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Summary

Class Il cytokine receptors are important pleiotropic regulators of the immune system that play a
central role in pathogen defense, tumor surveillance and immune $y@tegostasis. Most of these
activities are very promising for biomedical applicaiowhich, however, have so far failed to
succeed due to severe undesired side effestdting from the pleiotropic nature of these cytokine
receptors Controlling the funtional plasticity of class I/l 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 theallBMeceptor and other systems have tidiem

that the binding kinetics of the ligamdceptor 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, | havanvestigated how the spatiotemporal organization and dynamics of signaling
complexes regulate activation and signaling specificity of other members of the class Il cytokine
receptorsl focused on the type Il IFN and 410 systems that supposedly form heegic ligand
receptor signaling complexes in the plasma membranghis end, we developed an orthogonal
multicolor anttGFP nanobodypased labeling strategy, that allowed imaging of up to four different
class Il cytokine receptor subunits simultaneoudling this labeling strategy, | investigated the
spatiotemporal dynamics of IFNGR and-10R complex assembly by 4ocalization and co
tracking of single receptor subunifEhereby, | did show that unliganded receptor subunits of
IFNGR and IL-:10R remairmonomeric at the cell surface, whereas binding of the ligand led to fast
and efficient receptor hormand heteralimerization verifying a ligandinduced receptor complex
assembly model for both cytokine receptdvioreover, | verified the hexameric ligameceptor
complex structurén cellulo. Analysis of single molecule trajectories andigjectoriegevealed a
decrease immobility and diffusion of IFNGR and HLOR subunitsupon ligand stimulation
indicating receptor confinement and endocytdsishis context | identified an abnormal diffusion
behavior of Il-10R2 that was dependent on the length of its transmembraneéWielixsed partial
agonists for both receptor complexes to systematically alter receptor binding stoichiometry and
complex stabilityin the plasma membrane and correlated these with downstream signaling
responseOur analysis revealed a minor contribution of the second low affinity receptor subunit
and its associated kinase to the overall signaling activdwever, the second highfiaity binding
subunit wasndispensabléo acquirefull signaling potential\WWe managed t@btained decoupling

of gene expression for both hexameric class Il cytokine receptors by utilizing engineered ligands
with alteredreceptorbinding affinities. Our findings could pave the way for new biomedical
approaches with engineered IfFahd IL-10 in the futureFurthermore we uncovered pathogenic

mechanisms behind the IFNGHR268N mutant and autl-Ng antibodies, both of which



prominently cause the Mendeli€usceptibility to Mycobacteria Disease (MSMD) syndrpme
showing that both interfere with IFNGR activation by preventing recruitment of IFNGR2 into

receptor complexes
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Introduction

1 Introduction

1.1 Immune system

All cellular life is exposed to the threat of pathogenic intrudetsich have evolvedo take
advant age ooganism Asean dxamit visuseshijack the replicatiormachineryof the

host in order to reproduce, wherdaeacteria thaadoptedan intracellular lifestyle exploit the
metabolism of the host cell. With the development of multicellular organtemshreat was even

further expandedas new pathogenic lifestyles emerged. These pathogens noajeberizedy

their size and target locatiofi) intracellular pathogenthat invade cells and thereby cause damage

to single cellssuch as viruses and some bacteiig;eiktracellular pathogenshat remain in the
extracellular space and may inflict damage to tisssigch asbacteria archaeaand fungj (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 thestversepathogensnmammalshave developed a complex immuneteysin the

course of evolution. Its main purpose is to detect and eapeforeignintruder, but also maintain

the integrity of the bodguch as ifighting cancerIn achieving this taskthe immune systeifiaces
different challengeOne important challgebeing that itmust have access to the entire bealy
appropriately react to any new threat in time and plaberefore it seems reasonable that the
immune system and the blood system are closely redatgdriginate from the same pluripotent
hematopoietic stem cel[2]. In the bone marrowthe central lymphoid organs and the thymus,
production,and differentiation otells of the hematopoietic systdakes place. In contrast, the
peripheral lymphoid organs, the spleen, lymph nodes and lymphétits, a dense mesh that
connects all tissues with dedicated centers, where the immune response can develop efficiently
Looking & the whole picture the immune system forms a delocalizedcanstantly 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. Timgpizrtant,as defense against
pathogens is always a balance betweferaind deathToo weak ottoo potent measures will often

lead to failure of the systerasulting insevere diseases or evéeath of the organism.

Another challenge is given lilielargevariety ofpreviously mentioned pathogehereforethe
immune systm builds on a broad arsenal of defense mechanisms, each tailored to pesfaf
pathoges and the damage they may inflict on the baalyd it is not surprising that it comes along
with a large variety of specialized cell tygeserve this purpog€igure 1). All different cell types
of the hematopoietic system originate from pluripotent hematopoietic sten(Hed3 thatreside
in the bone marrowDifferentiation and maturation of specialized cells fradTCs is tightly

regulated by the interplay of many mediator proteins named cy®kingeneral, the immune
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Introduction

system can beategorizednto the innate immunity and the adaptive immunititich both depend

on eachotherfor the host to achievefficientand effectivadefense against pathogdBs.
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Figure 1: Cell type differentiation in the blood and immune systemTaken and modified frorfi].

The innate immune systemm an immediateand pathogeminspecific immuneresponselt is
initiated bysensoy cells upon detectionf inflammatory inducers, which include structures that
are typical for pathogens,g.fungi specific plysaccharidesjniguecomponent®f the bacterial
cell wall and different viral oligonucleotidg¢4-6]. These senswgrcells include phagocytic cells of
the immune system, such as macrophagestrophilsand dendritic cellswhosemain taskis to
recognize anghagocyose pathogenic cells and moleculédacrophagegeside in almost all
tissuesanddiff erentiatdrom monocytes that have migrated into the tiskuaddition to destroying

pathogens via phagocytosis, they fulfill an important task by orchestrating immune responses. They
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Introduction

induce inflammation and activation of other immune cells by releasilagnmatory mediators as
communication signals.astly, macrophages act as general scavenger cells of the body by clearing
dead cells and ceilardebris. Granulocytes are named after characteristic staining granules in their
cytoplasm, which contaimegading enzymes and other antimicrobial substances. The most
abundant granulocyte, neutrophils, fulfill a similar task as macrophmagdestroying 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 mastcells, they play a predominant role in defending against parasiteslly, the dendritic

cells hare a unique role, athey constantly perform phagocytoses well asnacropinocytosisf

large volumes of extracellular fluidfter detecting foreign moleculghey migrate via lymphatics

to the lymph nodes where they kick dfie adaptive immune responbg a process called agen
presentation that will be addressed later in this chfiptewhile most cells possess the aitio

present antigens, dendritic celtlsacrophagesand B cells are specialized in doing so and Hres

also named professional antigen presenting cells (AR@)ther important group of immune
system cells are lymphocytes, whidliferentiatefrom the common lymphoid progenitor cells.
Among them, etural 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 viruseslbgsing
messengersipon contat that initiate lysis or apoptosis of the target &Il They differentiate and

mature in the bone marrow and later circulate through the blood system. On the cliv@sast,

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

All other lymphocyteshelong to the adaptive immune systanmdhave in common that each cell
expresses antigen receptors at its cell surfeceontrast to the innate immunity, the adaptive
immunity is acquired by an organism throughitsitifetime. The principle underlyinghe adaptive
immunity is based on each lymphocygscept for NK cells or ILCgecognizinga singlespecific
antigen This is achieved during the development of eadividual cell through acomplexgene
rearrangement that is called V(D)J redmmation [8]. After this process each cell has lisique
antigen receptor, leading t® huge diversity in antigerthat are recognized bthe pool of
lymphocytesin 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 gpgcificantigen.Once the pathogen is defegtatbst
lymphocytes die and only a few remain as memory aslissallowing a faster and more specific
defense the next time the body encounters the same pathogddition to NK cell and ILC Here

are two main types oyinphocyteshataredistinguished by the structure of their antigen receptor.

B lymphocytes (B dés) complete their development in the bone marrow and have antigen receptors
resembling an antibody (immunoglobulif®]. Upon activationB 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 lymphocyt€§ cells) by contrast originate from the bone marrow but fully
maturein the thymus. They can be further distinguished into different cell types based on specific
markers on their cell surface, which also define their funcédmost each cell of the body has
cell-surface glycoproteins called major histocompatibility comgse(MHC) that help the adaptive
immunity by presenting peptides from degraded prot&iosexample, dring a viral infection, the
infected cell will degrade viral proteins and present peptigevedfrom these viral proteins as
antigen at their surfacd cellscanrecognize these antigens and subsequently trigiferent

effecs on the target celCytotoxic T cellswill kill cells presenting the antigen thare specific to.

They express the marker andrezeptor CD8, which binds MHC class | protiexpressed by
almost all cells of the bodgnd hencare usually named CD8+ T celsnother important group

of T cell representhe differenthelper T cellsThey express CD4, whidbinds to MHC class I
proteins that are expressed by giiefessionalAPCs of the immune systenThey develop into a
variety of different effector subsets and help the immune system by producing many different
messengersvhich in turn help driving the immune system in different directibikewise, helper

T cells are termCD4+ T cellsTwo important subtypes of CD4+ T cells are T helper typed)(T
which propagate phagocytosis and-ta#idiated immunity (typ& immunity), and T helper type I
(Tr2), which primarily initiate the antibody productitwy B-cells also termd humoral immua

responsétype 2 immunity) [10].

The success of the immune system dependbebangoingvital interplay of this great diversity of

cells as well as tissues and orgahs drive such a delicate and diverse system, a robust but also
dynamic andversatile communication is needefihis communication must meet important
requirementsAs the blood and immune system are closely related and emerge from the same
hematopoietic stemrells in the bone marraqwt must coordinate the productiadifferentiation,and

activity of all kinds of cells of both systems simultaneously. This also includes that eafthdsell

its way to and remains #$ corresponding destinatioim the case aihfection, the communication

must ensure that only the components involved in the defense mechanism matching the invading
pathogen are activated. Consequently, it must guarantee that edclikelts corresponding task

just at the right time. Lastlycommunication must carefully balance the immune response to
succeed in pathogen defengeile maintaining théowest possible hostamage. Especially in the

case of intracellular pathogerssich as virusestopping cell replication and differentiaticag well

as programmed cell deatban bepowerful toolsor even the ultimate wajo stop pathogen
spreadingBut if these cellular mechanisms, as well as defense mechanisms at tissue and organism
level, such as fever and inflammati@et out of control,iey will induce more damage to the host

than the pathogen. Therefodefects in the balancing mechanssoften lead to severaiimmune

and chronic inflammation diseasdsut also immunosuppression and can&rch a complex

communication system is rezdid in animals througimessengertermedd&ytokines
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1.2 Cytokines are the communicators of the hematopoietic system

Cytokines are smathessengeproteins that are produced and secreted by cells in a hoilikene
fashionto act on other cellgl1, 12] They recognize anakctivatededicated cytokine receptors

the plasma membranaf cells. Thereby they induce downstreargnsiling pathwaysthereby
initiating gene expressioprogramsn the target cellYet, unlike hormones, cytokines amostly
limited to autocrine or paracrine signalir@onsequently, cytokines are not produced by only a
specific kind of cell in some cemfized organ, aswould beusually the case for hormones. Instead,
most cellsare capable of produciray set of cytokinesinder specific circumstancesd likewise
most cells are responsite a specific set of cytokines.In general, whether apecific cell is
responsive to aertaincytokine is dictated by the ability of this cell to express the corresponding
cytokine receptorThis limited range of cytokines allows local immune responses and prevents
systemic inflammationsuch adoundin a septic shck [13]. Cytokine signaling frequently leads

to the secretion of other cytokines and a cascade of signaling patfiayesulting network of

an overwhelming number of cytokines and their signaling pathways creates-graiimed

communication system to precisely adjust the immune and blood system.

Cytokines and their receptors are quite diegosth,structurally ananechanisticallyThus, veral
attempts have been undertaken dategorize them in the past. Consequently different
classificationgased orvariouscriteria such asmmuneresponse andytokine proteinstructure,
co-exist. Nevertheless, a classificatioased on theroteinstructure of the cytokine receptors has
stood out ast turned out to be the most useful in the clinical and experimental fidii.
classification definesix families of cytokine receptorghe immunoglobulinsuperfamily(IgSF),

the transforming growth factor betd GFb) receptor familythe chemokine receptorshe tumor
necrosis factor recepteupefamily (TNFRSF) and theclass | and class Il cytokine receptdrbe
IgSF is characterized by structural homology to immunoglobwdimd containg among a large
variety of soluble and membrane bound proteitrer tharcytokine receptors the interleukinl
receptor family and colony stimulatory factof@SF1)receptor.Members of e interleukinl
receptor familyare extremely poté modulators of inflammatiomctivating thenuclear factor
kappa B NF-kB) pathway[14, 15] whereasCSFL mediates the differentiation of target cells to
macrophages and related cell typga PISK/AKT/mMTOR signaling pathway16, 17] The
members of the TGB receptor familyare serine/threonine kinase receptors that take an important
part in embryonic stem cell maintenance and differentiati@®), as well as incell growth,
differentiation and cellular homeostasis of adult organtbmmigh signaling pathways that involve
phosphorylation of transcription factors named SMADS]. Chemokines, or chemotactic
cytokines,interact with a large group of @roteincoupled receptor§GPCR)that coordinate
leukocyte recruitment and activation by chemot&3. As GPCRsthey conventionallyransduce

signaling viacyclic AMP andinositol1,4,5triphosphate/diacylglycer@ls second messenggzs).
5
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Members of the TNFRSF birttheir cognate agonists, tthemor necrosis factqoroteins (TNFs),

via an extracellular cysteiréch domain[22]. In contrast to most other cytokines, TNFs are often
not expressed as soluble protein, but as single spanning menjmates, that can be
proteolytically cleaved on some occasi¢d8]. Most of the time, though, TNFs are expressed at
the surface of cells and interact with neighboring cells that express thspgmmnding TNF receptor

at their surfacg24]. TNFs and their receptors are primarily expressed by cells of the immune
systemand contribute to a wide range liblogical and immualogical activities [22], such as
morphogenesis of secondary lymphoid org@as 26] contribute the function of cytotoxic T ¢l

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 caspiasty,

whereas theurvival signals are mediated via activation of theksignaling pathway28].

Theremainingtwo families of cytokine receptors, the class | and class Il cytokine receptors, share
more structural similarities than the other cytokine receptgroups mentioned previously
Receptors of these twlamilies all activae downstreansignaling pathway via noncovalently
associated Janus family tyrosine kinases (JAKBE most important effector proteins of these
receptors are the members of the signal transducer and actizatangeription (STAT) family.
JAK/STAT signaling by class I/ll cytokine receptors plays a key rol@dulatingproliferation,
differentiation,and activation of all types of immune celld\aacteristic featuseof these pathways

are highpleiotropy andredundancy[12, 29] and thedeterminants defining specific cellular
decisions have remained unclediis 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 moldt@le€lass Ireceptoran be
distinguished by @onserved uxt amembr ane AWSXWSO0 amino acid mc
region that is absent in class Il cytokine recepf8@3. Besidesthat receptor subunits dboth
classeshare dargelydisordered intracellular domaithat serve as bindirgjtefor tyrosine kinases

and effector molecules, a singleembrane spanning-helical transmembrane domain, and an
extracellular domain comprising several fibronectin type Ill domainsatieanvolved ircytokine
binding [31]. The stoichiometry of the receptor commsxranges from homodimerand
heterodimers up to higheligomeric receptor complex¢32, 33] Due to high diversity in the
group of class | cytokine receptors, as well as high pleiotropy and redundancy in signaling
responses, it is rather difficult to narrow downphgsiological functiorof class | cytokine receptor
signaling.Instead,class | cytokine receptodo take part in éroad spectrum of important tasks
including controlling hematopoiesisinediating proliferation and differentiation of various cell
types of the immune systemniggering and regulation of immune respon3dege remaining group

of class Il cytokine receptoryhich this work will focus on, includethree distinctinterferon

receptos and the interleukidO (IL -10) receptor familyThey are predominantly involved in anti
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viral defensg34, 35]and regulation of thenmune systenbut also in fighting tumorand some
other nonviral pathogen$36], and thereby they have aroused great interest in medical applications
[37].

1.3 Structure and function of class Il cytokine receptos

IFN receptors IL-10 receptor family
IFNAR IFNGR IFNLR IL-10R IL-20R IL-20R IL-22R IL-26R
type | type Il
13 IFNa,
IFNP, IFNe, IFNy IFNL1-3 IL-10 IL-19, IL-20, IL-24 IL-22 IL-26
IFNk, IFNw IL-20, IL-24

IFNGR1

IFNGR2

IL-22R |L-20R2

IL-10R2

CIL-10R2 |
WA s
B RIAS B AR

"~ IL-20R2 IL-22R
IR AARARSIRIaRE R
ASRSIERIGRE: SESTIIBIRSSRIORRE o TARNSERIRIRISAGHN

Figure 2: Class Il cytokine receptor complexes with their respective cytokine$38]

The interferons (IFN) originally got their name froneir defining property ahterfering with viral
replication[36, 39]by evoking an antiviral state in targeells. They can be further classified based

on the specific receptor complex that they recognize at the cell s(ffigoee 2): The type | IFNs
comprisesl3 subtypes of IFA in humansalong with IFNb, IFNe, IFNk and IFNw, which solely

bind to the IFNa/b receptor (IFNAR)[40]. The IFNAR complex consist of Bgandbinding
subunit that binds type | IFNs with high affinity (IFNAR2) amdaccessorgubunit(IFNAR1) that
possessesraarkedlylower binding affinity for its ligand§41]. In contrast, IFNis the only known
member of thdype Il IFNs and binds to the IF¢receptor (IFNGR)40], which consist of the
binding subunit IFNGR1 and the accessory subunit IFNGR2. While all type | IFNs are monomeric
and engage a ternamceptor complex consisting of a ligand and one copy of each receptor subunit
(Figure 3), IFNgis a constitutivdigand dimer and thus the IFNGR forms a hexameric caxpl

consisting of a dimeric ligand and two copies of each receptor sihit

IFNAR1

Figure 3: Crystal structure of the extra cellular domains of theternary interferon a/b receptor complex.PDB:
IFNAR2 (blue), IFNa2 (red)i 3SE3; IFNARL1 (greeri) AF-P17181F1.
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Mouse studies have shown tlath type | and type Il IFNs are essential for promotiograplete
antiviral response in the hodtut the effets they induce and activation time during infection are
quite different[35]. Type | IFNs areamongthe first cytokines secretday pathogersensor cells
such as dendritic cellgluring a viral infectionas a response of patteectognition receptors to
virus-specific stimuli, such as doubt#tranded RNA43, 44] Secretion of type | IFNsot only
kicks off potentinnateantiviral defense mechanisms at cellular level, but also induces fundamental
responses of thedaptive immune systef80]. Type Il IFN, by contrastis secretedht alaterstage
during the immune responbg lymphocyteq45-48] andis an important modulataf both innate
and adaptive immunitytoo[46, 49] Both receptors of the type | and type Il IFNs abé&quitously
expressed on all nucleated cells of boaly [50], which matches their ability to evoke antiviral
defense in each cell that could potentially replicate viruses.

The type lll IFNscomprig IFNI 1, IFNI 2 and IFN 3, which were previouslpamedIL-29, IL-
28A and I-28B, respectivelyas well as IFIN4. Theyall bind to the IFNI receptor (IFNLR)40],
which consist of thdinding subunit IFNLR1 and the accessory subunit®R2. The latter is a
shared receptor subunit that is also part of thgdLIL-22, and IL-26 receptor comples(Figure
2)[51, 52] In contrast tdhe eceptors of type | and type Il IFNs, as well asllR2,the expression
of IFNLRL1 is restricted to cells of epithelial origikidney, liver, lungs,and gastrointestinal tract
[50, 53] Other than that, type and type Il IFNsshare common characteristidhey both can
induce an antiviral state in host celtivatelargely overlappingignaling pathwayand effector

molecules, and alter the expression of a very similar set of ffetles

Furthermore, the 10 receptor familydoesbelong to the class Il cytokine recept@Fsgure 2).
Among themtheIL-10 receptor is the best studied memidre only krown ligand IL-10 does
form a constitutive dimewith striking similarities in tertiary structure to IgNFigure 4) [55, 56]
Likewisg the dimeric 1-10 engages two binding subunits-1l0R1 and two accessory subunits IL
10R2 in a hexameric receptor comp|B%, 57] The expression of IELOR1 ismainly restrictedo
leukocytes andlendritic cells unlike the ubiquitous expression of-1I0R2[52]. As ogpposedio
IFNs, IL-10 does not convey antiviral activity, but represents a central immune reguitatboth

immune stimulating and immune suppressing abil[6&3.
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Figure 4: Crystal structure of IFN gand IL-10 dimers.Two chains of IFN (light blue, blue) and I+10 (orange, red)
are intertwined with each oth#itat both are required to form a stable quaternary structure. PDBi IBN3K; IL-1071
6X93.

Due to its central role in antiviral defendENs havereceiveda lot of attention inbiomedical
researchduring the last decades. This has led to a profound understanding of the signaling
mechanism and cellular responses of type | IFN. Themibgrsepleiotropic cellular responses

have beeidentified for type | IFN signaling, which cdre summarized by antiviral, antitumor and
immunoregulatory activitief36]. While all type | IFNs can induce an antiviral state in the target
cell with similar potenciessome of them can evoke additional cellular effeetg, IFNb can
regulate cell proliferation and differentiation more potef§]. These findings have given rise to

one of the most interesting questiorgarding the type | IFN signalingtow canavariety of type

I IFNs encodehis functional plasticity, despite binding to a single receptor complexesyiidg on

the samdimited number of downstream signaling componeggsly mutational studies on ligand
receptor interaction®0-65] in combination with structural analysis édrts and complete IFNAR
complexeg465-70] revealed, that different binding affinities of the ligands to the IFNAR subunits
rather than differences in the complex structigstrol pleiotropy in type | IFN signalin®9, 71

75]. Moreover, engineered IRNvariantsthatmimic thebinding affinities of IFNb, were showro

have an almost identical signaling patt€rf, 77]. The derived moel that signaling response is
regulated by receptor recruitment and activation dynamic, which is governed by the receptor
binding affinities of the type | IFNs, could eventually be confirmed in living cells by single

molecules imaging and biophysical arsdyf59].





















































































































































































































































































































