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Zusammenfassung 

Maligne Tumorerkrankungen sind eine der häufigsten Todesursachen der Welt und neue Therapie-

möglichkeiten werden dementsprechend dringend benötigt. Einen vielversprechenden Ansatz stellt 

der adoptive Transfer von Immun-Effektorzellen in Tumorpatienten dar. Die Effizienz dieser 

Therapieform wird jedoch häufig durch eine unzureichende Rekrutierung der transferierten 

Leukozyten in das Tumorgewebe eingeschränkt. Aus diesem Grunde wurden in der vorliegenden 

Studie neuartige Fusionsproteine entwickelt, die spezifisch die Rekrutierung bestimmter Leukozyten 

verstärken sollten. Die Proteine setzten sich zusammen aus einer N-terminalen Chemokindomäne, 

der Muzindomäne des membrangebundenen Chemokins CX3CL1 sowie einem C-terminalen Glykosyl-

phosphatidylinositol (GPI) Membrananker, der die Transmembrandomäne von CX3CL1 ersetzte. Nach 

Injektion in einen Tumor sollten sich die Proteine aufgrund des GPI-Ankers in die Zellmembranen von 

Endothel-, Tumor- und Stromazellen integrieren. Dabei sollte die Chemokindomäne im 

Zusammenspiel mit der Muzindomäne selektiv Leukozyten rekrutieren, die den korrespondierenden 

Chemokinrezeptor exprimieren. Für die Rekrutierung zytotoxischer T-Zellen und NK-Zellen wurde 

zunächst ein Fusionsprotein mit einer CXCL10 Chemokindomäne generiert (CXCL10-mucin-GPI), 

sowie diverse Varianten des Proteins als Kontrollen. Die Fusionsproteine wurden in eukaryotischen 

Zellen exprimiert und konnten anschließend mittels FACS und Immunfluoreszenz-Mikroskopie auf 

der Zellmembran der transfizierten Zellen nachgewiesen werden. Weitere Versuche zeigten, dass die 

CXCL10 Fusionsproteine den korrespondierenden Chemokinrezeptor CXCR3 aktivieren können. Dies 

führte in CXCR3-positiven Zellen zu einer Mobilisation von intrazellulärem Calcium, einer Inter-

nalisierung von CXCR3 sowie zu einer Verstärkung der Adhäsion an Zelloberflächen. Die GPI-

verankerten Fusionsproteine wurden anschließend mittels Affinitätschromatographie aufgereinigt 

und es konnte gezeigt werden, dass sich die gereinigten Proteine aufgrund ihres GPI-Ankers spontan 

in Zellmembranen integrieren. In einem in vitro Modell für Rekrutierungsprozesse in Blutgefäßen 

konnten Endothelzellen nach Behandlung mit CXCL10-mucin-GPI effektiv NK-Zellen in Gegenwart 

physiologischer Scherkräfte rekrutieren. Vergleiche mit entsprechenden Varianten von CXCL10-

mucin-GPI zeigten, dass die Muzindomäne unabdingbar für diesen Effekt war. Im Gegensatz zu NK-

Zellen wurden T-Zellen weniger effizient rekrutiert. In einem in vivo Tumor-Modell zeigte sich, dass 

eine intratumorale Injektion von CXCL10-mucin-GPI zu einer wesentlich stärkeren Rekrutierung von 

NK-Zellen führt als eine Injektion von löslichem CXCL10. Aus den Versuchen der vorliegenden Studie 

kann demnach die Schlussfolgerung gezogen werden, dass Fusionsproteine wie CXCL10-mucin-GPI 

eine vielversprechende Möglichkeit für die gezielte Verstärkung der Rekrutierung von Leukozyten im 

Rahmen zellulärer Immuntherapien darstellen.  
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Summary 

Cancer is one of the leading causes of death worldwide and novel therapeutic approaches for the 

treatment of this disease are urgently needed. The adoptive transfer of immune effector cells 

represents a promising therapeutic strategy. However, the efficacy of this therapy can be hampered 

by insufficient infiltration of the tumor by the transferred cells. To help address this problem, a novel 

class of reagents was developed to enhance leukocyte recruitment to tumor environments. This class 

of fusion proteins was designed to selectively recruit specific leukocyte subsets based on their 

expression of a given chemokine receptor. The proteins were composed of an N-terminal chemokine 

head and the mucin domain taken from the membrane-anchored chemokine CX3CL1, with a 

C-terminal glycosylphosphatidylinositol (GPI) membrane anchor replacing the normal transmem-

brane domain. When purified and injected into a tumor, these proteins integrate into cell 

membranes of tumor, stromal and endothelial cells by means of their GPI anchor. The mucin domain 

in conjunction with the chemokine head acts to specifically recruit leukocytes that express the 

corresponding chemokine receptor, e.g. adoptively transferred T or NK cells. A fusion protein 

comprising a CXCL10 chemokine head (CXCL10-mucin-GPI) was studied as the proof of concept of 

this approach, with a series of control proteins generated in parallel. The proteins were expressed in 

a mammalian system and it was verified that the GPI anchor signal sequence could correctly target 

them to the cell membrane. The ability of the CXCL10 fusion proteins to trigger the CXCR3 receptor 

was further verified using assays that measured receptor internalization, calcium mobilization and 

enhanced adhesion of T cells to cell monolayers as readouts. Following the identification of a suitable 

detergent for solubilization, the various proteins were isolated from cell extracts using affinity 

chromatography. Purified proteins were found to efficiently integrate into cell membranes in a 

process dependent upon the GPI anchor. In vitro models of leukocyte recruitment showed that 

endothelial cells incubated with CXCL10-mucin-GPI efficiently recruited NK cells under conditions of 

physiologic flow. This process was found to be dependent on the presence of the mucin domain. 

T cells were in contrast not recruited as effectively. When injected into experimental murine tumors 

in vivo, CXCL10-mucin-GPI was more efficient in recruiting NK cells than soluble CXCL10. Thus, fusion 

proteins such as CXCL10-mucin-GPI represent promising candidates for novel adjuvants to be used in 

cellular immunotherapy. 

 



Introduction   1 

1 Introduction 

1.1 Immunotherapy of cancer 

The medical term cancer describes a group of diseases which are all associated with an uncontrolled 

growth of transformed cells. It is one of the leading causes of death, accounting in 2008 worldwide 

for 7.6 million deaths (about 13% of all deaths). Despite many advances in the field of cancer 

therapies, deaths from cancer are projected to rise to 11 millions in 2030 (WHO 2011). Besides 

surgical resection of the tumor mass and radiation therapy, the current medicamentous treatment 

options for cancer patients can be grouped into four major categories: (i) chemotherapy, which 

involves the administration of cytotoxic drugs, (ii) hormonal therapy that interferes with hormone 

receptors on the cancerous cells, (iii) targeted therapy using novel antibodies and small molecules 

that specifically affect proteins involved in growth signaling pathways and (iv) immunotherapy 

(Lesterhuis et al. 2011).  

Immunotherapy builds upon the body´s ability to recognize and destroy transformed cells. Early 

therapeutic approaches were already described more than a century ago. In 1891 William Coley 

treated a sarcoma patient with intratumoral injections of two bacterial strains, which subsequently 

triggered an inflammatory reaction that was followed by a complete disappearance of the tumor 

(Coley 1910). Today, much is known about the immune system and its diverse interactions with a 

growing tumor. An immune cell infiltrate consisting of monocytes, macrophages, neutrophils, 

dendritic cells, natural killer (NK) cells and T cells is found in diverse cancer settings (Becker 1993; Di 

Carlo et al. 2001; Bingle et al. 2002; Pages et al. 2010; Levy et al. 2011; Ruffell et al. 2011). However, 

the immune reaction evoked by the tumor is often not adequate to control tumor growth, as 

evidenced by the outgrowth of the tumor. In some cases, the infiltrating cells have also been shown 

to promote tumor growth by creating a tumor-permissive microenvironment (Figel et al. 2011; 

Meyer et al. 2011). The general aim of cancer immunotherapy is focused on moderating the immune 

response against the tumor so that efficient tumor recognition and destruction is induced. Several 

different approaches have been taken in order to achieve this goal, some examples of which are 

listed in the next section.  

1.1.1 Adjuvants, antibodies and small proteins 

In order to enhance the immune response against the tumor, immune-stimulatory cytokines such as 

interleukin-2 (IL-2) or interferon ʰ όLCbʰύ have been administered. This was first shown to be 

effective in melanoma patients (Parkinson et al. 1990; Kirkwood et al. 1996). In addition, adjuvants 

like CpG oligonucleotides (Garbi et al. 2004) or bacillus Calmette-Guerin (Sylvester et al. 2010) are 

sometimes used to strengthen the endogenous immune reaction.  
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Secondly, inhibitory pathways that downregulate the immune response can be targeted, as 

exemplified by the antibody Ipilimumab. This reagent blocks the inhibitory receptor cytotoxic T 

lymphocyte associated antigen 4 (CTLA-4) on T cells, thus enhancing their activity. It has recently 

been approved by the food and drug administration (FDA) of the United States for treatment of 

advanced-stage melanoma following a successful phase III clinical trial (Hodi et al. 2010).  

Third, growth factor receptors such as the epidermal growth factor receptor (EGFR) which are 

actively used by some cancer cells can be targeted by blocking antibodies (e.g. the humanized 

antibody Trastuzumab) (Slamon et al. 2001). Antibodies like these mediate their effects not only by 

blocking the respective receptors or altering their signal transduction cascades, but also by inducing 

antibody-dependent cellular toxicity through the activation of Fc-receptor expressing cells, and by 

complement activation. The degree with which each effect contributes to the therapeutic outcome 

varies between the different antibodies (Borghaei et al. 2009).  

Also cell type-specific antigens like CD20, a common B cell marker that is also expressed on many 

non-Hodgkin lymphomas, have successfully been used as antigens for antibody-based 

immunotherapy (McLaughlin et al. 1998).  

An emerging class of antibody-based drugs consists of bispecific antibody reagents. These are 

designed to recognize either two different tumor antigens simultaneously or to recognize one tumor 

antigen with one of their arms and the invariant T cell activating molecule CD3 with the other arm 

[reviewed in (Beck et al. 2010; Müller and Kontermann 2010)]. The latter approach allows redirecting 

the polyclonal T cell pool of the patient towards a specific tumor antigen, irrespective of T cell speci-

ficities. These antibodies are referred to as BiTEs (Bispecific T cell engager) and include 

Catumaxomab, which binds to CD3 and the epithelial cell adhesion molecule (EpCAM) that is often 

overexpressed on tumor cells. Catumaxomab was approved in 2009 by the European medicines 

agency for the treatment of malignant ascites [reviewed in (Linke et al. 2010)]. 

In addition to the approaches detailed above that are generally based on the use of bioactive 

proteins or adjuvants, a major focus of immunotherapy is also directed towards the use of immune 

cells themselves as anti-cancer agents, as discussed below. 

1.1.2 Cell-based immunotherapies 

1.1.2.1 Therapeutic approaches using NK cells 

The central premise of cell-based immunotherapy is focused on harnessing the natural cytotoxic 

potential of immune cells to eliminate their target cells in a highly specific and efficient manner. For 

this purpose, both natural killer (NK) and cytotoxic T cells are under active investigation. NK cells 

recognize their target cells by a combination of (i) missing inhibitory signals like major histo-

compatibility complex I (MHC I) proteins,  (ii) the presence of activating signals such as the stress-
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induced protein MICA binding to the NKG2D receptor, and (iii) activating cytokines. This combined 

stimulation leads to degranulation of the cytotoxic vesicles and ultimately destruction of the target 

cell. In additionΣ bY ŎŜƭƭǎ Ŏŀƴ ŀƭǎƻ ōŜ ǘǊƛƎƎŜǊŜŘ Ǿƛŀ ǘƘŜƛǊ CŎ ǊŜŎŜǇǘƻǊǎ όC/ʴwLLLκ /5мсύ (Leibson 1997) 

and have therefore been implicated in the mechanism of action of various therapeutic antibodies 

[e.g. for the above mentioned Trastuzumab (Musolino et al. 2008)]. As immunotherapeutic tools, 

they have mostly been studied in the context of hematologic malignancies, e.g. in combination with 

hematopoietic stem cell transplantation. In this setting it has been shown that NK cells can mediate 

graft-versus-leukemia effects, especially when the NK cell inhibitory ligands of donor and recipient 

are mismatched, so that inhibitory molecules on the leukemic cells are ineffective against donor NK 

cells (Ruggeri et al. 2002). Recent studies have also investigated the potential of NK cell therapy in 

the treatment of solid tumors, for example in non-small cell lung cancer, melanoma and renal cell 

cancer patients. Here, first encouraging results were obtained in phase I clinical trials (Arai et al. 

2008; Cho et al. 2010; Iliopoulou et al. 2010). A recent phase II study in patients with ovarian and 

breast cancer has shown a transient donor chimerism after infusion of ex vivo expanded 

haploidentical NK cells, suggesting the need for further investigations to enhance NK cell persistence 

and expansion (Geller et al. 2011). The major focus of cell-based immunotherapy lies, however, on 

cytotoxic CD8+ T cells. 

1.1.2.2 Therapeutic approaches using CD8+ T cells 

In contrast to NK cells, CD8+ T cells recognize specific peptides bound to MHC I on the surface of the 

target cells via their T cell receptor (TCR). The rationale to use CD8+ T cells as anti-tumor agents was 

based on the observation that in some patients, melanoma lesions undergo spontaneous regression 

(Everson 1964; McGovern 1975). Later this regression was associated with a clonal expansion of 

T cells (Ferradini et al. 1993). In addition, the presence of a robust T cell infiltrate within the tumor 

correlated with a favorable prognosis in some cancers including melanoma, colon cancer and ovarian 

cancer (Clark et al. 1989; Clemente et al. 1996; Naito et al. 1998; Sato et al. 2005). Of note, it was 

observed that only the presence of T cells within the tumor had a beneficial effect, whereas T cells 

present at the tumor margin did not alter the probability of survival (Naito et al. 1998). This finding 

suggested that efficient infiltration of the tumor mass is required for the tumoricidal effects of CD8+ 

T cells. This requirement represents a significant hurdle for many current therapeutic strategies as 

will be discussed in more detail later.  

To generate tumor-reactive T cells, two mechanistically distinct approaches have been taken: Either 

T cells are primed in situ by vaccination protocols, or expanded in vitro and subsequently reinfused 

into the patient. The potential of vaccinating tumor patients against their tumors was enhanced by 

the identification of tumor-associated antigens recognized by tumor-infiltrating lymphocytes in the 

early 1990s (van der Bruggen et al. 1991; Kawakami et al. 1994). This has lead to development of 
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cancer vaccines based on different techniques. To date, one of the most successful vaccines is the 

recently FDA approved sipuleucel-T, used for the treatment of metastatic prostate cancer. It consists 

of enriched blood antigen presenting cells cultured in vitro with a fusion protein consisting of 

prostatic acid phosphatase and granulocyte macrophage colony stimulating factor (GM-CSF). In a 

phase III clinical trial, this agent prolonged the median survival by 4.1 months and reduced the risk of 

death by 22% (Kantoff et al. 2010). Another successful example is a peptide vaccine targeting gp100, 

a protein expressed in melanoma cells as well as normal melanocytes. In a recent phase III clinical 

study, metastatic melanoma patients were treated either with high-dose IL-2 alone, or with IL-2 in 

conjunction with the vaccine in incomplete Freud´s adjuvant. The vaccine group displayed a 

6.7 months longer median overall survival than the group receiving only IL-2 (Schwartzentruber et al. 

2011). However, clinical trials generally showed disappointing results, although frequently a tumor-

specific immune response could be generated [reviewed in (Klebanoff et al. 2011; Palucka et al. 

2011)]. Importantly, vaccination protocols rely on the endogenous T cell repertoire, which represents 

a major drawback of this technique as many tumor-associated antigens are self antigens, for which 

the reactive T cells have either been clonally deleted in the thymus or display an anergic or 

regulatory phenotype [reviewed in (Paul et al. 2007)].  

An appealing different approach makes use of adoptive T cell therapy. Here, T cells are isolated 

either from the peripheral blood or from tumor-infiltrating lymphocytes (TILs), expanded in vitro and 

subsequently reinfused into the patient. During the in vitro culture period, the cells can be selected 

for efficient tumor recognition or transduced with a novel receptor to overcome clonal deletion and 

in order to confer a defined tumor-specificity as depicted in Figure 1 [reviewed in (Turtle and Riddell 

2011)].  

The first clinical trial of adoptive T cell therapy was performed in 1985 with IL-2 activated peripheral 

blood lymphocytes (Rosenberg et al. 1985). Complete regression of the tumor in one patient with 

metastatic melanoma was observed. Following the observation that mice could be cured from 

metastatic colon carcinomas by the infusion of IL-2 expanded TILs (Rosenberg et al. 1986), the anti-

tumor effect of TILs was further investigated in the clinic in 20 melanoma patients, of which 11 

displayed tumor regression (Rosenberg et al. 1988). Since then, many trials including randomized 

clinical studies have followed in various cancer settings like gastric cancer, hepatocellular carcinoma, 

renal cell cancer, lung cancer and melanoma. However, many of these trials have not shown a 

statistically significant positive effect of the infused T cells, especially in cancers other than 

melanoma [reviewed in (June 2007)]. 
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Many potential reasons for this lack of reproducible efficiency have been identified. These include a 

general immunosuppressive milieu within the tumor mediated by immunosuppressive cytokines like 

ǘǊŀƴǎŦƻǊƳƛƴƎ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ʲ ό¢DC-ʲύΣ ǊŜƎǳƭŀǘƻǊȅ ¢ ŎŜƭƭǎ ό¢ǊŜƎǎύΣ ƳȅŜƭƻƛŘ ǎǳǇǇǊŜǎǎƻǊ ŎŜƭƭǎ ŀƴŘ ƻȄȅƎŜƴ 

limitation as well as evasion mechanisms by the tumor cells themselves such as MHC I down-

regulation, expression of apoptosis-inducing ligands and others [reviewed in (Quezada et al. 2011) 

and (Leen et al. 2007)]. An additional important factor is a general lack of efficient infiltration of the 

transferred cells into the tumor milieu as detailed below.  

1.1.3 Lack of infiltration as a reason for the failure of cell-based immunotherapies 

Tumor growth is intimately associated with neoangiogenesis, a process in which new blood vessels 

are formed. Angiogenesis is required to provide the growing tumor cells with sufficient nutrients and 

oxygen. In order to stimulate angiogenesis, tumors release pro-angiogenic cytokines like vascular 

endothelial growth factor (VEGF) or basic fibroblast growth factor (bFGF) and pro-angiogenic 

chemokines like CXCL8, which in turn induce proliferation and migration of endothelial cells 

[reviewed in (De Luca et al. 2008)]. The degree of angiogenesis in vivo can be correlated with the 

amount of VEGF released by various melanoma cell lines (Danielsen and Rofstad 1998), and 

angiogenesis was shown to be required for the outgrowth of micrometastases in vivo (Gimbrone et 

al. 1972; Holmgren et al. 1995). 

 

Figure 1: Principle of adoptive T cell therapy. Adoptive T cell therapy relies on the ability of T cells to 
specifically recognize and destroy tumor cells. T cells are isolated from a cancer patient either using 
peripheral blood (PBMCs, peripheral blood mononuclear cells) or tumor biopsies (TILs, tumor 
infiltrating lymphocytes). The cells can be selected for tumor reactivity or transduced with a novel 
receptor to confer tumor specificity. Subsequently, the cells are expanded (e.g. using IL-2 in 
combination with activating CD3-specific antibodies) and reinfused into the patient. In order to 
promote expansion and survival of the transferred cells, the patient can be treated with non-
myeloablative lymphodepleting chemotherapy and/or radiation prior to infusion of the cells.  
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Angiogenesis not only keeps the tumor provided with nutrients and oxygen, it also acts as an 

important mechanism of immune escape. Endothelial cells exposed to the pro-angiogenic factors 

released by tumor cells have a markedly reduced expression of adhesion molecules. Intercellular 

adhesion molecule 1 and 2 (ICAM-1 and -2) as well as vascular endothelial cell adhesion molecule 1 

(VCAM-1) have been found to be downregulated on endothelial cells isolated from human solid 

tumors, as well as on endothelial cells treated in vitro with bFGF or VEGF (Griffioen et al. 1996a; 

Griffioen et al. 1996b). Additionally, upregulation of endothelial adhesion molecules in response to 

proinflammatory cytokines such as interleukin-мʲ όL[-мʲύ ŀƴŘ ǘǳƳƻǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰ ό¢bCʰ) is 

inhibited in tumor endothelial cells. This phenomenon has been termed endothelial cell anergy in 

analogy to T cells that can no longer react to stimuli via their T cell receptor (Griffioen et al. 1996a). 

This endothelial cell anergy is problematic as the presence and upregulation of ICAM and VCAM are 

centrally important for efficient leukocyte recruitment from the blood stream. These molecules 

moderate the adhesion of leukocytes to the blood vessel wall and foster their subsequent 

extravasation because they act as receptors for integrin molecules on the migrating leukocytes as 

detailed in chapter 1.2 (Springer 1994). Consequently, in many tumor models, a reduced interaction 

of leukocytes with the blood vessel wall has been observed, along with defective infiltration of the 

tumors (Wu et al. 1992; Griffioen et al. 1999; Tromp et al. 2000; Dirkx et al. 2003). Lack of infiltration 

has also been proposed as a potential explanation for the limited success of adoptive T cell therapy in 

some clinical studies (Pockaj et al. 1994; Mukai et al. 1999; Huang et al. 2002), and blockade of VEGF-

mediated angiogenesis by monoclonal antibodies in combination with adoptive T cell therapy has 

been shown to have an additive beneficial effect in a murine melanoma model (Shrimali et al. 2010).  

In addition to the angiogenesis-related phenomenon described above, proteoglycan molecules on 

endothelial cells in tumors undergo dramatic changes on transcriptional and post-translational levels, 

the latter occurring through shedding and enzymatic modifications [reviewed in (Sanderson et al. 

2005)]. During the complex cascade of events that represent leukocyte recruitment, proteoglycans 

are needed for the immobilization and presentation of chemokines at the luminal side of endothelial 

cells. Without properly presented chemokines, leukocytes cannot undergo tight adhesion or 

subsequent diapedesis (Kuschert et al. 1999; Proudfoot et al. 2003). Consequently, elevated levels of 

shed proteoglycans in the serum of myeloma and lung cancer patients have been associated with 

poor prognosis (Seidel et al. 2000; Joensuu et al. 2002). The dysregulated expression of proteoglycan 

molecules in the tumor microenvironment may thus represent an additional barrier for adoptively 

transferred leukocytes to infiltrate the tumor mass because it prevents appropriate chemokine 

signaling. These phenomena suggest the need to find solutions to overcome the deficiency in 

leukocyte recruitment into tumors, especially with regards to the disappointing results generally 
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obtained to date with adoptive T cell therapy. The approach that should be investigated in the 

current study to solve this problem will be outlined below. 

1.2 Leukocyte recruitment and chemokines 

Chemokines (chemotactic cytokines) comprise a family of about 50, mostly small secreted proteins. 

They classically act through binding to G-protein coupled receptors with seven transmembrane 

domains. Chemokines have been grouped into four major subfamilies based on the positioning of the 

first two Cysteine residues near the N-terminus: In chemokines of the CC subfamily, the two 

Cysteines lie directly adjacent to each other, while in the CXC subfamily the residues are separated by 

one amino acid. The majority of the currently known chemokines can be grouped into one of these 

two subfamilies. The C subfamily lacks the second Cysteine residue and contains only two members, 

and CX3CL1 is the only member of the CX3C subfamily, where the first two Cysteines are separated 

by three amino acids (Mantovani et al. 2006). Figure 2 gives an overview of the currently known 

chemokines and the respective subfamilies.  

Chemokines can be produced by many different cell types and orchestrate the migration of virtually 

every cell type in the body, both under homeostatic and pathogenic conditions. In a classical 

inflammatory setting, cytokines such as IL-мʲ ŀƴŘ ¢bCʰ ŀǊŜ ǇǊƻŘǳŎŜŘΣ ŜΦƎΦ ōȅ ŎŜƭƭǎ ƻŦ ǘƘŜ ƛƴƴŀǘŜ 

immune system like macrophages. These cytokines activate endothelial cells of neighboring 

microvascular blood vessels as depicted in Figure 3Φ ¢ƘŜ άƛƴŦƭŀƳŜŘέ ŜƴŘƻǘƘŜƭƛŀƭ ŎŜƭƭǎ then express 

selectin molecules (usually primarily P-selectin followed by E-selectin) and upregulate the expression 

of ICAM and VCAM molecules as well as proteoglycans (Pober 1987; Klein et al. 1992; Grone et al. 

1999; von Hundelshausen et al. 2001). The selectins induced on the endothelial surface bind to 

sialylated Lewis-X residues on glycoproteins constitutively expressed by leukocytes. This interaction 

leads to a phenomenon called rolling adhesion where the leukocyte is captured from the blood 

stream and subsequently slowly rolls along the vessel wall due to rapid formation and dissociation of 

bonds in the context of continuous blood flow [(Lawrence and Springer 1991), reviewed in (McEver 

and Zhu 2010)]. At the same time, chemokines are released at the infection site, e.g. also by cells of 

the innate immune system, and transcytosed through the endothelial cell layer to the luminal side 

(Middleton et al. 1997). There, the chemokines are immobilized by binding to proteoglycan 

molecules, and once immobilized, they can engage matching chemokine receptors on rolling 

leukocytes. For example, the chemokine CXCL10 is involved in the recruitment of activated T cells 

and NK cells, as it binds to the CXCR3 receptor found on these cell types. 
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Chemokine receptor signaling then results in a conformational change of the leukocyte´s integrin 

molecules that leads to a much increased affinity for their ligands ς immunoglobulin superfamily 

molecules like ICAM-1/2 and VCAM-1 on the endothelial cells. This increase in affinity enables the 

leukocyte to tightly adhere to the endothelial cell surfaces (Tanaka et al. 1993; Shamri et al. 2005). 

Once tight adherence is established, the leukocyte crawls along the endothelium until eventually it 

extravasates into the interstitium, a process termed diapedesis (Ryschich et al. 2006). Intraluminal 

 

Figure 2: The chemokine family of proteins. An overview of the currently known chemokines is given 
in the first and second columns. The single proteins are arranged according to the four subfamilies 
(CXC, CC, C and CX3C subfamily), to which they are assigned based on the composition of a 
conserved sequence motif near the N-terminus. The respective subfamily of each chemokine also 
reflects in its systematic name (e.g. CXCL8 or CCL2). Additionally, the historic names are given 
because they are sometimes still used in the literature. Chemokines classically act by binding to G-
protein coupled receptors with seven transmembrane domains, and the receptors for each 
chemokine are listed in the third column. One chemokine can bind to several receptors and one 
receptor can be triggered by several chemokines, by which a considerable combinatorial complexity 
is generated. On the right side of the figure, various leukocyte types are given and the chemokine 
receptors expressed by each type are indicated by small dots in the respective color. Figure from 
(Mantovani et al. 2006).  
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crawling is thought to be required to find optimal extravasation routes, as diapedesis is delayed if 

crawling is inhibited (Phillipson et al. 2006), and for crawling and diapedesis proteoglycan-presented 

chemokines on the endothelial cells are indispensable (Cinamon et al. 2001; Shulman et al. 2009). 

Following diapedesis, leukocytes can either follow soluble or immobilized chemokine gradients 

towards the inflammation site [reviewed in (Friedl and Weigelin 2008)]. In the latter process termed 

haptotaxis, the locally produced chemokines are immobilized on extracellular matrix proteins like 

collagens and presented to the leukocyte, which moves in an amoeboid manner through the tissue 

(Rot 1993; Proudfoot et al. 2003; Kohrgruber et al. 2004). Figure 3 summarizes the steps involved in 

the classical cascade of leukocyte recruitment. The chemokines CXCL8, CXCL10 and CX3CL1 were 

used in the current study. Each of these chemokines play unique roles in leukocyte trafficking as 

detailed below. 

 

 

 

Figure 3: Leukocyte recruitment from the blood stream. In the course of an inflammatory reaction 
(red asterisk), inflammatory cytokines (not depicted) are produced that activate the endothelium. 
The activated endothelial cells subsequently express selectin molecules on their surface that bind to 
sialylated LewisX (sLeX) residues on glycoproteins on the leukocyte surface, leading to leukocyte 
rolling along the vessel wall. Simultaneously, chemokines that can either be produced at the 
inflammation site and transcytosed through the endothelium or be produced by endothelial cells 
themselves are immobilized on proteoglycan molecules on the endothelial surface. In this state, they 
can trigger matching chemokine receptors on rolling leukocytes leading to an increased affinity of the 
leukocytes  ́ integrins. This activation enables the leukocyte to tightly adhere to immunoglobulin 
superfamily molecules like ICAM-1 and -2 or VCAM-1 on the vessel wall, which is followed by 
chemokine-guided intraluminal crawling (not depicted) and diapedesis through the endothelium. For 
the subsequent interstitial migration towards the inflammation site, the leukocyte follows an 
immobilized chemokine gradient in a process termed haptotaxis. Figure modified from figure 2-49 in 
(Murphy et al. 2007). 
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1.2.1 The chemokine CXCL10 and its receptor CXCR3 

CXCL10 was originally discovered in 1985 as a gene upregulated by iƴǘŜǊŦŜǊƻƴ ʴ όLCbʴύ ƛƴ ƳƻƴƻŎȅǘŜǎΣ 

fibroblasts and endothelial cells (Luster et al. 1985). It encodes a protein of roughly 10 kDa which was 

first named IFN -ɹinducible protein 10 or IP-10. In 2002, the CXCL10 structure was solved by nuclear 

magnetic resonance (NMR) revealing a classical chemokine fold consisting of a flexible N-terminus 

which includes the CXC motif preceding a short three amino acid helix followed by three anti-parallel 

beta-sheets and a C-terminal alpha-helix packed across the beta-sheets (Booth et al. 2002).  

This structure is common to most chemokines including CXCL8, CXCL12, CCL4 and CCL5 (Chung et al. 

1995). Human and murine CXCL0 share the same tertiary structure and have 70% amino acid identity 

(83% homology) (Jabeen et al. 2008). CXCL10 binds to, and activates the receptor CXCR3, which it 

shares with the two other ligands CXCL9 (MIG) and CXCL11 (I-TAC) (Loetscher et al. 1996). CXCR3 is 

expressed on activated T cells expressing the CD45RO isoform of the CD45 antigen (Loetscher et al. 

1998; Qin et al. 1998). Specifically, CXCR3 expression in T cells is associated with a Th1 skewed 

phenotype as it is highly expressed on Th1 polarized CD4+ as well as on CD8+ T cells (Qin et al. 1998; 

Sebastiani et al. 2001). CXCL10 bound to activated endothelial surfaces induces rapid adhesion and 

transmigration of T cells via CXCR3 (Piali et al. 1998; Manes et al. 2006). Consequently, CXCR3 has 

been shown to play a major role in the recruitment of effector cells in various Th1 dependent 

diseases like acute allograft rejection (Hancock et al. 2000; Zhao et al. 2002) and viral infections 

(Dufour et al. 2002), and blockade of CXCR3 with antibodies results in diminished recruitment of Th1 

T cells into sites of inflammation (Xie 2003). Importantly, in a murine tumor model, intratumoral 

expression of CXCL10 was demonstrated to synergize with adoptive T cell therapy, leading to the 

eradication of established tumors and  survival rates of 90% (Huang et al. 2002).  

 

Figure 4: Molecular structure of CXCL10. The structure of CXCL10 was solved in 2002 (Booth et al. 
2002). It consists of a flexible N-terminus followed by three antiparallel beta-sheets (green) and a C-
terminal alpha helix (blue). The figure was generated from the structural data deposited by Booth et 
al. in the Protein Data Bank (http://www.pdb.org) under the accession number 1LV9 using PyMol. 
 

http://www.pdb.org/
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In addition to T cells, CXCR3 is also present on virtually all NK cells at varying expression levels, most 

pronounced within one of the two major subsets (CD56bright CD16dim) of these cells [(Campbell et al. 

2001), reviewed in (Cooper et al. 2001)]. A homologous subset exists in the murine system, defined 

as CXCR3+ CD27bright NK cells (Marquardt et al. 2010). CXCL10-stimulated murine NK cells have been 

shown to contribute to tumor rejection, partly by activating T cells (Saudemont et al. 2005). 

Moreover, CXCL10 has been shown to enhance exocytosis of cytotoxic granules in NK cells, a 

property it shares with a variety of other chemokines [(Taub et al. 1995; Taub et al. 1996), reviewed 

in (Robertson 2002)]. CXCR3 has also been reported to be expressed on subsets of plasmacytoid and 

myeloid DCs (Cella et al. 1999; Garcia-Lopez et al. 2001), and eosinophils (Jinquan et al. 2000).  

In addition to leukocytes, CXCL10 also has effects on other cell types, in particular, endothelial cells. 

CXCL10 can inhibit proliferation of endothelial cells in vitro (Luster et al. 1995; Feldman et al. 2006) 

as well as angiogenesis in vivo (Angiolillo et al. 1995; Strieter et al. 1995). It may even cause the 

dissociation of newly-formed blood vessels (Bodnar et al. 2009). Based on these effects, CXCL10 can 

delay wound healing and reduce tumor growth in vivo (Luster and Leder 1993; Luster et al. 1998). 

There is some controversy about how CXCL10 may mediate these effects, especially because CXCR3 

is mostly absent on microvascular endothelial cells, or is only expressed during specific stages of the 

cell cycle (Romagnani et al. 2001). In 2004, an alternative variant of CXCR3 named CXCR3-B was 

described that is generated by alternative splicing (Lasagni et al. 2003). This receptor carries 48 

additional amino acids at the N-terminus and, importantly, was demonstrated to be expressed on 

primary endothelial cells as opposed to the classical receptor CXCR3-A. Overexpression of CXCR3-B in 

an endothelial cell line resulted in CXCL10 inhibiting proliferation, whereas the proliferation of cells 

overexpressing CXCR3-A was stimulated by CXCL10 (Lasagni et al. 2003). However, Campanella et al. 

showed that CXCR3-B cannot exist in the murine system because of an in-frame stop codon and that 

the proliferation of endothelial cells isolated from CXCR3(-A) deficient mice is still inhibited by 

CXCL10 (Campanella et al. 2010). These findings suggest that there must be additional ways of 

signaling for CXCL10 beyond chemokine receptor triggering that have not yet been identified.  

A third variant of the CXCR3 receptor named CXCR3-alt was described in peripheral blood 

mononuclear cells (Ehlert et al. 2004). CXCR3-alt is generated by exon-skipping and displays a much 

shorter C-terminus lacking one or two entire transmembrane domains. To date the only functional 

ligand known for CXCR3-alt is CXCL11. However, the exact cell type expressing this receptor variant 

remained elusive and the functionality of the receptor was only verified in transfected cells. 

1.2.2 The chemokine CXCL8 and its receptors CXCR1 and CXCR2 

CXCL8 or interleukin-8 (IL-8) was originally identified as a neutrophil-activating cytokine (Walz et al. 

1987; Baggiolini et al. 1989). It is produced upon stimulation with inflammatory cytokines or 

lipopolysaccharide (LPS) by a variety of cells including fibroblasts, epithelial and endothelial cells, 
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hepatocytes, mononuclear phagocytes and others (Walz et al. 1987; Yoshimura et al. 1987; Strieter 

et al. 1988). CXCL8 is a small protein of about 8 kDa which is secreted primarily as a 79 amino acid 

(aa) protein. The amino terminus can be further processed by proteolytic cleavage yielding various 

forms ranging from 69 to 79 aa with the 72 aa form being the predominant one in vivo [reviewed in 

(Baggiolini and Clark-Lewis 1992)]. Structurally, CXCL8 displays the classical chemokine fold as 

detailed for CXCL10 in 1.2.1 with a flexible N-terminus, three antiparallel beta-sheets and a C-

terminal alpha-helix (Baldwin et al. 1991). The two known receptors for CXCL8, CXCR1 and CXCR2, 

are expressed primarily on neutrophils. CXCL8 not only induces migration in these cells, but can also 

trigger granule exocytosis and respiratory burst [reviewed in (Baggiolini and Clark-Lewis 1992)]. In 

2002, Hess and colleagues described a subset of CD8+ T cells as an additional target for CXCL8 (Hess 

et al. 2004)Φ ¢Ƙƛǎ ǎǳōǎŜǘ ǿŀǎ ŜƴǊƛŎƘŜŘ ƛƴ ǇŜǊŦƻǊƛƴΣ ƎǊŀƴȊȅƳŜ . ŀƴŘ LCbʴ ŀƴŘ ǘƘǳǎ ƘŀŘ ŀ ƘƛƎƘ ŎȅǘƻǘƻȄƛŎ 

potential. The ability to target this highly cytotoxic subset of T cells makes CXCL8 a potential 

candidate for use in cancer immunotherapy. Additionally, neutrophils, co-recruited by CXCL8, have 

been proposed as anti-cancer effector cells due to their ability to release cytotoxic mediators as well 

as chemokines and cytokines (Di Carlo et al. 2001), which can in turn recruit other effector cells. 

Finally, CXCL8 also acts on endothelial cells, where it stimulates proliferation, migration and 

angiogenesis (Li et al. 2003). In contrast to CXCL8 and CXCL10, which both represent classical 

chemokines, the chemokine CX3CL1 displays unique structural and mechanistic features. 

1.2.3 The chemokine CX3CL1 and its receptor CX3CR1 

CX3CL1, also termed Fractalkine, was discovered in 1997 by homology searches in expressed-

sequence tags. The gene identified was found to be expressed primarily in endothelial cells 

stimulated with IL-1 or TNF (Bazan et al. 1997). The mature CX3CL1 protein is far bigger than other 

chemokines ς it consists of 373 amino acids. In this relatively large protein, the N-terminal 76 aa 

generate a chemokine domain that structurally resembles other chemokines. But unlike most other 

chemokines, the chemokine domain of CX3CL1 is fused to a 241 aa long mucin-like domain that 

connects to a single hydrophobic transmembrane domain and a 37 aa intracellular tail. Thus, CX3CL1 

is a membrane anchored chemokine, a characteristic shared only with CXCL16. In addition to the 

membrane-bound version, CX3CL1 can also be shed from the surface by proteolytic cleavage and 

exist as a soluble molecule (Bazan et al. 1997; Hundhausen et al. 2003).  

The molecular structure of the chemokine domain of CX3CL1 was solved in 1999, confirming the 

prediction that it resembles, in large part, the structure common to other chemokines (see structure 

described for CXCL10 in 1.2.1) (Mizoue et al. 1999). The mucin-like domain fused to the chemokine 

head is rich in Serine and Threonine residues that are predicted to be O-glycosylated (Bazan et al. 

1997), and it has been shown that CX3CL1 contains 10-20 kDa of O-linked carbohydrates (Fong et al. 

2000). Electron microscopy has revealed that the mucin domain forms an extended stalk that 
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protrudes 26 nm away from the cell membrane, displaying the 3 nm chemokine domain at its end 

(Fong et al. 2000). Figure 5 schematically summarizes the structure of CX3CL1. 

This exceptional architecture is also responsible for another unique characteristic of CX3CL1: In the 

first paper describing the CX3CL1 receptor, CX3CR1, it was noted that the CX3CL1 protein can not 

only mediate chemotactic migration as seen with other chemokines, but it can also induce the 

adhesion of CX3CR1-epressing cells in vitro (Imai et al. 1997). This is in strong contrast to other 

chemokines that can only induce adhesion in rolling leukocytes by upregulating integrin affinity, not 

by acting as an adhesion molecule themselves. Notably, while the migration induced by soluble 

CX3CL1 required G-protein signaling, the induction of adhesion by surface-bound protein did not 

(Imai et al. 1997; Haskell et al. 1999). Leukocyte capture by CX3CL1 also occurred efficiently under 

conditions of physiologic flow (Fong et al. 1998), and CX3CL1-mediated tight adhesion was found to 

take place in the absence of other adhesion molecules such as ICAM-1 or VCAM-1. Moreover, 

activation of CX3CR1 did not lead to an upregulation of integrin affinity, which suggests that the 

adhesion molecules classically involved in leukocyte recruitment are dispensable for CX3CL1-

mediated recruitment (Haskell et al. 1999). Figure 6 summarizes the classical cascade of leukocyte 

recruitment in comparison with leukocyte recruitment as mediated by CX3CL1. 

 

Figure 5: Architecture of the membrane-bound chemokine CX3CL1. A schematic representation is 
shown. CX3CL1 consists of an N-terminal chemokine domain (3 nm in diameter) that is connected to 
a 26 nm long mucin-like stalk, which is O-glycosylated at various positions (grey hexagons). The 
mucin domain is tethered to the cell membrane via a single hydrophobic transmembrane domain 
that is followed by a 37 amino acid intracellular tail.  
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The molecular basis for this feature of CX3CL1 has been a subject of debate. The elevation of the 

chemokine domain by the mucin domain is thought to be a critical parameter for CX3CL1-mediated 

leukocyte capture as this activity is retained if the mucin domain is replaced with six short consensus 

repeat segments from E-selectin that also build a 26 nm extended structure (but lack adhesive 

capacity themselves). In contrast, the activity is dramatically reduced if the mucin domain is deleted. 

The mucin domain alone, without a chemokine head, does not appear to induce adhesion (Fong et al. 

2000).  

As stated above, CX3CL1 is primarily expressed on endothelial cells as a reaction to proinflammatory 

cytokines like IL-м ̡ƻǊ ¢bCʰΣ ǿƘŜǊŜŀǎ ƛǘ ƛǎ rarely found to be expressed in leukocytes (Bazan et al. 

1997; Foussat et al. 2000). The CX3CR1 receptor however is expressed in several human leukocyte 

types including monocytes (also microglial cells in the central nervous system), CD56dim CD16bright 

NK cells, B cells, and plasmacytoid as well as myeloid DCs (Jung et al. 2000; Campbell et al. 2001; 

 

Figure 6: Classical scheme of leukocyte recruitment in comparison with recruitment by CX3CL1.  
A: The classical cascade of leukocyte recruitment relies on selectins expressed by activated 
endothelial cells to induce rolling adhesion. At the same time chemokines are immobilized on glycos-
aminoglycan molecules also expressed by endothelial cells. In this immobilized state, the chemokines 
can trigger matching receptors on the rolling leukocyte which leads to an upregulation of integrin 
affinity towards immunoglobulin superfamily molecules (not depicted) on the endothelial cells. The 
increased affinity enables the leukocyte to tightly adhere to the endothelium. Subsequently, 
diapedesis through the endothelium is initiated, a process which also requires chemokine signaling. 
B: CX3CL1 is able to mediate all steps of leukocyte recruitment including the initiation of rolling 
adhesion, tight adhesion and diapedesis. Figure modified from (Umehara et al. 2004). 
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Corcione et al. 2009). It is also found on both activated (CD45RO+) and resting (CD45RO-) CD8+ and 

activated CD45RO+ CD4+ human T cells (Foussat et al. 2000). In mice, however, CX3CR1 expression in 

T cells is controversial. Some studies reported that CXCR3 is absent on T lymphocytes (Jung et al. 

2000; Haskell et al. 2001), whereas others reported it to be expressed on a small percentage of T 

cells (Harcourt et al. 2006).  

CX3CL1 has also been implicated in the activation of NK cells. Here it has been shown that CX3CL1 

can activate CX3CR1-positive NK cells leading to higher efficiencies of cell-mediated lysis. (Zhang et 

al. 2006; Zhang et al. 2007).  

An observation important for the current study was made by the Yoshie group. They assessed the 

ability of CX3CL1 to capture leukocytes transfected with various chemokine receptors. As expected, 

they found that CX3CL1 could only recruit cells that were transfected with CX3CR1. However, they 

also generated proteins where they exchanged the chemokine head of CX3CL1 by the chemokine 

CCL17 (also named TARC), leaving the mucin domain unchanged. This novel CCL17-mucin fusion 

protein displayed a redirected specifity - it captured cells expressing CCR4, the receptor for CCL17 

and no longer CX3CR1-transfected cells. Both the mucin domain alone as well as the two chemokine 

domains alone were unable to capture significant amounts of cells, irrespective of the receptor that 

these cells expressed. Furthermore, the efficiency of recruitment was similar for wildtype CX3CL1 in 

combination with CX3CR1+ cells and for CCL17-mucin in combination with CCR4+ cells (Imai et al. 

1997). Another study showed that CXCL8 fused to the mucin domain of CX3CL1 can induce rolling 

adhesion of cells expressing the CXCL8-receptor CXCR1 under conditions of physiologic flow. The 

same was true for a CCL2-mucin fusion protein in combination with CCR2+ cells, although the 

efficiency of recruitment was reported to lack behind that of wildtype CX3CL1 (Haskell et al. 2000). 

Thus, the specificity of CX3CL1 can be redirected by exchanging the chemokine domain by another, 

unrelated chemokine. This possibility was exploited in the current study by fusing different 

chemokine heads to the mucin domain of CX3CL1 as will be detailed in chapter 1.4. Furthermore, we 

combined that approach with the technique of cell painting which will be introduced in the next 

section. 

1.3 GPI-anchored proteins and cell painting 

Glycosylphosphatidylinositol- (GPI-) anchors are membrane anchors that tether proteins to the outer 

leaflet of the cell membrane. Numerous membrane-associated proteins in eukaryotes are known to 

be GPI-anchored, such as alkaline phosphatase, decay accelerating factor (DAF), heparan sulfate 

proteoglycans or the adhesion molecule lymphocyte function antigen 3 (LFA-3) [reviewed in (Brown 

and Waneck 1992)]. The anchor itself consists of a phosphatidylinositol group that is linked via a 

carbohydrate core to the C-terminus of the respective protein. This core structure contains a 
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ƎƭǳŎƻǎŀƳƛƴŜ ǊŜǎƛŘǳŜ ǘƘŀǘ ƛǎ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ǇƘƻǎǇƘŀǘƛŘȅƭƛƴƻǎƛǘƻƭ ƭƛǇƛŘ ƎǊƻǳǇ ŀƴŘ ŎƻƴƴŜŎǘǎ ʰмΣп 

glycosidically to three mannose residues. The last mannose rest is connected via a phosphoryl group 

to ethanolamine that is in turn directly attached to the protein´s C-terminus (Homans et al. 1988). 

The mannose residues as well as the inositol ring of the phosphatidylinositol moiety can be 

substituted with various rests depending on the species as well the respective protein, but the above 

described backbone is relatively conserved (Brown and Waneck 1992). Figure 7 schematically depicts 

the composition of a GPI anchor.  

GPI-anchored proteins are expressed with two signal peptides in their primary structure. The first 

one is an N-terminal signal peptide directs the synthesis of the proteins into the endoplasmatic 

reticulum and is subsequently cleaved from the protein, analogous to what is observed for secreted 

proteins and type I transmembrane proteins. For GPI-anchored proteins however, a second signal 

sequence is present at the C-terminus. It contains a stretch of 15-30 hydrophobic amino acids 

(Gerber et al. 1992). Once synthesis of the nascent protein has reached this sequence, the protein is 

cleaved from the signal sequence and transferred via a transamidase complex onto a preformed GPI 

anchor (Hiroi et al. 2000). There is considerable variance among the C-terminal signal peptides of 

different GPI-anchored proteins and the various sequences have been shown to differ in their 

efficiency of mediating GPI attachment (Chen et al. 2001).  

 

Figure 7: Schematic representation of the composition of a GPI anchor. The protein is linked via its 
C-terminus to ethanolamine, the latter being connected through a phosphatidyl residue to three 
mannose rests. A glucosamine moiety connects the mannose rests to phosphatidylinositol, the fatty 
acids of which anchor the protein to the outer cell membrane leaflet. The mannose rests as well as 
the inositol ring of phosphatidylinositol can be substituted at various positions, depending on the 
respective species and GPI-anchored protein. 
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It has been shown that purified GPI-anchored proteins possess the ability to integrate spontaneously 

into the cell membranes of virtually any other cell. Following this incorporation, they can still exert 

their natural activityΦ ¢Ƙƛǎ ǘŜŎƘƴƛǉǳŜ Ƙŀǎ ōŜŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άŎŜƭƭ ǇŀƛƴǘƛƴƎέ ōŜŎŀǳǎŜ ǘƘŜ ǇǊƻǘŜƛƴǎ ŀǊŜ 

άǇŀƛƴǘŜŘέ ŘƛǊŜŎǘƭȅ ƻƴǘƻ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ŎŜƭƭ without any transfection process needed (Medof et al. 

1984; Medof et al. 1996; Hoessli and Robinson 1998). Almost any protein can be expressed in a GPI-

anchored version by fusing the gene sequence to appropriate signal sequences (Legler et al. 2005). 

Thus, the activity of any given protein can be transferred to any cell surface.  

Cell painting represents a powerful alternative to conventional gene transfer for several reasons. 

First, it can be used with cells that are hard to transfect. Second, the surface modification occurs 

directly, without the need for cultivation or incubation, and the amount of protein that is transferred 

can be precisely controlled. Third, it avoids the safety concerns associated with gene transfer such as 

random integration and potential carcinogenic side effects by oncogene activation, which is 

especially important with regards to in vivo applications (Medof et al. 1996). For these reasons, cell 

painting is an attractive tool to be used for the development of novel treatment options, and it was 

also used in the current study, the rationale of which will be outlined below. 

1.4 Rationale of this study 

As outlined above, the recruitment of effector cells represents a crucial step and major hurdle for the 

efficient immunological treatment of tumors. We sought to overcome this problem by generating a 

novel, flexible class of reagents that could be used for the targeted modification of tissue 

micromilieus. The reagents described in this study were designed to selectively enhance recruitment 

and activation of specific leukocyte subsets in tumors, although the general applicability of the 

underlying concept also extends to other settings. They consisted of three different protein domains 

that were combined into novel fusion proteins as detailed below: 

¶ The N-terminus of the proteins comprised a chemokine head (e.g. CXCL10 or CXCL8) that would 

direct the specificity of the fusion proteins towards cells expressing the respective chemokine 

receptor.  

¶ The mucin domain of CX3CL1 fused to the chemokine head would assist in the recruitment 

process by lowering the requirement for additional adhesion molecules. In a tumor setting, this 

could also help overcome endothelial cell anergy, and lead to a larger number of leukocytes 

extravasating into the tumor tissue. 

¶ The addition of a GPI anchor at the C-terminus would allow the recombinant proteins to directly 

integrate into virtually every cell membrane when added exogenously into a tissue.  
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The composition of the envisioned recombinant fusion proteins is exemplarily shown in Figure 8. The 

scheme depicts CXCL10-mucin-GPI, a fusion protein containing a CXCL10 chemokine head. 

According to our hypothesis, recombinant fusion proteins such as CXCL10-mucin-GPI would, if 

injected into a solid tumor, incorporate into the cell membranes of tumor, stromal and endothelial 

cells. Thereby, they would generate a stable, immobilized chemokine gradient to help facilitate 

leukocyte migration into the tumor. When present on tumor endothelial cells, the proteins would 

help overcome endothelial cell anergy by specifically recruiting leukocytes that express the matching 

chemokine receptor with limited requirement for other adhesion molecules.  

The major part of the current study related to CXCL10-mucin-GPI. This protein would be specific for 

CXCR3+ cells such as cytotoxic T cells or NK cells. Treatment with CXCL10-mucin-GPI could therefore 

be especially useful in conjunction with adoptive T or NK cell therapy to enhance recruitment of 

 

Figure 8: Composition of CXCL10-mucin-GPI as an example for a novel class of GPI-anchored 
chemokine fusion proteins. For the generation of CXCL10-mucin-GPI, the mucin domain of CX3CL1 
was combined with a GPI anchor and a CXCL10 chemokine head in order to generate a flexible tool 
for the modification of tumor micromilieus capable of selectively stimulating the recruitment of 
CXCR3+ leukocytes. The chemokine head would direct the specificity towards CXCR3+ leukocytes, 
while the mucin domain would assist in the recruitment process and lower the requirement for other 
adhesion molecules. Inclusion of a GPI anchor would allow the fusion protein to integrate into the 
cell membranes of tumor, stromal and endothelial cells when applied exogenously, thus superseding 
the transfer of genetic material into the tumor. 
 




























































































































































































































