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Summary 

Class II cytokine receptors are important pleiotropic regulators of the immune system that play a 

central role in pathogen defense, tumor surveillance and immune system homeostasis. Most of these 

activities are very promising for biomedical applications, which, however, have so far failed to 

succeed due to severe undesired side effects resulting from the pleiotropic nature of these cytokine 

receptors. Controlling the functional plasticity of class I/II cytokine receptor signaling by 

engineered cytokines has recently emerged as a promising approach to selectively reduce such side 

effects. In this context, systematic studies on the IFNa/b receptor and other systems have identified 

that the binding kinetics of the ligand-receptor interaction play an important role in defining 

signaling specificity. This has been explained by altered equilibrium and dynamics of the signaling 

complex in the plasma membrane. 

In this work, I have investigated how the spatiotemporal organization and dynamics of signaling 

complexes regulate activation and signaling specificity of other members of the class II cytokine 

receptors. I focused on the type II IFN and IL-10 systems that supposedly form hexameric ligand-

receptor signaling complexes in the plasma membrane. To this end, we developed an orthogonal 

multicolor anti-GFP nanobody-based labeling strategy, that allowed imaging of up to four different 

class II cytokine receptor subunits simultaneously. Using this labeling strategy, I investigated the 

spatiotemporal dynamics of IFNGR and IL-10R complex assembly by co-localization and co-

tracking of single receptor subunits. Thereby, I did show that unliganded receptor subunits of 

IFNGR and IL-10R remain monomeric at the cell surface, whereas binding of the ligand led to fast 

and efficient receptor homo- and hetero-dimerization, verifying a ligand-induced receptor complex 

assembly model for both cytokine receptors. Moreover, I verified the hexameric ligand-receptor 

complex structure in cellulo. Analysis of single molecule trajectories and co-trajectories revealed a 

decrease in mobility and diffusion of IFNGR and IL-10R subunits upon ligand stimulation 

indicating receptor confinement and endocytosis. In this context, I identified an abnormal diffusion 

behavior of IL-10R2 that was dependent on the length of its transmembrane helix. We used partial 

agonists for both receptor complexes to systematically alter receptor binding stoichiometry and 

complex stability in the plasma membrane and correlated these with downstream signaling 

responses. Our analysis revealed a minor contribution of the second low affinity receptor subunit 

and its associated kinase to the overall signaling activity. However, the second high affinity binding 

subunit was indispensable to acquire full signaling potential. We managed to obtained decoupling 

of gene expression for both hexameric class II cytokine receptors by utilizing engineered ligands 

with altered receptor binding affinities. Our findings could pave the way for new biomedical 

approaches with engineered IFNg and IL-10 in the future. Furthermore, we uncovered pathogenic 

mechanisms behind the IFNGR2-T168N mutant and auto-IFNg antibodies, both of which 
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prominently cause the Mendelian Susceptibility to Mycobacteria Disease (MSMD) syndrome, 

showing that both interfere with IFNGR activation by preventing recruitment of IFNGR2 into 

receptor complexes. 
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1 Introduction  

1.1 Immune system 

All cellular life is exposed to the threat of pathogenic intruders, which have evolved to take 

advantage of the hostôs organism. As an example, viruses hijack the replication machinery of the 

host in order to reproduce, whereas bacteria that adopted an intracellular lifestyle exploit the 

metabolism of the host cell. With the development of multicellular organisms, this threat was even 

further expanded, as new pathogenic lifestyles emerged. These pathogens may be categorized by 

their size and target location: (i) intracellular pathogens, that invade cells and thereby cause damage 

to single cells, such as viruses and some bacteria; (ii ) extracellular pathogens, that remain in the 

extracellular space and may inflict damage to tissues, such as bacteria, archaea and fungi; (iii ) 

eukaryotic parasites, that are too large to invade cells and can move through the body in a complex 

life cycle [1].  

In response to these diverse pathogens, mammals have developed a complex immune system in the 

course of evolution. Its main purpose is to detect and repel any foreign intruder, but also maintain 

the integrity of the body such as in fighting cancer. In achieving this task, the immune system faces 

different challenges. One important challenge being that it must have access to the entire body to 

appropriately react to any new threat in time and place. Therefore, it seems reasonable that the 

immune system and the blood system are closely related and originate from the same pluripotent 

hematopoietic stem cells [2]. In the bone marrow, the central lymphoid organs and the thymus, 

production, and differentiation of cells of the hematopoietic system takes place. In contrast, the 

peripheral lymphoid organs, the spleen, lymph nodes and lymphatics, form a dense mesh that 

connects all tissues with dedicated centers, where the immune response can develop efficiently. 

Looking at the whole picture the immune system forms a delocalized and constantly changing 

organ. All its components depend heavily on a dynamic and robust communication to make sure, 

that each part of the immune system fulfills his task precisely. This is important, as defense against 

pathogens is always a balance between life and death. Too weak or too potent measures will often 

lead to failure of the system resulting in severe diseases or even death of the organism. 

Another challenge is given by the large variety of previously mentioned pathogens. Therefore, the 

immune system builds on a broad arsenal of defense mechanisms, each tailored to specific types of 

pathogens and the damage they may inflict on the body, and it is not surprising that it comes along 

with a large variety of specialized cell types to serve this purpose (Figure 1). All different cell types 

of the hematopoietic system originate from pluripotent hematopoietic stem cells (HTC) that reside 

in the bone marrow. Differentiation and maturation of specialized cells from HTCs is tightly 

regulated by the interplay of many mediator proteins named cytokines. In general, the immune 
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system can be categorized into the innate immunity and the adaptive immunity, which both depend 

on each other for the host to achieve efficient and effective defense against pathogens [3].  

 

Figure 1: Cell type differentiation in the blood and immune system. Taken and modified from [1]. 

The innate immune system is an immediate and pathogen-unspecific immune response. It is 

initiated by sensory cells upon detection of inflammatory inducers, which include structures that 

are typical for pathogens, e.g. fungi specific polysaccharides, unique components of the bacterial 

cell wall and different viral oligonucleotides [4-6]. These sensory cells include phagocytic cells of 

the immune system, such as macrophages, neutrophils and dendritic cells, whose main task is to 

recognize and phagocytose pathogenic cells and molecules. Macrophages reside in almost all 

tissues and differentiate from monocytes that have migrated into the tissue. In addition to destroying 

pathogens via phagocytosis, they fulfill an important task by orchestrating immune responses. They 
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induce inflammation and activation of other immune cells by releasing inflammatory mediators as 

communication signals. Lastly, macrophages act as general scavenger cells of the body by clearing 

dead cells and cellular debris. Granulocytes are named after characteristic staining granules in their 

cytoplasm, which contain degrading enzymes and other antimicrobial substances. The most 

abundant granulocyte, neutrophils, fulfill a similar task as macrophages by destroying pathogens 

using phagocytosis. The far less abundant eosinophils and basophils release the content of their 

granules after encountering pathogens that are too large to be taken up by phagocytosis. Together 

with mast cells, they play a predominant role in defending against parasites. Finally, the dendritic 

cells have a unique role, as they constantly perform phagocytosis, as well as macropinocytosis of 

large volumes of extracellular fluid. After detecting foreign molecules, they migrate via lymphatics 

to the lymph nodes where they kick off the adaptive immune response by a process called antigen 

presentation that will be addressed later in this chapter [7]. While most cells possess the ability to 

present antigens, dendritic cells, macrophages, and B cells are specialized in doing so and thus are 

also named professional antigen presenting cells (APC). Another important group of immune 

system cells are lymphocytes, which differentiate from the common lymphoid progenitor cells. 

Among them, natural killer (NK) cells and innate lymphoid cells (ILC) belong to the innate immune 

system, too. NK cells can directly kill other cells, such as cells infected with viruses, by releasing 

messengers upon contact that initiate lysis or apoptosis of the target cell [3]. They differentiate and 

mature in the bone marrow and later circulate through the blood system. On the contrast, ILCs 

reside in peripheral tissues and are important sources of mediators of inflammatory response.  

All other lymphocytes belong to the adaptive immune system and have in common that each cell 

expresses antigen receptors at its cell surface. In contrast to the innate immunity, the adaptive 

immunity is acquired by an organism throughout its lifetime. The principle underlying the adaptive 

immunity is based on each lymphocyte, except for NK cells or ILCs, recognizing a single specific 

antigen. This is achieved during the development of each individual cell through a complex gene 

rearrangement that is called V(D)J recombination [8]. After this process each cell has its unique 

antigen receptor, leading to a huge diversity in antigens that are recognized by the pool of 

lymphocytes. In theory, any possible antigen is recognized by at least one lymphocyte of the body. 

Any lymphocyte that binds to its specific antigen is activated and creates many identical progenies 

thereby building up a defense against this specific antigen. Once the pathogen is defeated, most 

lymphocytes die and only a few remain as memory cells, thus allowing a faster and more specific 

defense the next time the body encounters the same pathogen. In addition to NK cell and ILC, there 

are two main types of lymphocytes that are distinguished by the structure of their antigen receptor. 

B lymphocytes (B cells) complete their development in the bone marrow and have antigen receptors 

resembling an antibody (immunoglobulin) [9]. Upon activation, B cell differentiate into plasma 

cells and start producing a huge number of immunoglobulins with the same specificity as their 
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antigen receptor. T lymphocytes (T cells) by contrast originate from the bone marrow but fully 

mature in the thymus. They can be further distinguished into different cell types based on specific 

markers on their cell surface, which also define their function. Almost each cell of the body has 

cell-surface glycoproteins called major histocompatibility complexes (MHC) that help the adaptive 

immunity by presenting peptides from degraded proteins. For example, during a viral infection, the 

infected cell will degrade viral proteins and present peptides derived from these viral proteins as 

antigen at their surface. T cells can recognize these antigens and subsequently trigger different 

effects on the target cell. Cytotoxic T cells will kill cells presenting the antigen they are specific to. 

They express the marker and co-receptor CD8, which binds MHC class I proteins expressed by 

almost all cells of the body and hence are usually named CD8+ T cells. Another important group 

of T cell represent the different helper T cells. They express CD4, which binds to MHC class II 

proteins that are expressed by the professional APCs of the immune system. They develop into a 

variety of different effector subsets and help the immune system by producing many different 

messengers, which in turn help driving the immune system in different directions. Likewise, helper 

T cells are termed CD4+ T cells. Two important subtypes of CD4+ T cells are T helper type 1 (Th1), 

which propagate phagocytosis and cell-mediated immunity (type 1 immunity), and T helper type II 

(Th2), which primarily initiate the antibody production by B-cells, also termed humoral immune 

response (type 2 immunity) [10]. 

The success of the immune system depends on the ongoing vital interplay of this great diversity of 

cells as well as tissues and organs. To drive such a delicate and diverse system, a robust but also 

dynamic and versatile communication is needed. This communication must meet important 

requirements. As the blood and immune system are closely related and emerge from the same 

hematopoietic stem cells in the bone marrow, it must coordinate the production, differentiation, and 

activity of all kinds of cells of both systems simultaneously. This also includes that each cell finds 

its way to and remains at its corresponding destination. In the case of infection, the communication 

must ensure that only the components involved in the defense mechanism matching the invading 

pathogen are activated. Consequently, it must guarantee that each cell fulfills its corresponding task 

just at the right time. Lastly, communication must carefully balance the immune response to 

succeed in pathogen defense while maintaining the lowest possible host-damage. Especially in the 

case of intracellular pathogens, such as viruses, stopping cell replication and differentiation, as well 

as programmed cell death, can be powerful tools or even the ultimate way to stop pathogen 

spreading. But if these cellular mechanisms, as well as defense mechanisms at tissue and organism 

level, such as fever and inflammation, get out of control, they will induce more damage to the host 

than the pathogen. Therefore, defects in the balancing mechanisms often lead to severe autoimmune 

and chronic inflammation diseases, but also immunosuppression and cancer. Such a complex 

communication system is realized in animals through messengers termed ócytokinesô. 
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1.2 Cytokines are the communicators of the hematopoietic system 

Cytokines are small messenger proteins that are produced and secreted by cells in a hormone-like 

fashion to act on other cells [11, 12]. They recognize and activate dedicated cytokine receptors on 

the plasma membrane of cells. Thereby they induce downstream signaling pathways, thereby 

initiating gene expression programs in the target cell. Yet, unlike hormones, cytokines are mostly 

limited to autocrine or paracrine signaling. Consequently, cytokines are not produced by only a 

specific kind of cell in some centralized organ, as it would be usually the case for hormones. Instead, 

most cells are capable of producing a set of cytokines under specific circumstances and likewise 

most cells are responsive to a specific set of cytokines. In general, whether a specific cell is 

responsive to a certain cytokine is dictated by the ability of this cell to express the corresponding 

cytokine receptor. This limited range of cytokines allows local immune responses and prevents 

systemic inflammations, such as found in a septic shock [13]. Cytokine signaling frequently leads 

to the secretion of other cytokines and a cascade of signaling pathways. The resulting network of 

an overwhelming number of cytokines and their signaling pathways creates a fine-grained 

communication system to precisely adjust the immune and blood system. 

Cytokines and their receptors are quite diverse, both, structurally and mechanistically. Thus, several 

attempts have been undertaken to categorize them in the past. Consequently, different 

classifications based on various criteria, such as immune response and cytokine protein structure, 

co-exist. Nevertheless, a classification based on the protein structure of the cytokine receptors has 

stood out as it turned out to be the most useful in the clinical and experimental field. This 

classification defines six families of cytokine receptors: the immunoglobulin superfamily (IgSF), 

the transforming growth factor beta (TGF-b) receptor family, the chemokine receptors, the tumor 

necrosis factor receptor superfamily (TNFRSF), and the class I and class II cytokine receptors. The 

IgSF is characterized by structural homology to immunoglobulins and contains ï among a large 

variety of soluble and membrane bound proteins other than cytokine receptors ï the interleukin-1 

receptor family and colony stimulatory factor 1 (CSF1) receptor. Members of the interleukin-1 

receptor family are extremely potent modulators of inflammation activating the nuclear factor 

kappa B (NF-kB) pathway [14, 15], whereas CSF1 mediates the differentiation of target cells to 

macrophages and related cell types via PI3K/AKT/mTOR signaling pathway [16, 17]. The 

members of the TGF-b receptor family are serine/threonine kinase receptors that take an important 

part in embryonic stem cell maintenance and differentiation [18], as well as in cell growth, 

differentiation and cellular homeostasis of adult organisms through signaling pathways that involve 

phosphorylation of transcription factors named SMADs [19]. Chemokines, or chemotactic 

cytokines, interact with a large group of G protein-coupled receptors (GPCR) that coordinate 

leukocyte recruitment and activation by chemotaxis [20]. As GPCRs, they conventionally transduce 

signaling via cyclic AMP and inositol 1,4,5-triphosphate/diacylglycerol as second messengers [21]. 
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Members of the TNFRSF bind their cognate agonists, the tumor necrosis factor proteins (TNFs), 

via an extracellular cysteine-rich domain [22]. In contrast to most other cytokines, TNFs are often 

not expressed as soluble protein, but as single spanning membrane proteins, that can be 

proteolytically cleaved on some occasions [23]. Most of the time, though, TNFs are expressed at 

the surface of cells and interact with neighboring cells that express the corresponding TNF receptor 

at their surface [24]. TNFs and their receptors are primarily expressed by cells of the immune 

system and contribute to a wide range of biological and immunological activities [22], such as 

morphogenesis of secondary lymphoid organs [25, 26], contribute the function of cytotoxic T cells 

and maintaining homeostasis of the lymphoid compartment by stimulating activation and death of 

effector cells [22, 27]. The death signal is transduced through JUN kinase and caspase activity, 

whereas the survival signals are mediated via activation of the NF-kB signaling pathway [28].  

The remaining two families of cytokine receptors, the class I and class II cytokine receptors, share 

more structural similarities than the other cytokine receptor groups mentioned previously. 

Receptors of these two families all activate downstream signaling pathways via non-covalently 

associated Janus family tyrosine kinases (JAKs). The most important effector proteins of these 

receptors are the members of the signal transducer and activator of transcription (STAT) family. 

JAK/STAT signaling by class I/II cytokine receptors plays a key role in regulating proliferation, 

differentiation, and activation of all types of immune cells. Characteristic features of these pathways 

are high pleiotropy and redundancy [12, 29] and the determinants defining specific cellular 

decisions have remained unclear. This pleiotropy and redundancy can be evoked by multiple 

cytokines binding to the same cell surface receptor, but also by several often closely related cell 

surface receptors using overlapping downstream effector molecules [12]. Class I receptors can be 

distinguished by a conserved juxtamembrane ñWSXWSò amino acid motif at the extracellular 

region that is absent in class II cytokine receptors [30]. Besides that, receptor subunits of both 

classes share a largely disordered intracellular domain, that serve as binding site for tyrosine kinases 

and effector molecules, a single membrane spanning a-helical transmembrane domain, and an 

extracellular domain comprising several fibronectin type III domains, that are involved in cytokine 

binding [31]. The stoichiometry of the receptor complexes ranges from homodimers and 

heterodimers up to higher oligomeric receptor complexes [32, 33]. Due to high diversity in the 

group of class I cytokine receptors, as well as high pleiotropy and redundancy in signaling 

responses, it is rather difficult to narrow down the physiological function of class I cytokine receptor 

signaling. Instead, class I cytokine receptors do take part in a broad spectrum of important tasks 

including controlling hematopoiesis, mediating proliferation and differentiation of various cell 

types of the immune system, triggering and regulation of immune responses. The remaining group 

of class II cytokine receptor, which this work will focus on, includes three distinct interferon 

receptors and the interleukin-10 (IL -10) receptor family. They are predominantly involved in anti-
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viral defense [34, 35] and regulation of the immune system, but also in fighting tumors and some 

other non-viral pathogens [36], and thereby they have aroused great interest in medical applications 

[37]. 

1.3 Structure and function of class II cytokine receptors 

 

Figure 2: Class II cytokine receptor complexes with their respective cytokines. [38] 

The interferons (IFN) originally got their name from their defining property of interfering with viral 

replication [36, 39] by evoking an antiviral state in target cells. They can be further classified based 

on the specific receptor complex that they recognize at the cell surface (Figure 2): The type I IFNs 

comprises 13 subtypes of IFNa in humans, along with IFNb, IFNe, IFNk and IFNw, which solely 

bind to the IFN-a/b receptor (IFNAR) [40]. The IFNAR complex consist of a ligand-binding 

subunit that binds type I IFNs with high affinity (IFNAR2) and an accessory subunit (IFNAR1) that 

possesses a markedly lower binding affinity for its ligands [41]. In contrast, IFNg is the only known 

member of the type II IFNs and binds to the IFNg receptor (IFNGR) [40], which consist of the 

binding subunit IFNGR1 and the accessory subunit IFNGR2. While all type I IFNs are monomeric 

and engage a ternary receptor complex consisting of a ligand and one copy of each receptor subunit 

(Figure 3), IFNg is a constitutive ligand dimer and thus the IFNGR forms a hexameric complex 

consisting of a dimeric ligand and two copies of each receptor subunit [42]. 

 

Figure 3: Crystal structure of the extra cellular domains of the ternary interferon a/b receptor complex. PDB: 

IFNAR2 (blue), IFNa2 (red) ï 3SE3; IFNAR1 (green) ï AF-P17181-F1. 
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Mouse studies have shown that both type I and type II IFNs are essential for promoting a complete 

antiviral response in the host, but the effects they induce and activation time during infection are 

quite different [35]. Type I IFNs are among the first cytokines secreted by pathogen sensor cells, 

such as dendritic cells, during a viral infection, as a response of pattern-recognition receptors to 

virus-specific stimuli, such as double-stranded RNA [43, 44]. Secretion of type I IFNs not only 

kicks off potent innate antiviral defense mechanisms at cellular level, but also induces fundamental 

responses of the adaptive immune system [30]. Type II IFN, by contrast, is secreted at a later stage 

during the immune response by lymphocytes [45-48] and is an important modulator of both, innate 

and adaptive immunity, too [46, 49]. Both receptors of the type I and type II IFNs are ubiquitously 

expressed on all nucleated cells of the body [50], which matches their ability to evoke antiviral 

defense in each cell that could potentially replicate viruses.  

The type III IFNs comprise IFNl1, IFNl2 and IFNl3, which were previously named IL -29, IL-

28A and IL-28B, respectively, as well as IFNl4. They all bind to the IFNl receptor (IFNLR) [40], 

which consist of the binding subunit IFNLR1 and the accessory subunit IL-10R2. The latter is a 

shared receptor subunit that is also part of the IL-10, IL-22, and IL-26 receptor complexes (Figure 

2) [51, 52]. In contrast to the receptors of type I and type II IFNs, as well as IL-10R2, the expression 

of IFNLR1 is restricted to cells of epithelial origin, kidney, liver, lungs, and gastrointestinal tract 

[50, 53]. Other than that, type I, and type III IFNs share common characteristics. They both can 

induce an antiviral state in host cells, activate largely overlapping signaling pathways and effector 

molecules, and alter the expression of a very similar set of genes [54].  

Furthermore, the IL-10 receptor family does belong to the class II cytokine receptors (Figure 2). 

Among them, the IL -10 receptor is the best studied member. The only known ligand IL-10 does 

form a constitutive dimer with striking similarities in tertiary structure to IFNg (Figure 4) [55, 56]. 

Likewise, the dimeric IL-10 engages two binding subunits IL-10R1 and two accessory subunits IL-

10R2 in a hexameric receptor complex [51, 57]. The expression of IL-10R1 is mainly restricted to 

leukocytes and dendritic cells, unlike the ubiquitous expression of IL-10R2 [52]. As opposed to 

IFNs, IL-10 does not convey antiviral activity, but represents a central immune regulator with both 

immune stimulating and immune suppressing abilities [58]. 
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Figure 4: Crystal structure of IFNg and IL -10 dimers. Two chains of IFNg (light blue, blue) and IL-10 (orange, red) 

are intertwined with each other that both are required to form a stable quaternary structure. PDB: IFNg ï 6E3K; IL-10 ï 

6X93. 

Due to its central role in antiviral defense, IFNs have received a lot of attention in biomedical 

research during the last decades. This has led to a profound understanding of the signaling 

mechanism and cellular responses of type I IFN. Thereby, diverse pleiotropic cellular responses 

have been identified for type I IFN signaling, which can be summarized by antiviral, antitumor and 

immunoregulatory activities [36]. While all type I IFNs can induce an antiviral state in the target 

cell with similar potencies, some of them can evoke additional cellular effects, e.g. IFNb can 

regulate cell proliferation and differentiation more potently [59]. These findings have given rise to 

one of the most interesting questions regarding the type I IFN signaling: How can a variety of type 

I IFNs encode this functional plasticity, despite binding to a single receptor complex and relying on 

the same limited number of downstream signaling components. Early mutational studies on ligand-

receptor interactions [60-65] in combination with structural analysis of parts and complete IFNAR 

complexes [65-70] revealed, that different binding affinities of the ligands to the IFNAR subunits 

rather than differences in the complex structure control pleiotropy in type I IFN signaling [59, 71-

75]. Moreover, engineered IFNa variants that mimic the binding affinities of IFNb, were shown to 

have an almost identical signaling pattern [76, 77]. The derived model that signaling response is 

regulated by receptor recruitment and activation dynamic, which is governed by the receptor 

binding affinities of the type I IFNs, could eventually be confirmed in living cells by single 

molecules imaging and biophysical analysis [59].  














































































































































































































