negative 262 165 97 

Chi-Quadrat 0.063   

HR   CXCR3 high CXCR3 low 

positive 236 144 92 

negative 51 32 19 

Chi-Quadrat 0.818   

TNBC   CXCR3 high CXCR3 low 

yes 26 21 5 

no 261 155 106 

Chi-Quadrat 0.033   
 

In the immunohistochemistry staining, this high expression of CXCR3 is 

associated with a worse prognosis for DFS and OS, though the effects did 

not reach significance (Figure 14, page 82). This association could not be 

verified by the univariate analysis (Table 43, page 82). Moreover, the 

analysis of the Affymetrix data supports a positive prognostic value of 

CXCR3 expression as well for OS as for DFS (p>0.001, Figure 14, page 

82).  
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Figure 14: Association of CXCR3 expression in breast cancer specimens and 
patients’ survival: Kaplan-Meier analysis of 287 breast cancer specimens stained for 
CXCR3 by immunohistochemistry showing (A) DFS p=0.264 and (B) OS p=0.263. 
Affymetrix based publicly available CXCR3 expression data correlated high expression 
of the receptor with better (C) OS (p=0.0005) and DFS (p=2.3*10-9) in breast cancer 
patients.   

 

Table 43: Univariate Cox regression analysis of the breast cancer cohort and CXCR3 
expression.  

 DFS  OS  

  p HR p HR 

tumor ≥20 mm 0.019 1775 (1.098 - 2.869) 0.002 2.578 (1.399 - 4.753) 

age≥60 y 0.831 0.950 (0.593 - 1.521) 0.083 1.704 (0.933 - 3.112) 

pT≥2  0.00047 1.568 (1.219 - 2.017) 0.000011 1.864 (1.412 - 2.461) 

pN positive 0.01 1.374 (1.079 - 1.749) 0.003 1.524(1.154 - 2.014) 

Grading≥3 0.125 1.341 (0.922 - 1.949) 0.017 1.78 (1.109 - 2.858) 

TILs≥30% 0.89 0.953 (0.482 - 1.886) 0.931 0.960(0.376 - 2.447) 

CXCR3 high 0.290 1.366 (0.767 - 2.432) 0.267 1.471(0.744 - 2.905) 
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12. CX3CL1 production is regulated by TNF-α 

stimulation and ADAM17 inhibition in human breast 

cancer cells in vitro 

In order to investigate the role of CX3CL1 in human breast cancer, its 

expression and regulation were determined in three different HER2-positive 

human breast cancer cell lines (SKBR3, BT474, MDA-MB 453) and one low 

HER2-positive colon carcinoma cell line (HT29). The cells were stimulated 

in vitro with the inflammatory cytokine TNF-α (a known inducer of CX3CL1 

in other cell types) as well as the ADAM17 inhibitor Tapi-2. Then, the 

CX3CL1 secretion of the soluble domain was measured via ELISA in the 

cell supernatants. CXCL10, a soluble chemokine, which is also induced by 

TNF-α, was measured in the cell supernatants as well to rule out unspecific 

effects. The membrane-bound compartment of CX3CL1 was determined by 

fluorescence-assisted cell sorting of living cells. Total protein concentration 

in the cells was measured by western blot, and membrane localization of 

CX3CL1 was also shown with immunofluorescence labeling of living cells 

(Figure 15, page 84). 
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Figure 15: Regulation of CX3CL1 secretion and shedding in HER2-positive human 
breast cancer cell lines.  

(A) HER2 expression in cell lines was confirmed by western blot. SKBR3, MDA-MB 453, 
and BT474 showed strong HER2 expression. HT29 cells had low HER2 expression. 
MCF7 and MDA-MB 231 served as negative controls. (B) Secretion of the soluble form 
of CX3CL1 is increased after treatment with the inflammatory cytokine TNF-α (10 ng/ml) 
in four human cancer cell lines SKBR3, BT474, MDA-MB 453 and HT29 measured by 
CX3CL1 ELISA of cell supernatant after 24 h (n=3). The shedding of soluble CX3CL1 
could be decreased by the addition of ADAM17 inhibitor Tapi-2 (7.5 µM). (C) The 
regulation of CX3CL1 upon TNF-α and Tapi-2 treatment was assessed by western blot 
analysis in lysates of HT29 and MDA-MB 453 cells, GAPDH was used as the loading 
control. (D) The effects of shedding and stimulation on the membrane-bound CX3CL1 
was shown with fluorescence assisted cell sorting (FACS) analysis of viable cells. (E) 
Localization of CX3CL1 in HT29 cells after TNF-α and Tapi-2 stimulation was visualized 
by immunofluorescence microscopy. (F) Functional response to TNF-α stimulation was 
shown by ELISA of CXCL10 in the corresponding cell supernatant (n=3) of HT29, 
SKBR3, BT474 and MDA-MB 453 cell lines, but this time Tapi-2 did not have any effect. 
*p < 0.05; **p < 0.005; ***p < 0.001. 

 

All of the used cell lines (SKBR3, HT29, MDA-MB 453 and BT474) were 

tested for HER2 expression by western blot, including HER2 negative cell 

lines (MCF7 and MDA-MB 231) as controls (Figure 15A, page 84). The 

HER2 positive cell lines secreted CX3CL1 to various degrees, but SKBR3 

and HT29 secreted significant amounts of chemokine without any 
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inflammatory stimulation. All of the cell lines but MDA-MB 453 showed 

increased CX3CL1 production upon stimulation with the inflammatory 

cytokine TNF-α. The amount of secreted CX3CL1 was significantly reduced 

by inhibition of ADAM17 by the Tapi-2 inhibitor (Figure 15B, page 84). 

ADAM17 inhibition did not affect CXCL10 release in the same cell lines, 

indicating a TNF-α independent effect on CX3CL1 secretion. The MDA-MB 

453 cells lacking CX3CL1 secretion upon TNF-α stimulation also showed 

increased CXCL10 release under inflammatory cytokine treatment (Figure 

15F, page 84). 

Analysis of total protein using western blot showed no or weak bands for 

CX3CL1 in HT29. An induction was detected after stimulation with TNF-α 

(Figure 15C, page 84), as well as a prominent increase after ADAM17 

inhibition. ADAM17 inhibition alone did not affect the whole-cell CX3CL1 

expression in western blot analysis. In the MDA-MB 453 cell lysate western 

blots, constant bands for all stimuli were detected (Figure 15C, page 84). In 

line with these results, the quantification of the membrane-bound form of 

CX3CL1 with FACS analysis revealed a peak shift after TNF-α stimulation 

in HT29 cells, but not in MDA-MB 453 cells. This peak shift was further 

enhanced by ADAM17 inhibition in TNF-α stimulated HT29 cells (Figure 

15D, page 84). 

In addition, CX3CL1 was localized in the membrane as validated by 

confocal immunofluorescence microscopy of vital HT29 cells. The signal for 

CX3CL1 in the cell membrane increased after TNF-α stimulation and was 

further enhanced after the addition of ADAM17 inhibitor in HT29 cells 

(Figure 15E, page 84)  
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13. CX3CL1 is involved in TNF-α induced NK cell-

mediated cell lysis of HER2-positive tumor cells  

The effect of CX3CL1 on the specific NK cell-mediated cell lysis of different 

HER2-positive cancer cell lines (SKBR3, MDA-MB 453, BT474, and HT29) 

was measured using a europium release assay (EU assay). The cells were 

stimulated in vitro before the EU assay using TNF-α, ADAM17 inhibitor, and 

anti-CX3CL1 antibody (Figure 16). The observed effects remained stable 

throughout the different NK cell/tumor cell ratios. Therefore the focus for this 

work will be on the highest ratio of 1:10. 

 

Figure 16: NK cell-mediated cell lysis of HER2-positive cancer cells can be increased 
by stimulation with TNF-α.  

Europium-based cell lysis assay showed significantly increased NK cell-mediated cell lysis 
after treatment with TNF-α (10 ng/ml) in (A) SKBR3, (C) BT474 and (D) HT29 but not (B) 
MDA-MB 453 cells. The enhanced cell lysis was partially impaired by the addition of an 
anti-hCX3CL1 antibody in SKBR3 and HT29 cells but not in BT474 or MDA-MB 453 
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cells(n=3). *p < 0.05 

 

The NK cell-mediated cell lysis of SKBR3 cells without any stimulation was 

at 12.9 ± 3.2%. This specific cell lysis was increased after the addition of 

TNF-α up to 30.5 ± 6.5% (p=0.015, Figure 16A, page 86). This increase in 

cell lysis was quenched after the addition of an anti-hCX3CL1 antibody. The 

effect was reduced to 17.4 ± 0.7% lysed cells (p=0.23). Antibody treatment 

without TNF-α stimulation increased the cell lysis to 19.9 ± 5.0% (p=0.23). 

The cell lysis of MDA-MB 453 without further treatment was at 54.4 ± 4.0%. 

Neither TNF-α stimulation nor the anti-hCX3CL1 antibody affected the 

specific cell lysis of these cells (Figure 16B, page 86). 

The blank NK cell-mediated cell lysis of both BT474 and HT29 cells was 

similar, with specific cell lysis of 57.2% ± 3.8% and 65.4 ± 2.7% (Figure 

16C+D, page 86). The effect of TNF-α has significantly increased the 

specific cell lysis to 74.2 ± 1.7% and 78.0 ± 3.6%, respectively (p=0.004 and 

p=0.035). The addition of an anti-CX3CL1 antibody had no effect on the NK 

cell-dependent cell lysis with and without TNF-α stimulation in the BT474 

cells but efficiently quenched the increased cell lysis in the HT29 cells (66.6 

± 2.9%, p=0.034). The anti CX3CL1 antibody alone did not have any effect 

on the NK-cell mediated cell lysis (Figure 16C+D, page 86). 
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14. ADAM17 inhibition increases the NK cell-mediated 

cell lysis in vitro 

In order to estimate the effect of increased membrane-bound CX3CL1 on 

NK cell-mediated cell lysis, SKBR3, BT474, and HT29 cells treated with 

ADAM17 inhibitor (Tapi-2) and anti-hCX3CL1 antibody were analyzed using 

the europium assay (Figure 17, page 88). 

 

Figure 17: ADAM17 inhibition increases the NK cell-mediated cell lysis of HER2-
positive human cancer cells in vitro.  

The NK cell-mediated cell lysis was measured with a europium-based lysis assay (n=3). 
The inhibition of ADAM17 (Tapi-2) significantly increased the tumor cell lysis in (A) 
SKBR3, (B) BT474, and (C) HT29 cells compared to control (aqua dest.).The addition of 
an anti-hCX3CL1 antibody impaired the Tapi-2-induced cell lysis in SKBR3 and HT29 
but not in BT474 cells compared to an isotype control (IgG).*p<0.05 

 

The NK cell-mediated lysis of SKBR3 cells was 12.9 ± 3.3% with BSA 

treatment only. The inhibition of ADAM17 via Tapi-2 increased this effect to 

31.1 ± 0.2% (p=0.001). Interestingly, the addition of an anti-CX3CL1 

antibody did not show any alteration of the lysis capacity at a ratio of 1:10, 

but in the lower ratio of 1:2.5, the antibody was able to impair the Tapi-2 

induced lysis increase back to the amount of BSA-treated samples 

(19.9% ± 5.0%, p=0.08, Figure 17A). 

The positive effect of ADAM17 inhibition was also shown in BT474 cells. 
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The cell lysis was increased by more than 9% from 57.0 ± 3.7% to 

66.4 ± 4.6% after the addition of Tapi-2 (p=0.012 for ratios 1:5 and 1:2.5, 

Figure 17B, page 88). An anti-hCX3CL1 antibody alone did not affect cell 

lysis in BT474 cells (58.0 ± 1.8%). 

HT29 cells showed a target/ratio-dependent cell lysis without any 

stimulation of 72.3 ± 1.4%. An increase of 9% was detected after inhibition 

of ADAM17 (81.5% ± 2.7%; p=0.008). This effect was recovered after the 

addition of an anti-hCX3CL1 (69.6 ± 3.3%; p=0.013). The antibody alone 

did not affect the specific cell lysis of the HT29 cells (72.1 ± 2.1%, Figure 

17C, page 88). 
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15. CX3CL1 increases the efficiency of trastuzumab 

therapy in vitro 

In order to evaluate the impact of CX3CL1 overexpression on the efficacy 

of an anti-HER2-treatment with the monoclonal trastuzumab antibody, 

SKBR3, HT29, and MDA-MB 453 cells were transiently transfected with 

CX3CL1 or a control vector and treated with trastuzumab afterwards.  

 

Figure 18: CX3CL1 enhances the efficacy of trastuzumab anti-HER2-therapy in 
vitro.   

Europium-based cell lysis assay detected increased cell lysis for hCX3CL1-
overexpressing SKBR3, HT29, and MDA-MB 453 cells (CX3CL1+) and trastuzumab-
treated cells (control + trastuzumab). These effects were additive for combined 
experiments (CX3CL1+ + trastuzumab) compared to control cells (control + vehicle, n=3). 
Lower cases indicate statistical significance (p<0.05). 

 

The specific lysis of SKBR3 cells without treatment was at 11.9 ± 3.0% 

(p<0.001). CX3CL1 transfection alone was sufficient to increase the NK-cell 

efficiency to 19.9 ± 5.5%, although the effect was not significant (p=0.23). 

The treatment with trastuzumab enhanced the ADCC to a total of 61.2 ± 

18.0% (p<0.001). A combined application of transient CX3CL1 transfection 

and trastuzumab treatment could further improve the NK-cell mediated cell 

lysis to a total of 79.0 ± 3.1%, providing an additional 18% cytolytic capacity 

(p<0.001, Figure 18). 
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Similar effects were detected for the other cell lines. HT29 cells treated with 

lipofectin only showed an NK cell-specific cell lysis of 67.4 ± 2.8%. The cell 

lysis was significantly increased by either CX3CL1 overexpression or 

trastuzumab treatment to 76.4 ± 2.4% or 84.0 ± 4.9% (p=0.018 and p=0.036, 

respectively, Figure 18, page 90). Combined treatment significantly 

increased the cell lysis to 99.5 ± 8.9% compared to single treatment with 

trastuzumab or CX3CL1 overexpression (p=0.14 and p=0.002, Figure 18, 

page 90).  

The most substantial effects were detected in the MDA-MB 453 cell line. 

The baseline cell lysis after BSA treatment was at 33.2 ± 1.6%. Both 

transient CX3CL1 transfection or trastuzumab treatment increased the cell 

lysis (trastuzumab: 77.2 ± 1.6%; CX3CL1: 68.3 ± 2.3%, p<0.001 Figure 18, 

page 90). Joined treatment raised the NK cell-mediated cell lysis to 

99,4 ± 8.9%, p>0.001. 

 

Figure 19: Soluble CX3CL1 does not increase the NK cell-mediated cell 
lysis.SKBR3, HT29, and MDA-MB 453 cells were treated with soluble CX3CL1 
(100ng/ml) and trastuzumab antibody (40 µg/ml). Trastuzumab alone increased the NK-
cell mediated cell lysis, but the addition of soluble CX3CL1 is not sufficient to further 
improve the trastuzumab effect. Lower cases indicate statistical significance. Data are 
presented as mean ± SEM, n=3. 

 

Since the differential effect of the soluble and the membrane-bound form of 
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CX3CL1 is still unclear, the next experiment was set to investigate the 

distinct role of the soluble CX3CL1 in the mediation of increased ADCC 

upon addition of trastuzumab (Figure 19, page 91). The baseline cell lysis 

in this experimental setup was comparable to the stably transfected cell 

lines (13.0 ± 3.2% for SKBR3, 57.6 ± 1.1% for HT29, and 27.1 ± 0.9% for 

MDA-MB 453 at the 1:10 ratio). There was a significant effect of 

trastuzumab addition, which increased the NK-cell-mediated cell lysis to 

61.2 ± 5.9%, 89.2 ± 4.0%, and 58.6 ± 0.8%, respectively (for all cases 

p<0.001 at the ratio 1:10, Figure 19, page 91). The combined treatment with 

trastuzumab and soluble CX3CL1 could not enhance the antibody effect in 

the HT29 and MDA-MB 453 cell lines (86.0 ± 7.8%; 60.3 ± 1.7%). Though 

there was an accumulating positive effect of the combined treatment in the 

SKBR3 cells (61.2 ± 5.9% trastuzumab vs. 71.9 ± 1.6% trastuzumab + 

soluble CX3CL1), however, this effect reached significance only at the 

lowest target/effector ratio of 1:2.5 (trastuzumab 36.6% vs. trastuzumab + 

soluble CX3CL1 45.0%, p=0.03, Figure 19, page 91 ). 
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16. Cx3cl1 overexpression enhances anti-tumor 

response and promotes tumor-suppressive 

lymphocyte migration in vivo 

Murine triple-negative 4T1 breast cancer cells were stably transfected with 

a murine CX3CL1 (Cx3cl1)-overexpressing vector (pCMV6-Cx3cl1) or with 

empty control vector (pCMV6-Entry). The effects of Cx3cl1 overexpression 

on tumor growth and lung metastasis were assessed, and effects on the 

lymphocyte influx into the tumor were quantified (Figure 20, page 93). 

 

Figure 20: Murine CX3CL1 (Cx3cl1) promotes tumor-suppressive effects in vivo.  

(A) Verification of transfection efficiency via ELISA showed that a Cx3cl1 high expressing 
clone (pCMV6-Cx3cl1) was selected for in vivo experiments. (B) Eight weeks old female 
Balb/c mice were inoculated subcutaneously (s.c.) with 104 Cx3cl1-overexpressing 4T1 
cells (4T1-pCMV6-Cx3cl1) or empty control vector cells (4T1-pCMV6-Entry, n=7). Tumor 
growth was significantly reduced in mice bearing Cx3cl1-overexpressing tumors 
compared to empty vector controls. (C) The tumor-suppressive effect was significant in 
total tumor mass of Cx3cl1-overexpressing mice compared to controls at the end of the 
experiment on day 21. (D) Formation of lung metastases was significantly decreased in 
mice bearing Cx3c1-overexpressing tumors compared to the control group. (E) 
Intratumoral Cx3cl1 expression remained elevated during the experiment, as shown by 
RT-qPCR analysis of tumor tissue after 21 days (n=7). (F) Measured Cx3cl1 
concentrations in murine plasma with ELISA showed no difference between Cx3cl1-
overexpressing mice and the control group (n=7). *p<0.05. 
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Highly Cx3cl1-overexpressing clones were selected for in vivo experiments. 

The expression of Cx3cl1 in overexpressing 4T1 cells was sevenfold higher 

than in empty vector control cells (Figure 19A, page 91). A difference in 

tumor volume was detected after 15 days with a mean tumor volume of 

82 ± 22.9 mm3 in mice bearing Cx3cl1-overexpressing tumors and 100 ± 

15.6 mm3 in the control group (Figure 19B, page 91). After 17 days, the 

mean tumor volume for the Cx3cl1 group was at 102 ± 17 mm3 vs. 133 ± 

16.5 mm3 in the control group. Twenty days after tumor inoculation, mice 

bearing a Cx3cl1-overexpressing tumor showed a mean tumor volume of 

93 ± 11.6 mm3 compared to the control group with a mean tumor volume of 

154 ± 22.6 mm3 (p=0.049, Figure 19B, page 91). Total tumor weight was 

also significantly lower in the Cx3cl1+ tumor-bearing group (0.124 ± 0.045 g) 

compared to the control group (0.181 ± 0.042 g; p=0.019, Figure 19C, page 

91). The quantification of metastases in the lungs (4T1 colony formation 

assay) revealed a significantly reduced median colony count for Cx3cl1-

overexpressing tumors compared to the control group (0 vs. 185; p=0.01, 

Figure 19D, page 91). After 21 days, there was still a sevenfold higher 

Cx3cl1 mRNA expression detectable in the Cx3cl1-transfected tumors as 

compared to the control ones (p<0.001, Figure 19E, page 91), 

demonstrating the constant upregulation of Cx3cl1 in the transfected tumors 

during the whole in vivo experiment. However, this did not translate into 

elevated Cx3cl1 plasma levels of the mice at 21 days (Figure 19F, page 91).   
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Figure 21: Cx3cl1 overexpression modulates tumor immune infiltration in vivo.  

(A) Increased populations of NK cells, CD4+ T cells and CD8+ T cells were detected in 
Cx3cl1-overexpressing tumors compared to the control group. There was no difference 
in the prevalence of Foxp3+ T cells detected (n=7). (B) Analysis of myeloid cell 
populations showed decreased numbers of CD11b+, F4/80+ and Ly6c+ cells in tumors of 
Cx3cl1-overexpressing mice compared to the control group (n=7). * p<0.05;  ***p< 0.001. 

 

The evaluation of different immune cell markers with FACS analysis showed 

significant changes in the immune milieu between Cx3cl1-overexpressing 

and control tumors. The influx of NK cells (0.41% vs. 0.94%, p=0.025), CD8+ 

T cells (0.20% vs. 1.19%, p=0.02) and CD4+ T-cells (1.95% vs. 3.39%, 

p=0.027) was increased, whereas no changes of Foxp3+ T cells were 

detected (0.82% vs. 0.96%, p=0.8, Figure 21A, page 95). The analysis of 

myeloid cell populations also revealed major changes. There were 

decreased populations of CD11b+ cells (47.5% vs. 37.8%, p=0.0012), 

F4/80+ cells (13.9% vs. 2.1%, p=0.00066), and Ly6c+ cells (2.9% vs. 1.2%, 

p=0.04, Figure 21B, page 95). The determination of immune cell 
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populations in the spleen showed no differences in any of the analyzed 

markers (data not shown). 

17. CX3CL1 compensates for NK-cell depletion in a 

HER2-overexpressing xenograft model in vivo 

The overexpression of Cx3cl1 revealed a protective function in the 

syngeneic 4T1 mouse model, and the increased NK cell infiltration raised 

the possibility that Cx3cl1 might enhance the NK-cell dependent efficacy of 

an anti-HER2 treatment with trastuzumab, which was shown before in vitro 

(chapter 15). In the following experiment, the interaction of CX3CL1 and 

trastuzumab therapy should be evaluated in a HER2 highly expressing 

breast cancer xenograft model (Figure 22). 

 

The HER2 positive human breast cancer cell line MDA-MB 453 was stably 

transfected with a Cx3cl1 plasmid (Figure 22A, page 96). Afterwards, the 

Cx3cl1 overexpressing and empty vector control cells were inoculated in 

Figure 22: Cx3cl1 promotes tumor suppressive effects and compensates for NK cell 
depletion. (A) Efficient Cx3cl1 transfection of MDA-MB 453 cells was verified with ELISA 
of cell culture supernatants (n=2). (B) Kaplan Meier survival analysis of Balb/c SCID mice 
inoculated with Cx3cl1 expressing or empty vector control MDA-MB 453 cells. Mice were 
additionally treated with trastuzumab and/or NK cell depleting antibody GM-1 (n=7 per 
group). **p<0.01; ns=not significant. 
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Balb/c SCID mice. The animals were then randomized into eight groups, 

receiving trastuzumab or vehicle control treatment, and NK cell depletion by 

an anti-asialo GM1 antibody or a respective IgG control antibody. 

The treatment was started after a tumor diameter of 0.5 cm had been 

reached. In this model, however, already small amounts of trastuzumab 

induced efficient tumor eradication after the first dose of antibody; thus, no 

further effects of Cx3cl1 expression or NK cell depletion on tumor growth 

and survival could be observed. In the trastuzumab non-treated groups 

Cx3cl1 overexpression prolonged survival of the animals compared to the 

not transfected control group (158 vs. 107 days, p=0.003, Figure 22B, page 

96), although the initial tumor growth was slightly in favor of the Cx3cl1 

group (time to therapy start 34 vs. 41 days; p=0.14). The depletion of NK 

cells reduced the survival of non-Cx3cl1 tumor-bearing mice (median 

survival 93 vs. 199 days; p= 0.009). These findings are in line with the as 

well accelerated tumor growth. The NK cell depletion in the Cx3cl1 

overexpressing group did not induce substantial survival differences 

(median survival 165 vs. 158 days, p=0.23, Figure 22B, page 96), indicating 

that the chemokine expression might compensate for the reduction in NK 

cell function.  
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18. CX3CL1 overexpression impairs tumor growth and 

enables trastuzumab therapy in a low HER2-positive 

xenograft model in vivo 

Human low HER2-positive colon cancer cells (HT29) were stably 

transfected with Cx3cl1-overexpressing vector (pCMV6-Cx3cl1) or empty 

control vector (pCMV6-Entry). 2*106 cells were injected into the 4th fat pad 

of 8 weeks old female Balb/c SCID mice, and mice were randomized into 

two groups (trastuzumab treatment or vehicle control treatment). After the 

tumor diameter reached 0.5 cm, the mice were treated with trastuzumab 

5 mg/kg/day twice a week by intraperitoneal injection (Figure 23).  

 

Figure 23: Cx3cl1 overexpression promotes tumor-suppressive effects and 
enhances trastuzumab therapy in vivo. 

2*106 human colon cancer cells (HT29) stably transfected with Cx3cl1-overexpressing 
vector (pCMV6-Cx3cl1) or empty vector control (pCMV6-Entry) were injected 
subcutaneously in the fat pad of female Balb/c SCID mice (n=7 per group). After a tumor 
diameter of 0.5 cm was reached, mice of each group were randomized and treated with 
trastuzumab (pCMV6-Entry + trastuzumab) or equivalent volumes of water (n=7). (A) 
ELISA readout of the efficient Cx3cl1 transfection in HT29 cells (n=2). (B) Kaplan Meier 
analysis of HT29 inoculated Balb/c SCID mice. (C) Quantification of Cx3cl1 mRNA 
expression in HT29 tumors, after completion of the experiment. (D) Tumor growth curves 
of the four groups (n=7). (E) Immunohistochemical determination of infiltrating DX5+ NK 
cells into FFPE tumor tissue (n=7). *p < 0.05; ** p < 0.01; ***p < 0.001; ns=not significant.  

 

The increased expression of Cx3cl1 led to a threefold prolonged median 
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survival ( 25 vs. 8 days, p<0.001, Figure 23B, page 98). More importantly, 

mice bearing the HT29 control tumors did not respond to trastuzumab 

therapy in terms of survival (8 vs. 10 days, p=0.43). This therapy resistance 

was reversed in the Cx3cl1 transfected tumor-group. Here the overall 

survival was increased from 25 to 32 days by the trastuzumab treatment 

(p=0.04, Figure 23B, page 98). Two out of seven tumor-bearing animals 

never reached any vital stop criteria, and the experiment was terminated 

after 50 days (Figure 23B, page 98). The expression of Cx3cl1 in the 

transfected tumors was solidly detectable after dissection of the tumor 

tissue (Figure 23C, page 98). Trastuzumab treatment had no impact on 

Cx3cl1 mRNA transcription (Figure 23C, page 98). In this HER2 low-

expressing xenograft model, the overexpression of Cx3cl1 was sufficient to 

reduce tumor growth compared to the control group (Figure 23D, page 98). 

Tumor onset (9 vs. 12 days; p=0.0001) and time till therapy was started at 

a tumor size of 0.5 cm (12 vs. 15 days; p=0.03) were slowed down in the 

Cx3cl1 overexpressing group.  

Moreover, the determination of tumor-infiltrating NK cells via IHC revealed 

an about 5 fold increased influx of NK cells in the Cx3cl1 transfected HT29 

tumors after the finalization of the in vivo experiment (Figure 23E, page 98). 
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19. Differential expression of CX3CL1 in human breast 

cancer 

The expression pattern of CX3CL1 was analyzed via immunohistochemistry 

(IHC) in 260 tissue samples of breast cancer patients (Table 5, page 24). 

 

Figure 24: Immunohistochemical analysis of CX3CL1 in human breast cancer 
tissue.  

Scoring intensities of CX3CL1 in IHC showed (A) low +1, (B) moderate +2, and (C) high 
+3 expression in mamma carcinoma tissue (n=260). (D) Negative control without primary 
antibody showed no background signals. (E) Kidney samples were used as a positive 
control. (F) The specificity of the anti-CX3CL1 antibody was further validated in western 
blot analysis of human breast cancer samples (n=4), GAPDH was used as a loading 
control. 

 

The protein detection of CX3CL1 was located in tumor cells and endothelial 

cells. Surrounding tissue, and tumor stroma remained unstained in all 

samples (Figure 24A-D). A control sample without primary antibody showed 

no significant background signal, and positive detection in the kidney 

revealed clear CX3CL1 expression in tubular structures but not in glomeruli, 

pericytes, or stromal tissue (Figure 24D+E). The samples were categorized 
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into low CX3CL1 expression (scores 0 and +1) and high CX3CL1 

expression (scores +2 and +3). For the evaluation, only tumor cell 

expression was taken into account. Antibody specificity was further 

validated by western blot analysis of breast cancer tissue showing a distinct 

band at 90 kDa in each sample (Figure 24F, page 100). 

Among the 260 breast cancer patients, 39% showed low CX3CL1 

expression, and 61% showed moderate to high expression (Table 44, page 

102). A subgroup analysis of the signal intensity was conducted based on 

the expression of HER2, progesterone receptor, and estrogen receptor. 

92% of HER2-overexpressing tumors showed a high expression for 

CX3CL1, indicating an association of both factors (p=0.0001, Table 44, 

page 102). The opposite effect was detectable for TNBC cases, here 73% 

were determined for low CX3CL1 expression (p<0.001, Table 44, page 102)  
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Table 44: Distribution of CX3CL1 IHC score in a cohort of 260 breast cancer patients.  

Relative distribution among breast cancer subgroups, divided into HER2 receptor (HER2), 
hormone receptor (HR), and triple-negative breast cancer (TNBC). Scores of 0 and 1+ were 
displayed as low, and scores of 2+ and 3+ were displayed as high. High CX3CL1 
expression in the respective subgroups is indicated in bold. 

CX3CL1    

    

scoring percentage   

low 39%   

high 61%     

    

HER2   CX3CL1 high CX3CL1 low 

positive  24 22 2 

negative 236 137 99 

Chi-Quadrat 0.001   

HR   CX3CL1 high CX3CL1 low 

positive 210 130 80 

negative 50 29 21 

Chi-Quadrat 0.611   

TNBC   CX3CL1 high CX3CL1 low 

yes 26 7 19 

no 234 152 82 

Chi-Quadrat 0.001   
 

The Kaplan-Meier analysis of this cohort in terms of CX3CL1 expression 

showed, among patients being positive for CX3CL1, a correlation of higher 

CX3CL1 scores with better DFS (p=0.043) and OS (p=ns) in a 

concentration-dependent manner (ranging from scores +1 to +3, Figure 

25A+B, page 103). The analysis of publicly available Affymetrix data 

confirmed this observation in the IHC, providing substantial evidence that 

high CX3CL1 expression is associated with better DFS (p<0.001) and OS 

(p=0.015) in breast cancer patients (Figure 25C+D, page 103). The 

significant association for the immunohistochemical analysis can not be 

validated in the univariate Cox regression analysis (Table 45, page 103).  
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Figure 25: Association of CX3CL1 expression in breast cancer specimens and 
patients’ survival. Kaplan-Meier analysis of 260 breast cancer specimens stained for 
CX3CL1 by immunohistochemistry showing (A) a correlation with good DFS among 
CX3CL1 positive cases p=0.041 but not for (B) OS (p=0.29). Affymetrix based public 
available CXCR3 expression data correlated high expression of the receptor with better 
(C) DFS (p=1.7*10-5) and (D) OS (p=0.015) in breast cancer patients.   

 

Table 45: univariate Cox regression analysis of the breast cancer cohort and CX3CL1 
expression.  

 

 DFS  OS  

  p HR p HR 

tumor≥20 mm 0.019 1775 (1.098 - 2.869) 0.002 2.578 (1.399 - 4.753) 

age≥60 y 0.831 0.950 (0.593 - 1.521) 0.083 1.704 (0.933 - 3.112) 

pT≥2  0.00047 1.568 (1.219 - 2.017) 0.000011 1.864 (1.412 - 2.461) 

pN positive 0.01 1.374 (1.079 - 1.749) 0.003 1.524( 1.154 - 2.014) 

Grading≥3 0.125 1.341 (0.922 -  1.949) 0.017 1.78 (1.109 - 2.858) 

TILs≥30% 0.89 0.953 (0.482 - 1.886) 0.931 0.960( 0.376 - 2.447) 

CX3CL1 high 0.395 0.785 (0.449 - 1.372) 0.296 0.731 ( 0.378 - 1.344) 
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20. Expression of CX3CR1 in human breast cancer 

346 breast cancer cases (Table 5, page 24) were analyzed for CX3CR1, 

and differential signal intensity was detected throughout the samples. The 

signal distribution was limited to tumor cells, and the staining was located 

cytoplasmically as well as membrane-bound (Figure 26). Other cells in the 

tumor microenvironment, including stroma, fatty tissue, and endothelial 

cells, remained signal-free (Figure 26A-C). Nevertheless, in some cases, 

robust detection of lymphocytes in the tumor-surrounding stroma was 

observed (Figure 26C, red arrow). The samples were categorized into low 

CX3CR1 expression (scores 0 and +1) and high CX3CR1 expression 

 

Figure 26: Immunohistochemistry (IHC) analysis of CX3CR1 in breast cancer 
tissue.  

Scoring intensities of CX3CR1 in IHC showed (A) low 1+, (B) moderate 2+, and (C) high 
3+ expression in breast cancer tissue (n=346). (D) Negative control without primary 
antibody showed no background signal. (E) Kidney samples were used as a positive 
control. (F) Specificity of the anti-hCX3CR1 antibody was shown in western blot analysis 
of human breast cancer samples (n=4), GAPDH was used as a loading control. Red 
arrow indicates area of immune cell staining. 
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(scores +2 and +3). Antibody specificity was evaluated by western blot 

analysis of breast cancer tissue showing single bands at 50 kDa for each 

patient (Figure 26F, page 104). 

Among 346 breast cancer samples, 80% showed a weak signal for 

CX3CR1, and 20% were moderate to high. There was no significant 

association of CX3CR1 expression and the subtype classification of breast 

cancer cases (Table 46). 

Table 46: Distribution of tumor cell CX3CR1 IHC score in a cohort of 346 breast 
cancer patients:  

Relative distribution among breast cancer subgroups, divided into HER2 receptor (HER2), 
hormone receptor (HR), and triple-negative breast cancer (TNBC). Scores of 0 and 1+ were 
displayed as low, and scores of 2+ and 3+ were displayed as high. High CX3CR1 
expression in the respective subgroups is indicated in bold. 

 

scoring percentage   

low 80%   

high 20%     

    

HER2   CX3CR1 high CX3CR1 low 

positive  36 4 32 

negative 310 65 245 

Chi-Quadrat 0.161   

HR   CX3CR1 high CX3CR1 low 

positive 283 59 224 

negative 63 10 53 

Chi-Quadrat 0.371   

TNBC   CX3CR1 high CX3CR1 low 

yes 27 6 21 

no 319 63 265 

Chi-Quadrat 0.757   

 

The analysis of an association between CX3CR1 expression and survival 

by Kaplan-Meier log-rank test showed no correlation of this receptor 

expression on tumor cells with neither DFS (p=0.277) nor OS (p=0.906) in 

the immunohistochemistry data (Figure 27A+B, page 106). However, there 

was a strong association found in the Affymetrix data. Here CX3CR1 
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expression is a favorable prognostic factor both for DFS and OS (p<0.001, 

Figure 27C+D, page 106). Matching to the Kaplan-Meier curves, there was 

no prognostic value of CX3CR1 protein levels in univariate Cox regression 

analysis (Table 47, page 107).  

 

 

Figure 27: Association of CX3CR1 expression in breast cancer specimens and 
patients’ survival. Kaplan-Meier analysis of 346 breast cancer specimens stained for 
CX3CR1 by immunohistochemistry revealed no association with (A) DFS or (B) OS. 
Affymetrix based public available CX3CR1 expression data correlated high expression 
of the receptor with better (C) DFS (p<0.001) and (D) OS (p<0.001) in breast cancer 
patients. 
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Table 47: Univariate Cox regression analysis of the breast cancer cohort and 
CX3CR1 expression.  

 DFS  OS  

  p HR p HR 

tumor≥20 mm 0.019 1775 (1.098 - 2.869) 0.002 2.578 (1.399 - 4.753) 

age≥60 y 0.831 0.950 (0.593 - 1.521) 0.083 1.704 (0.933 - 3.112) 

pT≥2  0.00047 1.568 (1.219 - 2.017) 0.000011 1.864 (1.412 - 2.461) 

pN positive 0.01 1.374 (1.079 - 1.749) 0.003 1.524(1.154 - 2.014) 

Grading≥3 0.125 1.341 (0.922 - 1.949) 0.017 1.78 (1.109 - 2.858) 

TILs≥30% 0.89 0.953 (0.482 - 1.886) 0.931 0.960(0.376 - 2.447) 

CX3CR1 high 0.280 0.691 (0.353 - 1.353) 0.906 1.043(0.519 - 2.094) 

 

21. Differential expression of ADAM10 in human breast 

cancer 

Detection of ADAM10 was successfully performed on 276 breast cancer 

patients (Table 5, page 24) samples using IHC analysis. Expression was 

localized to tumor tissue, whereas other tissue compartments remained 

signal-free (Figure 28A-C, page 108). There was no background detection 

in primary antibody control samples, and a stable signal was detected in the 

kidney as a positive control (Figure 28D+E, page 108). A differential 

expression throughout the samples was detected. The cases were 

categorized in low expression (score 0 and +1) and high expression (score 

+2 and +3). Only expression in tumor tissue was taken into consideration.  

Antibody specificity was evaluated by western blot analysis of breast cancer 

tissue showing single bands at 50 kDa for each patient (Figure 28F, page 

108). 

High signal intensity for ADAM10 was detected in 84% of 346 breast cancer 

patients (Table 48, page 109). There was a strong association of low 

ADAM10 expression in the HR+ cases (Table 48, page 109). The negative 
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correlation between ADAM10 expression and the presence of the estrogen 

receptor was significant as compared by the Chi-square test (p=0.027).  

 

Figure 28: Immunohistochemistry (IHC) analysis of ADAM10 in breast cancer 
tissue. 

Scoring intensities of ADAM10 in IHC showed (A) low +1, (B) moderate +2, and (C) high 
3+ expression in breast cancer tissue. (D) Negative control without primary antibody 
showed no background detection. (E) Kidney samples were used as a positive control. 
(F) The specificity of the anti-ADAM10 antibody was shown in western blot analysis of 
human breast cancer samples (n=4), GAPDH was used as a loading control. 
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Table 48: Distribution of ADAM10 IHC score in a cohort of 276 breast cancer patients:  

Relative distribution among breast cancer sub-groups, divided into HER2 receptor (HER2), 
hormone receptor (HR), and TNBC. Scores of 0 and 1+ were displayed as low, and scores 
of 2+ and 3+ were displayed as high.  

 

scoring percentage   

low 16%   

high 84%     

    

HER2   ADAM10 high ADAM10 low 

positive  5 4 1 

negative 262 221 41 

Chi-Quadrat 0.791   

HR   ADAM10 high ADAM10 low 

positive 237 33 204 

negative 30 21 9 

Chi-Quadrat 0.023   

TNBC   ADAM10 high ADAM10 low 

yes 25 17 8 

no 242 208 34 

Chi-Quadrat 0.019   
 

With respect to survival, there was a trend suggesting ADAM10 as a 

favorable prognostic factor. This correlation was shown for DFS (p=0.204) 

and OS (p=0.42, Figure 29A+B, page 110). The favorable prognostic value 

of ADAM10 was further support by the Affymetrix data, which showed a 

highly significant correlation between high ADAM10 expression and better 

DFS (p=0.027, Figure 29C, page 110). Despite the consistent tendency 

from the KM analysis, ADAM10 does not prove as a prognostic factor in the 

univariate Cox regression analysis (Table 49, page 110). 
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Figure 29: Association of ADAM10 expression in breast cancer specimens and 
patients’ survival: Kaplan-Meier analysis of 276 breast cancer specimens stained for 
ADAM10 by immunohistochemistry and the association with (A) DFS and (B) OS. 
Affymetrix based public available ADAM10 expression data correlated high expression 
of the receptor with better(C)  DFS (p=0.027) but not (D) OS (p=0.45) in breast cancer 
patients.   

 

Table 49: Univariate Cox regression analysis of the breast cancer cohort and 
ADAM10 expression.  

 DFS  OS  

  p HR p HR 

tumor≥20 mm 0.019 1775 (1.098 - 2.869) 0.002 2.578 (1.399 - 4.753) 

age≥60 y 0.831 0.950 (0.593 - 1.521) 0.083 1.704 (0.933 - 3.112) 

pT≥2  0.00047 1.568 (1.219 - 2.017) 0.000011 1.864 (1.412 - 2.461) 

pN positive 0.01 1.374 (1.079 - 1.749) 0.003 1.524( 1.154 - 2.014) 

Grading≥3 0.125 1.341 (0.922 -  1.949) 0.017 1.78 (1.109 - 2.858) 

TILs≥30% 0.89 0.953 (0.482 - 1.886) 0.931 0.960( 0.376 - 2.447) 

ADAM10 0.432 0.758 (0.380 - 1.512) 0.209 0.601( 0.272 - 1.329) 
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22. Differential expression of ADAM17 in human breast 

cancer 

The analysis of ADAM17 with immunohistochemistry was performed in 322 

breast cancer patient samples (Table 5, page 24). 

 

 

Figure 30: Immunohistochemistry (IHC) analysis of ADAM17 in breast cancer 
tissue.  

Scoring intensities of ADAM17 in IHC showed (A) low +1, (B) moderate +2 and (C) high 
+3 expression in breast cancer tissue. (D) A negative control without primary antibody 
showed no background staining. (E) Kidney samples were used as a positive control. (F) 
The specificity of the anti-ADAM17 antibody was shown in the western-blot analysis of 
human breast cancer samples (n=3), GAPDH was used as a loading control. 

The analysis of ADAM17 showed differential expression across the different 

samples with specific cytoplasmic expression located to tumor cells (Figure 

30A-C). There was no signal detected in stroma cells or endothelial cells. 

The cases were categorized in low expression (score 0 and +1) and high 

expression (score +2 and +3). A negative control without primary antibody 

did not show any signal. The analysis of kidney samples showed 

cytoplasmic expression in ductal structures but no signal in glomeruli, 

pericytes, and stromal cells (Figure 30E). 
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Antibody specificity was evaluated by western blot analysis of breast cancer 

tissue showing bands at 70 and 130 kDa for each patient (Figure 30F, page 

111). 

 The distribution showed that 41% of the analyzed samples had low 

ADAM17 expression, and 59% showed high expression (Table 50). Further 

analysis of ADAM17 expression in breast cancer subtypes revealed no 

further association. 

 

Table 50: Distribution of ADAM17 IHC score in a cohort of 322 breast cancer patients:  

Relative distribution among breast cancer sub-groups, divided into HER2 receptor (HER2), 
estrogen receptor (ER) and progesterone receptor (PR). Scores of 0 and 1+ were displayed 
as low, and scores of 2+ and 3+ were displayed as high. High ADAM17 levels are indicated 
in bold.  

scoring percentage   

low 41%   

high 59%     

    

HER2   ADAM17 high ADAM17 low 

positive  15 7 8 

negative 307 182 125 

Chi-Quadrat 0.647   

HR   ADAM17 high ADAM17 low 

positive 280 168 112 

negative 42 22 20 

Chi-Quadrat 0.349   

TNBC   ADAM17 high ADAM17 low 

yes 27 14 13 

no 295 176 119 

Chi-Quadrat 0.430   
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Figure 31: Association of ADAM17 expression in breast cancer specimens and 
patients’ survival: Kaplan-Meier analysis of 322 breast cancer specimens stained for 
ADAM17 by immunohistochemistry and correlation with (A) DFS and (B) OS. Affymetrix 
based public available CXCR3 expression data correlated high expression of the 
receptor with better (C) DFS (p=0.007) and (D) OS (p=0.029) in breast cancer patients.   

 

Survival data for ADAM17 showed no prognostic value for DFS or OS 

(Figure 31A+B). Nevertheless, the Affymetrix data showed that high 

ADAM17 expression is associated with a shorter DFS (p=0.007) and OS 

(p=0.029, Figure 31C+D). The univariate analysis of the prognostic value of 

ADAM17 expression remained not significant. 
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 DFS  OS  

  p HR p HR 

tumor≥20 mm 0.019 1775 (1.098 - 2.869) 0.002 2.578 (1.399 - 4.753) 

age≥60 y 0.831 0.950 (0.593 - 1.521) 0.083 1.704 (0.933 - 3.112) 

pT≥2  0.00047 1.568 (1.219 - 2.017) 0.000011 1.864 (1.412 - 2.461) 

pN positive 0.01 1.374 (1.079 - 1.749) 0.003 1.524(1.154 - 2.014) 

Grading≥3 0.125 1.341 (0.922 - 1.949) 0.017 1.78 (1.109 - 2.858) 

TILs≥30% 0.89 0.953 (0.482 - 1.886) 0.931 0.960(0.376 - 2.447) 

ADAM17 0.660 0.894 (0.541 - 1.476) 0.530 0.827(0.456 - 1.498) 

 

Thorough correlation analysis of all the immunohistochemically analyzed 

proteins above revealed some weak correlations. The most notable ones 

are listed in Table 51.  

Table 51: Spearman correlation analysis of analyzed proteins in the 
immunohistochemistry cohort. 

correlation   regression p 

ADAM10 vs. ADAM17   0.265 0.00002 

ADAM10 vs. CX3CR1  0.150 0.014 

ADAM17 vs.CX3CR1  0.330 0.0001 

ADAM17 vs.CXCR3  0.243 0.0001 

CX3CR1 vs. CXCR3  0.178 0.003 

CX3CR1 vs. CX3CL1   -0.154 0.013 
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VI. DISCUSSION 

1. CXCL9 shows anti-tumor activity in breast cancer 

Breast cancer is the most common cause of cancer-related death among 

women in the western world. Though there are effective therapeutic 

strategies available, reaching from surgery to systemic therapy, the tumor-

related mortality is still at about 20% (Akram et al. 2017). A major problem 

is the genetic diversity of breast cancer that is displayed in a wide variety of 

phenotypes. However, a feature that is shared among many breast cancer 

subtypes is a relatively high immunogenic potential, making it reasonable to 

aim for directed immuno-therapies, as it has been successfully 

demonstrated in the case of the anti-HER2 directed therapies already 

(Baselga et al.  2010). These therapies are highly dependent on functional 

and active host immunity. The main feature of efficient host immunity is the 

composition and amount of lymphocytes in the tumor (Solinas et al. 2017). 

Tumor-infiltrating lymphocytes are a strong prognostic marker of improved 

survival in different subsets of breast cancer patients (Denkert et al. 2017; 

Hellwig et al. 2019). This lymphocytic infiltration is directed into the tumor 

by chemokines, especially those binding and activating the CXCR3 receptor 

(Nagarsheth et al. 2017; Kuo et al. 2018). CXCL9 seems to play a crucial 

role in this process as it is highly associated with survival and the presence 

of tumor-infiltrating lymphocytes (Denkert et al. 2010, 2015; Specht et al. 

2009). 

The expression and secretion of CXCL9 are highly dependent on IFN-γ 

(Farber et al. 1997;Gorbachev et al. 2007; Wong et al. 1994). Moreover, this 
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secretion can be synergistically enhanced by simultaneous stimulation with 

TNF-α (Ohmori et al. 1993; Ohmori et al. 1997).  

The experiments that are shown here demonstrate that these regulatory 

processes are also effective in the murine 4T1 breast cancer cell line as well 

as the human breast cancer cell lines SKBR3 and MDA-MB 231 in vitro. 

IFN-γ induces the secretion of CXCL9 in a dose-dependent manner, which 

can be further increased by the addition of TNF-α. As both cytokines are 

present in the tumor micro milieu, this sensitive regulation very likely also 

plays a vital role in inflammatory processes during cancer formation and 

progression. 

Breast cancer is an inflammatory disease, and the amount of tumor-

infiltrating lymphocytes (TILs) plays an important role in the progression and 

therapy of breast cancer (Dushyanthen et al. 2015). As mentioned above, 

the amount of TILs in the tumor is suggested as a feasible prognostic factor 

for all breast cancer subtypes (Roberto et al. 2017). The CXCR3 receptor is 

expressed on various, mainly tumor-suppressive, lymphocytes making 

them susceptible to CXCL9 recruitment. These lymphocytes include T-cells, 

NK cells, B-cells, dendritic cells (García-López et al. 2001; Qin et al. 1998; 

Loetscher et al. 1996; Hickman et al. 2015; Inngjerdingen et al. 2001; 

Muehlinghaus et al. 2005), but also regulatory T cells, eosinophils, and 

neutrophils (Hasegawa et al. 2008; Jinquan et al. 2000; Hartl et al. 2008). 

Especially NK cells and T cells have been shown to suppress tumor 

progression in a CXCL9-dependent manner (Andersson et al. 2011; 

Gorbachev et al. 2007; Wendel et al. 2008). This tumor-suppressive 

potential is not only due to the increase of total TILs but also to the 
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polarization of lymphocyte populations towards a tumor-suppressive 

phenotype. It has been shown that high concentrations of CXCL9 shift T cell 

populations towards TH1 and TH17 states, both showing anti-tumor activity 

(Groom and Luster 2012; J. K. Hu et al. 2011; Zohar et al. 2014a). 

Beside the chemokine-immune cell interaction, CXCL9 shows a 

lymphocyte-independent tumor-suppressive mechanism: as a member of 

the ELR (Glu-Leu-Arg) chemokine family, there have been angiostatic 

functions reported, which additionally impair tumor progression (Arenberg 

et al. 2001; Pan et al. 2006) and even lead to the formation of necrotic 

intratumoral lesions (Sgadari et al. 1997). Taking all these mechanisms into 

consideration, the tumor-suppressive effects were successfully validated in 

xenograft mouse models using SCID mice (Addison et al. 2000; Arenberg 

et al. 2001). The same experimental setup was adequately performed in the 

syngenic 66.1 breast cancer mouse model in Balb/c mice (Walser et al. 

2007). The authors found reduced tumor growth and metastasis together 

with increased T cell infiltration in the tumor transplants overexpressing 

CXCL9. Here, using the triple-negative 4T1 breast cancer mouse model 

with stably CXCL9-overexpressing 4T1 cells, we were able to confirm 

previous results. Mice bearing CXCL9-overexpressing tumors showed a 

60% reduction in tumor growth and a significantly reduced tumor mass after 

21 days. The chemokine concentration was re-evaluated after the 

experiment, and higher CXCL9 concentrations were detected in tumor 

tissue and blood samples of mice with CXCL9-overexpressing tumors. The 

elevated CXCL9 concentration in the sera of tumor-bearing mice 

corresponds to studies reporting that serum CXCL9 was elevated in breast 

cancer patients and might be a feasible biomarker for early detection (Ruiz-
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Garcia et al. 2010). Moreover, as a proportion of breast cancer patients in 

the present study also exhibited elevated CXCL9 in their sera, CXCL9 might 

be a feasible liquid biopsy marker to assess the tumor immunologic micro 

milieu in breast cancer patients. The 4T1-Cxcl9 experiment demonstrates 

that systemic CXCL9 might be indeed tumor-derived. Further analyses are 

planned to determine the association of serum CXCL9 and the inflammatory 

tumor micro milieu. 

Besides, in order to further support the role of CXCL9 in tumor progression, 

the experiment was extended using stably CXCL9-depleted 4T1 cells. 

However, the reduction of CXCL9 was not sufficient to have any impact on 

tumor growth. These results might be explained in different ways. Since 

CXCL9 is strongly regulated via inflammatory cytokines, which are present 

during tumor progression, the knockdown via RNA interference (60% 

compared to wildtype) might not have been sufficient to impair the various 

CXCL9 effects. It has also been shown that tumor cells not necessarily have 

to be the primary source of CXCL9 expression. Dangaj and colleagues 

identified CD11c+ dendritic cell populations as a significant chemokine 

producer (Dangaj et al. 2019). Those populations would not have been 

directly affected by a local, artificial knock out in the tumor cells. Similar 

effects have been detected for macrophage-derived CXCL9 expression 

(House et al. 2020). 

Furthermore, the compensation by the redundancy of the different CXCR3-

ligands remains unclear till now, and it has been earlier discussed if missing 

CXCL9 functionality could be substituted by CXCL10 (Medoff et al. 2006) or 

leads to enhanced receptor internalization due to false regulation by 
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CXCL11 (Rajagopal et al. 2013; Sauty et al. 2001). The role of intratumoral 

receptor and ligand interaction needs to be further evaluated but was 

reported to have no impact on tumor growth in vivo. Stable knockout of 

CXCR3 in 4T1 tumor cells in Balb/c mice showed no modulation of tumor 

growth (Zhu et al. 2015). Another reason for the lack of differential tumor 

growth might be that CXCL9 does not play a major role in the wild-type 4T1 

model as only minor CXCL9 mRNA expression was detected in the control 

tumors of the CXCL9-overexpression experiment. 

Altogether, high CXCL9 concentrations show significant tumor-suppressive 

activity in triple-negative breast cancer in vivo. These findings provide 

substantial information that increasing intra-tumoral CXCL9 concentration 

is a potential therapeutic target for cancer therapy. 
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2. CXCL9 in cancer therapy 

There have been different approaches performed using CXCL9 as a 

modulator of cancer therapy. High concentrations of CXCL9 show 

promoting effects in different antibody-based therapies, such as anti-PD1 

therapy in melanoma and breast cancer (W. Peng et al. 2012; Chheda et al. 

2016) and anti-CTLA4 therapy in colon cancer and melanoma (Ji et al. 

2012). House and colleagues even suggest that CXCL9 modulation might 

be a good way to improve patients’ response to checkpoint inhibition and 

that the modulation does not have to be tumor-derived but might be 

macrophage dependent (House et al. 2020). In terms of high intratumoral 

CXCL9 concentration, there have also been beneficial effects on other 

immuno-therapies suggested, including adoptive T cell transfer (Bedognetti 

et al. 2013). Since all these therapies benefit from high CXCL9 

concentrations, there is a need for therapeutic options to induce intratumoral 

CXCL9 for use in a clinical setting. Recent data of our research group 

indicated that there is an impact of COX-2 and its major product PGE2 on 

the regulation of CXCL9. PGE2 impairs the IFN-γ mediated CXCL9 

secretion from cancer cells (Bronger et al. 2016, 2012). The existence of 

this regulatory axis is also supported by the observation of an inverse 

correlation between CXCL9 and COX expression in a cohort of breast 

cancer patients (Bronger et al. 2012). 

In the present work, it was demonstrated that both the murine 4T1 breast 

cancer cells, as well as human MDA-MB 231 and SKBR3 cells, show very 

low to no endogenous CXCL9 secretion. The inflammatory cytokine IFN-γ 

is capable of significantly increasing the chemokine secretion. After 
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combined treatment with IFN-γ and non-selective COX-inhibition by 

indomethacin, the chemokine secretion was significantly elevated 

compared to IFN-γ only treatment. More evidence for the connection of 

CXCL9 secretion and COX function came from the observation of increased 

secretion of CXCL9 after stable shRNA-mediated knockdown of COX-2 in 

4T1 cells. Altogether, there is strong evidence that inhibition of COX leads 

to increased CXCL9 secretion. 

Based on these data, indomethacin therapy was tested in our syngeneic 

4T1 mouse model. Two weeks of treatment were sufficient to significantly 

reduce tumor growth by 75% and the formation of lung metastases by 70% 

compared with untreated mice. These findings support the results of 

Connolly and colleagues in the same experimental setting (Connolly et al. 

2002). Additionally, the outcomes derived from the latter experiment in this 

thesis show that the treatment with indomethacin correlates with increased 

CXCL9 concentrations in mouse plasma. Furthermore, flow cytometry 

analysis of the tumor-infiltrating lymphocytes revealed higher 

concentrations of NK cells in tumor tissue. The higher immune cell influx 

contributes to a better anti-tumor response and agrees with previous data 

in lung cancer models (Andersson et al. 2009). Other lymphocyte 

subpopulations were also enriched by 2-10%, depending on the cell type, 

in indomethacin-treated mice, including inactive regulatory T cells, 

macrophages, and dendritic cells. All those cells have been shown to 

express the CXCL9 receptor CXCR3 indicating that the observed effects of 

indomethacin in vivo could indeed be dependent on CXCL9. Similar results 

were observed for flow cytometry analysis of spleen lymphocytes. Here, an 

increased accumulation of NK cells by a factor of 1.6, total CD3+ 
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lymphocytes by a factor of 1.3 including CD4+ and CD8+ T cells and 

regulatory T cells by a factor of 1.6 was detected. The enrichment of 

lymphocytes in the spleen is a strong indicator for immune response and 

systemic redistribution of immune-cells (Bronte and Pittet 2013). Summing 

up, treatment of mice with indomethacin in a syngenic breast cancer model 

displays significantly reduced tumor growth and metastasis. The 

microenvironment shifts towards a tumor-suppressive milieu by enrichment 

of NK cells in the tumor, together with strong inflammatory regulation. These 

effects are at least accompanied by an increase of CXCL9 concentrations 

in the sera of the corresponding mice. Nevertheless, although all these 

effects could be functionally linked to the induction of CXCL9 by COX 

inhibition, further experiments are now warranted to prove this link. 

CXCL9 has also shown to be associated with a good response to standard 

chemotherapy. It was described that breast cancer patients with high 

CXCL9 expression show a better response to CMF chemotherapy (Specht 

et al. 2009). Similar results were seen after combination therapy of cisplatin 

and plasmid-derived CXCL9 in colon and lung cancer (Zhang et al. 2006). 

The link between CXCL9 expression and chemotherapy treatment was 

further underpinned by the treatment with lapatinib and doxorubicin, leading 

to increased CXCL9 expression (Hannesdóttir et al. 2013). In vitro 

experiments performed in this thesis, with the two different human breast 

cancer cell lines, SKBR3 and MDA-MB 231, showed that major standard 

breast cancer chemotherapy agents were, at certain concentrations, 

sufficient to increase the CXCL9 secretion. This includes cyclophosphamide 

0.25 mM (1.4 fold increased secretion), paclitaxel 12.5 mM (2.2 fold 

increases secretion), lapatinib 1.25 mM (1.2 fold increased secretion) and 
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epirubicin 25 mM (2 fold increased secretion). These findings further 

support the aspect of activation of the anti-tumoral immune response as a 

mechanism of action of standard chemotherapeutics. These hypothesis has 

been proposed earlier by Mattarollo et al. and Fridmann et al. (Mattarollo et 

al. 2011; Fridman et al. 2017). The mechanisms in vivo need to be further 

analyzed, but it seems reasonable to assume that CXCL9 plays a role in the 

tumor response to standard chemotherapy and might have predictive value 

in terms of chemotherapy response.  

In order to validate the expression levels of CXCL9 in breast cancer 

patients, two cohorts of patients were compiled. On the one hand, the 

expression of CXCL9 and its receptor CXCR3 was evaluated in tumor tissue 

via immunohistochemical analysis in a cohort of 287 breast cancer patients 

including all subtypes (HR+, HER2+, triple-negative), on the other hand, the 

serum levels of CXCL9 and CXCL10 in breast cancer patients were tested 

before therapy. Most interestingly, 45% of all patients showed no expression 

of CXCL9. On the other hand, 50% of the patients showed a moderate to 

high expression based on the separation by quartiles. The CXCL10 

expression was distributed equally among the quartiles. A correlation 

between CXCL9 and CXCL10 in the patient's sera was not detected. The 

idea of CXCL9 being a good prognostic marker has already been analyzed 

by other groups, including ER-negative breast cancer, lung cancer, and 

cervical cancer (Shiels et al. 2015; Ruiz-Garcia et al. 2010; Zhi et al. 2014). 

Nevertheless, none of the studies mentioned above did also check for the 

correlation between serum CXCL9 concentration and expression in the 

corresponding tumor tissue. This correlation would be a crucial step to 
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understand better the prognostic value and underlying mechanism of action 

of this chemokine. It is the future perspective of this study once the follow 

up is long enough to have a sufficient number of survival events. 

Besides the determination of the CXCL9 concentrations in the sera, the 

expression of CXCL9 in breast cancer specimens was assessed and 

correlated with clinical parameters. In our cohort, high CXCL9 expression 

was associated with a worse prognosis, although these results were not 

significant. The CXCL9 expression was associated with the TNBC cases in 

our cohort, which has the worst prognosis among all breast cancer 

subtypes. This overall bad prognosis could be one explanation for the 

surprising outcome of this study. However, the general prognostic potential 

of CXCL9 is not fully understood until now. There is strong evidence that 

CXCL9 is a favorable prognostic marker for better survival, especially in 

breast cancer (Denkert et al. 2010), but also in other cancer entities like 

NSCLC, colorectal cancer, melanoma, and ovarian cancer. (Addison et al. 

2000; Wu et al. 2016; Bedognetti et al. 2013; Kryczek et al. 2009). The 

protective nature is further underlined by the findings that CXCL9 can 

increase the amount of tumor-infiltrating lymphocytes into the tumor tissue, 

which is another strong marker for better prognosis and therapy response 

(Carsten Denkert et al. 2017; C. Denkert et al. 2014). On the other hand, 

several reports have associated high CXCL9 expression with an adverse 

prognosis in several cancer entities, including hepatocellular carcinoma, 

lung cancer, melanoma, prostate cancer, glioblastoma, and oral cavity 

squamous carcinoma (Liu et al. 2015; Nakanishi and Rosenberg 2013; 

Amatschek et al. 2011; Hsin et al. 2013; Chang et al. 2013; Hu et al. 2015; 

Sreekanthreddy et al. 2010). These contradictory results demonstrate that 
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CXCL9 is a hallmark regulator of the immune response during cancer 

progression and treatment, but the exact mechanisms are not fully 

understood yet. 

Even more important is the correlation between chemokine expression in 

the tissue, and the corresponding systemic effect in the bloodstream needs 

to be further evaluated since the promising results would suggest CXCL9 

as a suitable predictive and prognostic biomarker with potential to become 

a biomarker even from a liquid biopsy. 

 

3. Regulation of CX3CL1 in human cancer cell lines 

CX3CL1 is a chemokine, which is translated as a transmembrane protein 

exposing its chemokine domain extracellularly (Bazan et al. 1997). It can be 

strongly induced by inflammatory cytokines such as TNF-α (Chandrasekar 

et al. 2003). The soluble isoform can be generated by proteolytic cleavage, 

still containing the chemokine domain. Proteases that can perform this 

shedding are, besides others, mainly ADAM10 and ADAM17 (Garton et al. 

2001; Hundhausen et al. 2003). The soluble isoform shows chemotactic 

properties towards lymphocytes bearing the corresponding receptor 

CX3CR1 (Chen and Mellman 2013b). The membrane-bound CX3CL1 is 

additionally capable of providing tight adhesion to the cell populations 

mentioned above (Harrison et al. 2001). This dual character of CX3CL1 

provides a broad spectrum of functional activity in inflammation and cancer 

disease. Herein, regulation and potential shedding of CX3CL1 were 

analyzed in four differentially HER2-expressing cancer cell lines (HT29, 

BT474, MDA-MB 453, SKBR3). The regulatory properties of these four cell 
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lines were quite different regarding up-regulation under inflammatory 

conditions and shedding. This individual adjustment indicates that CX3CL1 

regulation is carefully adjusted and controlled. HT29 and SKBR3 cells 

showed expression of CX3CL1 under normal conditions, but respond 

strongly to stimulation with TNF-α and show increased CX3CL1 secretion. 

The shedding can be efficiently modulated by inhibition of ADAM17. The 

same was observed for the BT474 cells, but these showed increased 

CX3CL1 under normal conditions and no further up-regulation of 

membrane-bound CX3CL1 after the inhibition of ADAM17-mediated 

shedding. 

Further analysis of the CX3CL1 turn-over has shown that CX3CL1 can be 

rapidly internalized and is stored in intracellular vesicles (Liu et al. 2005). 

The intrinsic storage indicates a fast regulatory mechanism to keep constant 

CX3CL1 concentration on the cell membrane. The MDA-MB 453 cells 

showed no regulation of CX3CL1 at all with deficient intrinsic 

concentrations. Altogether in this study, the thorough regulation of CX3CL1 

was shown in four different HER2 positive cancer cell lines.  

3.1. CX3CL1 improves the NK cell-mediated cell lysis of HER2-

positive cancer cells. 

NK cells are lymphocytes that are also known for their ability to kill tumor 

cells. Two different mechanisms have been identified for efficient killing: an 

unspecific killing, which is mainly based on missing MHC class antigens on 

the surface of the target cells, and a specific killing mediated via the Fc 

receptor on the NK cell membrane (Mota et al. 2003). The latter one is called 

antibody-dependent cellular toxicity (ADCC) and is an essential mechanism 

in many immunotherapies (Wu and Lanier 2003; Robertson and Ritz 1990). 
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A prominent example is the anti-HER2 therapy for HER2-positive breast 

cancer patients using trastuzumab. HER2 is a growth factor receptor, which 

is connected to oncogenic transformation and is correlated with poor patient 

survival, high recurrence rate, and metastasis formation (Slamon et al. 

1987). Trastuzumab is a humanized anti-HER2 antibody for the treatment 

of human HER2-overexpressing tumor patients (Carter et al. 1992). This 

antibody binds to HER2 and has two modes of action. The first one is the 

intracellular blockade of the receptor tyrosine kinase activity, which also 

impairs the down-stream signaling and pathway activation. The second one 

is the improvement of ADCC by presenting the Fc fragment to the specific 

receptor of NK cells (Tokuda et al. 1996; Cooley et al. 1999). Arnould and 

colleagues have shown a strong dependency between NK cells and efficient 

anti-HER2 therapy (Arnould et al. 2006). Nevertheless, after a year of 

therapy, some patients show resistance to trastuzumab after successful 

treatment (Pohlmann et al. 2009), so more insight into the mechanism is 

needed, and alternative options are necessary. 

CX3CL1 affects  NK cell function in vivo (Robinson et al. 2003). Thereby, 

both isoforms seem to contribute to this regulation. The soluble form of 

CX3CL1 functions as a potent chemoattractant for NK cells, which leads to 

increased recruitment out of the bloodstream (Umehara et al. 2004) into the 

tumor (Guo et al. 2003). The membrane-bound form of CX3CL1 is capable 

of inducing strong adhesion (Harrison et al. 2001) and higher integrin affinity 

(Goda et al. 2000). Both mechanisms might contribute to an accumulation 

of NK cells in the tumor tissue. Furthermore, the chemokine domain itself, 

in both isoforms, stimulates IFN-γ secretion of NK cells, suggesting that 

CX3CL1 also acts as an NK cell activator (Yoneda et al. 2000).  
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In the present work, it was shown that NK cell-mediated killing of HER2-

positive breast cancer cells could be increased by TNF-α in vitro, which is 

in agreement with previous data in MCF7 and MDA-MB 231 breast cancer 

cells (Branellec et al. 1992). Interestingly, in the present work, it could be 

demonstrated that this effect is partially dependent on CX3CL1 since the 

addition of an anti-CX3CL1 antibody quenched the killing efficiency. 

Additionally, the CX3CL1 low expressing cell line MDA-MB 453 showed no 

effect of TNF-α on cytotoxicity despite having a general TNF-α response 

that could be shown by the induction of CXCL10. The role of CX3CL1 in the 

NK cell-mediated killing could be further underpinned by effects in the wake 

of CX3CL1 overexpression. The cell lysis of CX3CL1-overexpressing tumor 

cells was increased by 15% compared to control cells, and these cells also 

better responded to the treatment with trastuzumab. To date, this is the first 

study demonstrating additive effects of combined CX3CL1 and trastuzumab 

treatment of HER2-positive cancer cells in vitro. 

In summary, CX3CL1 can enhance the NK cell-mediated cell lysis of breast 

cancer cells. Inhibition of ADAM17 and thereby the shedding and increase 

of the membrane-bound compartment was sufficient to increase the NK cell 

cytotoxicity further. Increased CX3CL1 concentrations could improve the 

trastuzumab efficiency in this model. Due to the structure of the Europium 

assay, which includes the incubation of NK cells and tumor cells in close 

proximity, the focus of this particular experiment was on the membrane-

bound form of CX3CL1. The effects that have been described above are 

altogether signs for a tumor-suppressive function of this CX3CL1 isoform. 

The prognostic value for breast cancer is controversially discussed because 

CX3CL1 has been suggested as a marker for bad and good prognosis 
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(Tsang et al. 2013; Park et al. 2012). Since the two isoforms were not 

differentiated in these studies, this might be a potential explanation for the 

contradictory effects since the effects of the soluble forms have not been 

analyzed in detail yet.  

 

4. CX3CL1 reduces tumor growth and metastasis in 

vivo and enhances trastuzumab therapy 

Herein, CX3CL1 overexpression in the syngenic 4T1 breast cancer mouse 

model showed a significant reduction of tumor growth and lung metastasis 

together with increased tumor-infiltrating NK cells, CD4+, and CD8+ T cells. 

These findings correspond to results reported in other cancer entities 

(Lavergne et al. 2003; Kee et al. 2013). However, in our experiments, no 

changes in regulatory T- cells were detected, which contribute to a tumor 

promotive environment (Plitas and Rudensky 2020). Moreover, there was 

no shift of myeloid cell populations, in particular dendritic cells and 

monocytes, detected. A lack of regulation of these cell populations might 

also contribute to a better outcome due to the tumor-promoting effects of 

these myeloid subpopulations (Chittezhath et al. 2014).  

The tumor-suppressive effect of CX3CL1 was also shown in the two 

xenograft mouse models using human MDA-MB 453 and HT29 cells stably 

overexpressing murine CX3CL1. In both models, an accelerated initial 

tumor growth phase was detected in the mice bearing tumor with CX3CL1 

overexpression. This accelerated tumor onset is in line with the observation 

in the 4T1 model, win which the separation of the growth curves occurred 

only at a very late stage. Nevertheless, in the end, CX3CL1 improved 
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survival and suppressed tumor growth in all three mouse models. In the 

MDA-MB 453 model, there was no improvement of trastuzumab therapy 

detectable, because small amounts of trastuzumab were already sufficient 

to eradicate the initially grown tumor. The powerful trastuzumab effect is in 

line with the clinical situation in which the immunoregulatory effects are not 

that important in HER2 overexpressing tumors. Tumor cells that show high 

expression of HER2 tend to be more sensitive to inhibition of the HER2 

receptor activity, which is also a mode of action of the trastuzumab antibody 

(Pegram and Slamon 2000). In the low HER2 expressing HT29 mouse 

model, the overexpression of CX3CL1 was able to improve the survival of 

the animals together with increased infiltration of NK cells. The in this thesis 

acquired data further confirms what has been shown in previous studies that 

already have shown that intratumoral CX3CL1 is capable of recruiting NK 

and T cells and thereby suppress tumor growth in preclinical models of 

colon cancer, lung cancer, hepatocellular carcinoma and lymphoma (Vitale 

et al. 2007; Jun Guo et al. 2003; Tang et al. 2007; Kee et al. 2013; Xin et al. 

2005). Moreover, CX3CL1 was sufficient to overcome trastuzumab 

resistance in this mouse model. Our study supports the protective role of 

CX3CL1 in breast cancer and suggests a potential therapeutic synergism 

with trastuzumab, which might enable this kind of therapy also for patients 

with HER2 low-expressing cancer entities. 
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5. CX3CL1 as a prognostic marker 

The prognostic role of CX3CL1 and its receptor CX3CR1 was assessed in 

a cohort of breast cancer patients, including all subtypes. The 

immunohistochemical analysis revealed a favorable prognostic value for 

DSF among patients that have been positively tested for CX3CL1 

expression. The positive association between CX3CL1 expression and 

better survival was further validated in publicly available datasets for DFS 

as well as OS (Györffy et al. 2010). These findings might further underline 

the tumor-suppressive function of CX3LC1, which has been described 

earlier also in other entities (Zeng et al. 2007; Xin et al. 2005; Lavergne et 

al. 2003; J Guo et al. 2003; Yu et al. 2007). However, there are still 

contradictory data available, showing pro-tumorigenic effects, e.g., in 

pancreatic cancer (Xu et al. 2012). A major question that remains 

unanswered is the differential function of soluble and membrane-bound 

CX3CL1, which might contribute to the adverse effects observed in different 

studies and different cancer entities. Vitale and colleagues have shown that 

both forms have tumor-suppressive effects in colon cancer, but act via 

different mechanisms (Vitale et al. 2007). 

Another aspect that can influence the effects of CX3CL1 is the interaction 

with its receptor CX3CR1. The receptor is predominantly expressed on 

various immune cell populations, leading to the efficient chemotactic effect 

of CX3CL1. This CX3CL1 induced chemotaxis mainly recruits tumor-

suppressive immune cells into the solid tumor, including NK cells, CD4+, and 

CD8+ T cells. (Hyakudomi et al. 2008; Ohta et al. 2005; Park et al. 2012; 

Blum et al. 2008; Erreni et al. 2016; Kehlen et al. 2014; Mlecnik et al. 2010; 
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J. Liu et al. 2019). However, the receptor is also expressed on tumor cells 

and might, therefore, interact with cells expressing the corresponding 

ligand. These might be the tumor cells themselves as well as epithelial cells 

in surrounding tissue or even distant organs. In this thesis, also the CX3CR1 

receptor expression on tumor cells was analyzed, and differential 

expression among breast cancer samples could be observed. The 

expression on the protein level could not be associated with patients’ 

survival. However, the Affymetrix data showed a clear correlation of high 

CX3CR1 expression and better disease-free and overall survival (Györffy et 

al. 2010). The expression of the CX3CR1 receptor can also be detected in 

other cancer entities listed in the TCGA database, including glioma, renal, 

and ovarian cancer, further supporting the tumor-associated role of this 

receptor. Most likely, the CX3CR1 receptor is an inducer of metastasis 

formation, as it has been described in other cancer entities such as colon or 

gastric cancer. However, a high tumoral CX3CL1 concentration might 

incorporate the CX3CR1 expressing tumor cells into the tumor and thereby 

keep them from moving into adjacent tissue. This mechanism has already 

been suggested for the CXCR3-system in ovarian cancer (Windmüller et al. 

2017) and might be even more feasible for the CX3CR1/CX3CL1 axis as 

well since the membrane-bound form of the chemokine also mediates 

adhesive properties.  

Another relevant aspect in terms of CX3CL1 regulation is the expression of 

proteases that can shed this chemokine into the soluble form. So far, the 

proteases ADAM10 and ADAM17 have been identified as the major 

shedding enzymes, although there are other proteases involved like 

Cathepsin S or MMP2. In this study, the expression of ADAM10 and 
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ADAM17 in breast cancer tissue has been analyzed. The combined 

expression of ADAMs and CX3CL1 would allow a potential deductive effect 

on patients' survival and the distinct role of the soluble and membrane-

bound form of CX3CL1.  

The analysis of ADAM10 immunohistochemistry data suggested this 

protease as a favorable prognostic marker for DFS and OS. The IHC data 

for ADAM10 was in line with the Affymetrix data, which also associated high 

ADAM10 expression with better survival. A correlation with the CX3CL1 

staining was not detected, so a possible interaction between both proteins 

is not derivable from the available data. This lack of correlation does not 

necessarily mean that there is no such interaction since it is very likely that 

the used CX3CL1 antibody detects both the soluble and the membrane-

bound form, discriminating between both forms impossible. Nevertheless, 

the finding that ADAM10 expression could be tumor suppressive is very 

controversial to the existing literature. The so-far common sense indicates 

that ADAM10 expression is an unfavorable prognostic marker in several 

cancer entities and is associated with the promotion of tumor cell migration 

and growth, e.g., in cancers of the oral cavity, stomach, ovary, uterine, 

colon, prostate and leukemia. (Ko et al. 2007; Yoshimura et al. 2002; Fogel 

et al. 2003; McCulloch et al. 2004; Wu et al. 1997; Gavert et al. 2005). 

Moreover, in triple-negative breast cancer, the tumor-promoting functions of 

ADAM10 have also been shown, including the increase of migration and 

invasion of TNBC cell lines BT20 and MDA-MB 231 (Mullooly et al. 2015). 

However, ADAM10 is a protease, and this gives the possibility to a wide 

range of cleavable substrates, so the effects have to be closely evaluated 
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in every entity individually. Especially the correlation of ADAM10 and a 

specific substrate needs to be carefully addressed (Atapattu et al. 2016). 

Besides, the activation of ADAM10 is probably even more important than 

the pure expression of this protein (Wozniak and Ludwig 2018). So in order 

to further elucidate the discrepancy, an activity base approach would be 

necessary for future research. The argumentation is, of course, also valid 

for the other CX3CL1 sheddase ADAM17.  

The expression data in this cohort showed no association with adverse 

survival of the patients but the Affymetrix data suggest an association of 

ADAM17 expression with poor DFS and OS. Similar effects have also been 

detected in breast, kidney, and ovarian cancer (Lendeckel et al. 2005; 

Roemer et al. 2004; Tanaka et al. 2005). In terms of CX3CL1 shedding, 

these contrary effects of ADAM10 and ADAM17 are not very surprising. The 

gene regulation of both proteases is very different. ADAM10 is constitutively 

expressed, and ADAM17 is tightly regulated and only expressed upon 

distinct signaling. 

Altogether, the expression of the CX3CL1/CX3CR1 axis has been shown to 

play a protective role in the progression of breast cancer, leading to overall 

better survival of those patients. The embedding in the context of ADAM10 

and ADAM17 shedding remains difficult since both proteases themselves 

are part of a complex regulatory network. However, the whole system 

remains an important regulatory player and might influence future breast 

cancer therapies and the development of new therapeutic options.  
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VII. CONCLUSION 

 

The chemokines CXCL9 and CX3CL1 exhibit tumor-suppressive 

capabilities that are associated with a higher lymphocytic infiltration and less 

metastatic spread in breast cancer. Moreover, for CX3CL1, a synergistic 

effect with trastuzumab in the therapy of HER2-positive tumors could be 

shown in vitro and in vivo. It is tempting to speculate that this feature of 

CX3CL1 might extend to other monoclonal therapeutic antibodies as well, 

whose mode of action involves antibody-dependent cellular cytotoxicity. 

Pharmacological upregulation of CXCL9 or CX3CL1 expression might, 

therefore, be a suitable target to enhance immune intervention in these 

cancers. Another conceivable mechanism would be to inhibit chemokine 

degradation pharmacologically. Future studies will have to validate this 

functional role in a more clinical setting. Besides, the role of both 

chemokines as prognostic or predictive biomarkers has to be further 

evaluated. It has to be explored if CXCL9 and CX3CL1 make useful 

biomarkers by themselves or if it might be reasonable to combine them with 

an “immunoscore”. Altogether, the implementation of the chemokines 

CXCL9 and CX3CL1 in translational medicine might lead to more 

personalized cancer treatment in the future.
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