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Summary

Summary

Asthma is an inflammatory disease of the airways with an increasing prevalence in western countries.
Thus, there is a vital need to better understand the mechanisms that control the development of the
disease. Many immune cells are involved in the intiatof the disease. Here, the focus will be on
dendritic cells due to their key role on the development of maladaptive Th2/Th17 responstsadly
state, the lung harbors CD108nd CD11bconventionalDCqcDCsas well as plasmacytoid DCs (pDC). In
addition to cDCs, CD11KIHGII" monocytes reside in the lung arwhn differentiate into monocyte
derived DCs (m®Cs) under inflammatory conditions. Both CD1dIbC populations contribute to Th2
and/or Th17 developmat, whereas CD10@DCs and pDCs promote toleranRecently, the transcription
factors IRF4 and STAT5 have been identified as key components of a genetic program T[Tl tHat

drive Th2. STATS is downstream of TSLP, a cytokine of-2hfauthily thd up-regulates cestimulatory
molecules and chemokinga DCsto help Th2 differentiation. IRF4 in pulmonary DCs is activated in
response to TLR pathways stimulation and driveRliand IE33 production, which specifically promote
Th2 differentiation. Searal allergens including house dust mite (HDM) activate the complement system
and generate the anaphylatoxigaTs)C3a and C5a. Thesesf&Kert their biologic function through their
cognate G-protein coupled receptorsGPCRsC3a receptor (C3aR{5a recptor 1 (C5aR}1 and C5a
receptor 2 C5aR® Deficiency of the C3aR has been shown to attenuate the development of Th2/Th17
immune responses, whereas C5aR1 targetimgng allergen sensitizatioenhanced Th2/Th17 immunity

in several models of experimentadtama. Importantly, AT receptors are expressed on CDdEs and
mo-DCs and regulate the production ofllQ, 112 and 1k23. At this point, it is unclear, how th&Ts
regulate the programming of DCs into a phenotype that drives Th2 immune respondlesgit asthma.

To shed light on the mechanism through which the ATs control the programming of DCs and more
precisely the CD11bDCs, | sensitized WT Balb/c mice intratracheally with a mixture of HDM and
ovalbumin (OVA). Twentfipur hours later, | isolad the lungs and FAG8rified the CD11ttDCs based

on the expression of C5aR1. | found that the majority of the CDANGs expressed C5aR1 under steady
state conditions, whereas the frequency of C5&RIL1b cDCs increased after HDM/OM®A vivo
stimulation. | performed phenotypic, functional and transcriptional characterizations of the Caa1
C5aRIDCs, to better understand, how signaling through C5aR1 controls the programming of
CD11bcDCs.

One of my main findings was that t¥ba/C5aR1 axis controls CD4ell proliferationWhile C5aRtDCs
induced strong T cell proliferation, C5dRIDCs were poor inducers of T cell proliferation. In search for
mechanisms, | observed that the lower potency of C5aidrive T cell prolifeation was associated with
lower MHGII and CD40 expression. As outlined above, TSLP is an important inducer of cDC maturation.
Of note, | observed that TSLPR expression was much higher i @aaRd C5aR1cDCs after HDM/OVA
sensitization. Caultureexperiments uncovered that OM& CDAT cells interacted more frequently with
C5aR1than with C5aR1cDCs. Both pulmonary cDC populations induced strong Th2 differentiation and
some Th17 differentiation. Mechanistically, | identified autocrine C5 proolueind cleavage into C5a in
cDCs as the main source for C5aR1 activation. Importamtifiro OVA pulsing was a strong inducer of
C5 production. C5a generation occurred in C5aRd C5aR1cDCS. However, it was higher in C5aR1
cDCs than in C5aRIDCsAfter T cell addition, the C5a generation was markedly enhanced in both CD11b
cDC populationsinterestingly, RNAseq analysis revealed 94 genes that we@sgdd higher expressed

in C5aR1than in C5aRXDCs affecting complement activation, cell efiéntiation and gene regulation

1



Summary

among othersThe importance of C5a/C5aR1 axis activation for the regulation of T cell proliferation was
verifiedex vivathrough specific targeting of C5aR1 inadtures of C5aRTDCs with O\V4fg CDAT cells.

Here, | faind that such targeting markedly enhanced T cell proliferation. Further, | was able to show that
C5aR1 is controlling cellproliferation through CD4dmportantly, CD40CD40L interactiortontrolled T
cellproliferation onlywhenMHGCII expression was lovi.e. in C5aRXDCs or when the availability of the
OVA peptide in the system was limitelth C5aR1cDCs, in which MHICis strongly expressed) vitro
blockade of CD4C€DA40L interactionsidnot affect the ability of C5aR:DCs to induce strong CD#cell
proliferation. The RNAseq analysis revealed almost 40 genes which were differentially expresaeid
condition, but unfortunately, the function of most of these genes is currently unknand thus, no
information could be extracted at this time poitinally,my findings suggest that C5aR1 is not controlling
Ag uptake, processing and presentatias a mechanism to control T cell proliferation via the autocrine
C5/C5a/C5aR1 loop.

Thus, fom the available data, | propose a model, in which activation of C5aR1 in Gii& through
autocrine production of Cba drives a pathway that downregulates CD40 molecule expression. This
downregulation of CD40 together with the reduced MH@xpressiorin C5aR1cDCs impairs the BC

CD4 T cell interaction at the level of synapse formation resulting in low allespewrific Th cell
proliferation by pulmonary C5aR2D11bcDCs. Suppression of C5aR1 sign&iifigD11bcDCs releases

the break by upreguladin of CD40, resulting in strong allergérniven Th cell proliferation and allergic
asthma development.



Zusammenfassung

Zusammenfassung

Das Asthma bronchialst eine entziindliche Atemwegserkrankung mit steigender Pravalenz in westlichen
Industrielandern. Daher ist ein besseres Verstandnis der Pathomechanismen, welche zur Entstehung
dieser Erkrankung beitragen, dringend erforderliEineVielzahl an Immunzeltetragen zur Initiierung

der Erkrankung bein dieser Arbeit wurdder Fokus auf die Dendritischen Zellen (DCs) gedefgjrund

ihrer Schlusselrolle in der Entwicklung der maladaptiven Th2/Th17 Immunantertungesnthaltim
homdostatischen Zustand D203 und CD11b konventionelle Dendritische Zellen (cDCG)wie
plasmazytoide Dendritische Zellen (pDCs). Daruber hikaosmen CD11bMHCIIf Monozyten in der
Lungevor, welche wahrend einer Entziindungsreaktion zu Dendritischen Zellen monozytarer Herkunf
(mo-DCs) differenzieren kénnen. Beide Populationen der COCk tragen zur Entwicklung der Th2
und/oder Th17 Antwort bei, wohingegen CD16BCs und pDCs tolerogen wirken. Erst kirzlich konnten
die Transkriptionsfaktoren IRF4 und STATS als Schlusgeikenten des fur die ThEnmunantwort
erforderlichen genetischen Programms in CDIREs identifiziert werden. STAT5 ist dabei Teil einer
Signalkaskade, welche durch die Bindung von TLSP initiiert wird. Dieses ist ein Zytokh Femilie,
welches in @s die Expression von kostimulatorischen Molekilen und Chemokinen stimuliert, die fir eine
suffiziente Differenzierung zu Th2 Zellen erforderlich sind. Eine Vielzahl an Allergenen, darunter auch
Hausstaubmilben (HDM), induzierdie Aktivierung des Kompleemtsystems undiihrenzurGenerierung

der Anaphylatoxine (ATs) C3a und C5a. Didsewikken durch Bindung an ihre jeweiligerrR&otein
gekoppelten Rezeptoren (GPCRE§)3a Rezeptor (C3aR), C5aR1 und C5aR2. Es konnte gezeigt werden,
dass eine C3aBefizierz die Entwicklung einer Th2/Th17 Immunantwort abmildert, wohingegen die
Blockade des Cb5aRWahreden der Sensitisierung des Allergeebenjene in verschiedenen
experimentellen Asthmdviodellen verstarkt. Alle ARezeptoren werden von CDIHDCs und mdCs
exprimiert und regulieren in diesen die Produktion vofiLQL, Il-12 und IE23. Hierbei ist jedoch unklar,

wie die ATs didProgrammierungvon DCs in einefMh2induzierenden Phiptypen im Kontext des
allergischen Asthma bronchiale regulieren.

Um nachzuvollehen, wie As die Programmierung von D@gw. genauer CD11bDCs kontrollieren,

habe ich WT BLB/c Mause intratracheal mit einer Mischung aus HDM und Ovalbumin (OVA)
immunisiert 24 Stunden spater isolierte ich die Lunge und reinigte die CzDibs hinshtlich C5aR1
exprimierenden und nicheéxprimierenden Zellen mittels FACS dgh konnte nachweisen, dass die
Mehrheit der CD11bcDCs den C5aR1 unter physiologischen Bedingungen exprimieren, wogegen die
Frequenz der C5aRID11b cDCs nach HDM/OVA in vivo Stimulation anstisgAnschluss daran fihrte

ich phanotypische, funktionelle urtdanskriptionelle Charakterisierunngafer C5aRTDCsund C5aR1
cDCsPopulationen durch um besser zu verstehen wie die d@&aR Rktivierung imuzierten Signalwege

die Programmierungler CD11bcDCkontrollieren

Eines der Hauptergebnisse meiner Studie d&tss die C5a/C5aR1 Acliie CDA T Zell Proliferation
kontrolliert. Wahrend C5aR&DCs eine starke-ZellProliferation induzierten, wame C5aR1cDCs nur
schwache Induktoreder T Zell Proliferatian Auf der Suche nach Mechanismbemerkte ich, dass die
geringere Potenz von C5aRDCs eine-ZellProliferation zu induzieren mit einer geringeren MH@Gnd
CD40 Expression dieser Zellenheirging. Wie bereits eingehend beschrieben, ist TLSP ein wichtiger
Induktor der cD€Entwicklung. Interessanterweise konnte ich feststellen, dass die TEB{@#PEssion in
C5aR1cDCs nach HDM/OVA Sensitisierung deutlich hdher war als in ©BaFl K&ultur-Experimente
zeigten, dass OVihansgene CD4T Zellen deutlich besser mit C5aRIsmit C5aR1cDCs interagierten.
Beide pulmonale cDBopulationen induzierten eine robusteZF und gewisse Al 7-Differenzierunglch
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konnte eine autokrine C5 Produktiamd Spaltung in C5a durch ¢cDCs als Hauptmechanismus der-C5aR1
Aktivierung identifizieren.n vitro Stimulation mit OVA induzierte eine starke C5 Produktion. C5a
Generierung wurde dabei sowoinl C5aR1als auch C5aR&DCs beobachtet. Interessanterweise jedoch
produzierten C5aR1cDCs mehr C5a als C5aRdlach Hinzugabe von T Zellen verstarkte sich die
Generierung von Cb5a in beiden CD1dbCPopulationeninteressanterweise ergab die RNAskagalyse

94 Gene, die in CRL 210-fach hoher exprimiert wurden als in C5aél1Cs, die unter anderem die
Komplementaktivierung, Zelldifferenzierung und Genregulation beeinflus€2ie. Relevanz der
Aktivierung der C5a/C5aR1 Achse fiur die T Zell Proliferation wurde ex vivo durdisgpezi5aR1
Blockade in K&ulturen von C5aREDCs mit O\Wkansgenen CDAl Zellen verifiziert. Dabei stellte ich

fest, dass die Blockade von C5aR1 in diesem Versuchsaufbau die T Zell Proliferation signifikant verstarkte.
Dartuber hinaus konnte ich zeigedass der C5aR1 die T Zell Proliferation Uber die Expression von CD40
reguliert. Wichtig dabei ist festzustellen, dass die CD40/Cb4Bke die T Zell Proliferation nur
kontrolliert, wenn MH@AI in geringem Ausmalf3 exprimiert wird, was zum Beispiel IRCS®Cs oder bei
limitierter Verfugbarkeit von OVA in der Probe der Fall ist. In C5dRds, welche eine starke MHC
Expression zeigen, beeintrachtigte dievitro Blockade der CD40/CD4Bthse die Fahigkeit zur
Induktion einer TZellProliferation ncht. Zusammenfassend zeigen meine Ergebnisse, dass der C5aR1,
aktiviert Uber die autokrine C5/C5a/C5aRéedbaciSchleife, die Fahigkeit zur Induktion einezdlt
Proliferation mechanistisch weder tber die Antigéafnahme, noch die Prozessierung oderseraation
kontrolliert. Die RNAsed\nalyse ergab fast 40 Gene, die bei jeder Erkrankung unterschiedlich exprimiert
wurden. Leider ist die Funktion der meisten dieser Gene derzeit nicht bekannt, sodass zu diesem Zeitpunkt
keineweiteren Rickschlusse bzgerdRolle dieser Gene fir die cDC gezogerden konnten.

Die vorhandenen Daten legen somit ein Modell nahe, in welchem die Aktivierung des C5aR1 inh CD11b
cDCs durch autokrine Produktion von C5a einen Signalweg initiiert, welcher die CD40 Expression hemmt.
Diese Reduktion der CD40 Expression zusammen mit der geringeretl-Efitession der C5aRdDCs
erschwert die DE&D4 T-Zeltinteraktion auf der Ebene der Bildudgr immunologischerbynapse. Dies
resultiert in einer geringen Proliferation von Allerggpezifischen Th Zellen. Die Inhibition des C5aR1
Signalweges in CDIDCs enthemmt diesen Prozess durch Hochregulation der-Exptéssion, wazu

einer starken Proliferation von Allergapezifischen T™ellen und der Entwicklung von allergischem
Asthmabronchialeflihrt.



Introduction

1. Introduction

1.1 The immune system

The earliest known reference to immunity was during the plague of Athens in 430 BC
when Thucydidesioted that people who had recovered from a previous bout of the disease could nurse
the sick without contracting the illness a second t{txidgman, 2009) However, it id.ouis Pasteur, who is
considered the father of immunology and one of the first who tried to deal with that field more
scientifically and thoroughly. His pioneering work at the end of tHecEhtury about the germ theory of
disease as well as the hope thall infectious diseases could be prevented by prophylactic vaccination
4 NRSR KAY AYYdzy2f23@Qa LI GSNYyAdGeod | 26SHSNE A
of the appreciatiorof the microbial world, at a time when the notion of such athas an immune system
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Theimmune system consists of many different cell types, organs, proteins, and tissues. It is spread
throughout the bodyand it is an integral part of it as it ensures its functional integrity. To achieve that,
the immune system needs toebable to recognize any possible threats by using special sensors and
eradicate them But what do the sensors recognize as a threat? The threats can be both endogenous and
exogenous. The immune system is equipped with sensors, like pattern recognitigharsoguch as Tell
like-receptors) which can detect both types of threats. The receptors for both endogenous and exogenous
threats may have evolved simultaneously as the integrity of the body is not only at risk upon infectious
threats but also upon injyror cell deatMatzinger, 2002) In any of these cases, the immune system
needs to deal with the threat either by clearing the dead cells and replacing them with new on the event
of injury or trying to @minate an infectioKohl,2006)

Mostimmune cellsrisefrom precursors in the bone marrof@M)and develop into mature cells through

a series of changes that can occur in different parts of the body. Each of these cells has a function, and it
takes the collaborationf several different cell types to elicit a proper immune response. There are eleven
main cell types, which can further divide into scdtegories. These main cell types are B and T
lymphocytes, natural killefNK)cells, macrophages, monocytes, dendritic cells (DCs), innate lymphoid
cells (ILCs), eosinophils, neutrophils, basophils naast cellMurphy & Weaver, 2013)

The immune system starts to develop four to five months after conception, and this takes place in the
primary lymphoid organswhich are the BM and the thymus. Many of the immune cells do not only
originate from the BM but develop and mature there as well. Once the immune cells mature, their task is
to leave the primary lymphoid organs and patrol the peripheral tissues. Somes# ttells reside within
tissues wile others circulate in the bloodstream or the lymphatic system. The lymphatic system is a highly
specialized system of vessels that drains extracellular fluid and is found everywhere throughout the
body(Murphy & Weaver, 2013)

When immune cells migrate through the lymphatic system, they end up in secondary lymphoid organs,
like the lymph nodes or the spleen. These organs are deresil as centralized processing centers,
which information about invading pathogeris communicated to different cells that have different
functions, andointly they mount a protective responsgainst a pathogen.

In case of a threat an immune response will be elicited making use of cellular and humoral immunity (is
mediated by macromolecules found in extracellular fluids). Depending on the complexity of the organism
which is exposed to the threat the immune systeam consist only of innate immunity, which is found on
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both primitive and complex organisms or of both innate and adaptive immuniftg latter is found in

more evolutionary advanced organisms. One of the main differences between innate and adaptive
immunty is that the former makes use of molecules that are encoded in the inherited genome as fully
functional molecules. The sensors of the innate immunity detect and recognize groups of potential
pathogens and/or internal signals of injury or abnormality @ed of immune attention. In case of the
adaptive immunity the involved molecules, are not fgecoded in the inherited genome as complete
molecules but are somatically created later. Hognatic development of clonally diverse lymphocytes,
each of which haa unique antigen recognition receptor that can be used to trigger its actiy&lioweer

et al, 2014). Strikingly, despite their differences both types of immunity, can develop immunological
memolty when the threat is exogenous. Immunological memory is the ability of the immune system to
quickly and specifically recognize an Ag that the body has already been exposed to in the past and initiate
an immune response at a shorter period. We notice theadi@pment of memory only in case of lotiged

cells of the immune system like braiesident macrophages (microgli@g)endeln et al., 2018} plasma
cellfKhodadadet al,, 2019) Both subsystems of the immune s and the immunological memory will

be analyzed in detail in the following sections.

1.1.1 The Innate immune system

The innate immune system is thé&der part of the immune systenThe Russian zoologist, Elie Metchnikoff
due to his pioneeringresearch in immunology and more precisely, his discovery of phagocytes
(macrophages) in 1882 consideredhe father of innate immunity. For this great discovery, he won the
Nobel prize in 190&aufmann, 2008)

The innate immune system is foumdprimitiveorganismsandin plants and insectsnd has four principal
components. (i)t providesa physical and chemical barrier to infectiougeats, and it is primarily
responsible for detecting the presence of invadarsl abnormality(ii) It consists of macrophages, DCs,
monocytes, NK cells, ILCs, granulocytes (eosinophils, neutrophils, and basophils) and mast cells. However,
the innate immume system is complicated and multifactorial, as it consadtgiii) humoral factors,
including the complement system and (ogtokinesand chemokines. Its complexity is needed because
the innate immune system not ongenses danger signadisit buildsthe first line of defense. In cases of
infection orinjury, inflammation ignitiated by inflammatory mediators released bye injured orresident
immune cellsand/or the recruted circulatingimmune cellswhich prevent the spread of the infection
and at tre same time promote the clearance of pathogens and wound hegdiedzhitov, 200AMurphy

& Weaver, 2013Matzinger, 2002)
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Figurel:The two arms of innate immune system are the cellular and humoral compartmefitse cellular arm of
innate immunity consists of immune cells, like leukocytes and phagscgt well as immune mediators secreted by
these cells. The humoral arm consists of the complement cascade and pegtagnition molecules (PRMs).
Efficient interaction between the two arms of innate immunity is vital to ensure a proper immune restuostiauli
and facilitate adaptive immune respor({§®o et al, 2015)

More specifically, acute inflammation starts through cells that reside in the tissues. Thesexpedlss
receptors, known as pattern recognition receptors (PRRs), which recognize structures conserved among
microbial species, known as pathogassociated molecular patterns (PAMPBRRs alseecognize
endogenous molecules released from damaged cells, termsdageassociated molecular patterns
(DAMPs)Currently, there are four different families of PRRs. These families include transmenaorane
intracellular proteins such as Tdike receptors (TLRs),-tfpe lectin receptors (CLRs), as well as
cytoplasmic prteins like nucleotide oligomerization domain (NGiR¢ receptors (NLRs) and retinoic
acidinducible (RIG)ike receptors (RLR3gkeuchi & Akira2010Q. Thesereceptors expressed on
professional immune celluch adDCs, macrophages and nonprofessional immune cells sense pathogens
anddifferentenvironmental stimuliFurthermany of them also trasduce strong maturation signals. Their
contribution to inducing maturity isnigmaticconsidering that PRR ligands are not exclusive to pathogenic
infection. Ligands are expressed by host commensals and can even be of host origin. It is still not entirely
clear how DCs sense these ligands during steady state and yet maintain immune hom@adtasish&
Akira,2010(Medzhitov, 2002) These twaopposingfeatures make it challenging but also fascinating to
delineate the mechanism of how innate immuspecific cell types or cytokines achieeir different
tasks(lwasaki & Medzitov, 2015)

The innate immunity is known as less specific and as the first line of defense given that in case of
vertebrates the adaptive immune response will follow to give a more specific response. However, many
recent reports supporthat innate imnunity is much more robust than previously thought. There are
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organisms which exclusively rely on it and are capable to deal with a great variety of pathogens and even
develop immunological memory. In certain insect species, infection withletbial dosesf pathogenic
bacteria, or priming, confers a protective effect upon subsequent challenge with the same and/or
different pathogen. These findings point out the ability of insects to exhibit a form of immune specificity.
Further research has suggested tipgiiming of the insect immune system is specific to the insect species
and the type of pathogen. The protective effect varies in specificity from providing protection against a
wide range of pathogens or specifically against the pathogen to which the masahitially exposed. In
addition, lifelong persistence of immune protection in insects can be accompanied with highly specific
recognition of the priming age(iipfelet al, 2017) One of thee organisms, which was also used to
extensively study the innate immunity is the fruit iBrosophila melanogasteowdoesD. melanogaster
achieve a specific immune response against a viral infection accompanied by immunological memory?
Upon viral infetion, D. melanogastemakes use of haemocytes, circulating blood cells that phagocytose,
produce antimicrobial peptides and take up double stranded RNA (dsRNA) to make functional small
interfering RNAs (siRNAB).vitrodata show that cell lines of haemgtesproduce circular copies of viral
derived DNA (vDNA) after RNA virus infection through a reuessscriptasedependent
mechanisnjGoic et al., 2013West et al showed that haemocytes produce circular vDNAS to serve as a
template forthe amplification of secondary vsRN#svivq and vDNA production is dependent upon
Ago2. vsRNAs are then packaged into exosbkeevesicles (ELVS) and are released from haemocytes to
spread protective vsSRNAG distal sites. These are then processed into siRNAs and loaded into functional
RNAinduced silencing comples (RISCs). Notably, West et al atalleaguesalso showed that these
exosomes can confer passive immunity. Exosomes purified from Sindissnfected flies prevented

viral replication when injected into naive animals. This protection was both pathogen specific and long
lasting. So, in some organisms the lack of the adaptive immune system does not prevent them from
efficiently protecting themseles from pathogens by using alternative immune respofWest &
Silverman, 2017Flemming, 2017)

1.2 Complement system

A very powerful compartment of innate immunity is themplement systemlt was discovered in 1890

by Jules Bordedndin his view its primary finction was to boost the opsonization and killing of pathogens

by antibodiegAbsyp ¢ KSNBF2NB X A& I Qlorassand thissid hdw ifeckivedit® 2 Y LI SY
namgNesargikar & Chavez, 201But complement is more than that. i6 a sophisticated network of

soluble and membran®ound proteins. More specifically, it consists of more thanp&®ma proteins,

GKAOK I'NB YIAyfteé LINPRdAzZOSR o0& GKS f AJSNI IMsRof I NB  dza
these proteins are found in the precursor form, but thane proteolytically cleaveth response to the

recognition of molecular components of microorganisms. It is noteworthy that the complement system
becomes sequentially activated in an enzyme casaadiee activation of one protein enzymatically

cleaves and activates the next protdinthe cascade.These proteolytic cascades finally generate the

effector complement components that favor the remowal destructionof the pathogen.There is

canonical complement activation (classical, lectin and alternative pathways) anecamomical
(intracellular complement activation). | will firstly talk about the canonical complement activation.
Complement can be activated systemically in the blood via three main routes: the classical pathway, which

is Abtriggered and was the first to be discoverghe second discovered pathway was the alternative

one, which can bénitiated by spontaneous hydrolysiandactivation of the complement component C3,

which can then bind directly to microbial surfaces. Tiied and last pathway to be discovered wiet
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lectin pathway, which recognigend bind carbohydrates found on the surface of pathogéviarphy &
Weaver, 2013Nesargikar & Chavez, 20{Rgiset al, 2019)Noris & Remuzzi, 2013)

It is compelling that all these three pathways converge at the most essential and critical step in
complement activation. When any of the pathways interact with the surface of a pathogen, then the C3
convertaseis generated. Dependent on the complement pathway, the C3 convevtases but in any

case, it is a mulsubunit protein with protease activity that cleaves the complement component 3 (C3).
¢tKS /o O2y@SNII asS 0290l t Sy ivhete it dehwRiEe C8and gerieiatesllargg K 2 3 S
amounts of C3b, the primary effector molecule of the complement system and at a lower extent C3a, a
peptide which induces inflammation. The cleavage of thes@gritical step in complement activatipas

this step leads either directly or indirectly tmany effector activities of the complement system. Once

C3b is generated, it has a dual role. It can covalently bind to the microbial surface and act as an opsonin,
allowing phagocytes, which have complement etces to takeup and destroy the C3boated
pathoger(Koskiet al, 1983) However, it can also bind to C3 eentases generated from either the
classical or lectin pathway, to form another mdtibunit protease, the C5 convertase. The C5 convertase
cleaves the complement component C5 itibe highly inflammatory peptide C5a arnide C5bfragment

C5b is considerkthe initiator of the late events of the complement activation, during which a couple of
additional complement proteins interact with C5b and form the membratiack complex (MAC) on the
surface of the microbe, which forms a hole on the microbe's surtlageresultsin cell lysigTegla et al.,

2011 Morgan, 1989Walliset al., 2010)Phillips et al., 2009 uet al., 1990)Bexborret al,, 2008{Murphy

& Weaver, 2013Harboe & Mollnes, 2008Rawalket al, 2008)
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Figure2: The complement cascad@&he classical pathway, the lectin pathway and the alternative pathway. Through
the formation of C3 convertases (C4bC2a for the classical and lectin pathways, and C3bBb for the alternative
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pathway), these pathways culminate in the generation of the ops@8h and the anaphylatoxin C3a. Subsequent

C5 convertase formation (C4bC2aC3b for the classical and lectin pathways, and C3bBbC3b for the alternative
pathway) leads to C5b and anaphylatoxin C5a generation, with C5b initiating the formation of the MAG and it
insertion into target membrangerruto et al, 2010)

1.2.1 The classical pathway

The classical pathway even though it is considered as part of tleimmmune system, it is known to

play a decisive role in both innate and adaptive immunity. Its first and most crucial component is the
protein C1q, which acts as a link between the adaptive humoral response and the complement system by
binding toAbsbound toantigens Ag9. However, this is not the only way that C1q can trigger complement
activation. This protein can also directly bind to the surface of the pathogen and induce the activation of
the complement system in the absence of an Ab. Howeaweebe more precise, C1g does not act on its

own but rather as a complex of the C1 proteins. The C1 complex consists of C1g and two more molecules,
the zymogens C1r and C1s, which are bound to C1g. C1q has six globular heads, which are all kept together
with a collagedike tail, which is surrounded by the (C1lr: Gpsdteins. When more than one heads, of

the C1g molecule bind to the pathogen's surface, then this causes a conformational change in the (C1r:
Cls)complex, which result® activation of an atocatalytic enzymatic activity in C1r; the active form of

Cl1r then cleaves its associated C1s to generate an active serine pf@ahseaud et al., 200Bally et

al., 2009) Upon C1s activation, the Cls protease acts on the two components of the classical pathway,
and it cleaves the protein C4, to generate the C4a and C4b. The C4b binds covalently to the surface of the
pathoger(Gregoy et al, 2003) The covalently attached C4b then binds one molecule of C2, making it
susceptible, in turn, to cleavage by C1s, which results in the generat@#dahd C2 (it is also an active

serine protease)The complex of C4b with the active s&r protease C2remains on the surface of the
pathogen as the C3 convertase of the classical pathway. Its most important activity is to cleave large
numbers of C3 molecules wroduceC3bmolecules that coat the pathogen surface. At the same time,

the other cleavage product, C3a, initiates a local inflammatory resgbhgphy & Weaver, 2013)

1.2.2 The lectin pathway

In case of the lectin pathway there is no need of Abs for its activafiba.lectin pathway makes use of
PRMs, known amannanbinding lectin (MBL)ficolins (ficolin 1, 2 and 3) or collectih®/-11, which
recognize carbohydrate ligands on microbial surfacesamtidate the complement systemlThe PRMs of

the lectin pathway are soluble molecules, which consist of a colligerdoman and a carbohydrate
binding domain. The ligand specificities of the PRMs of the lectin pathway include the carbohydrates like
mannose,N-acetylglucosamineand bglucan. The recognition structure of each of these molecules,
defines two categories: the-@pe lectins (MBL, collectih0 and-11) and fibrinogedike proteins (ficolin

1, ficolin2 and ficolir3). The effector functions of the PRMs are mediatestigh the serine proteases
MASP1, MASP2 and MASR. In the past, MASP was considered to be awactivated and the only
active serine protease in the lectin pathway. However, more recent data revealed that-Ma&Rates
MASRP2 and is necessary fohe activation of the lectin pathway. Once the PRMs form a complex with
MASPL or MASRP2, they catalyze the cleavage©# and C2, as described in the previous paragrépis.
finding highlighted the resemblance between the classical and the lectin patashyASP1 and MASP

2 closely resemble C1r and C1s in their homology and way of aB&garding the role of MASE, not

much is known as it is the least studied serine protease of the lectin pathway. Some recent studies showed
that MASPL activates MASB, which then cleaves pro factor D to factor D and thus has a role on the
activation of the alternative pathwayience, the lectin pathway, induces complement activation in a way
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similar to the classical pathway, forming a C3 convertase fraara@® C4lp-einberg et al., 200@kregory
et al., 2004(Garred et al., 201LGRrosbjercet al, 2017)

1.2.3 The alternative pathway

As mentioned above, the alternative pathway was the second one to be discovered, and this is how it took
its name.In contrast to the classical and lectin pathway, the activation of the alternative pathways does
not require neither Abs nor specific strucéis on the microorganisms. It rather gets activated due to
spontaneoudydrolysis (tickover) of the thioester bond in C3 to form C3(H20). The protein C3 is abundant
in plasma and tickover results in a steadyewel production of C3(H20). The C3(H20)tban bind to

factor B, which is cleaved by factor D, producing a slwetl C3(H20)Bb convertase, which can cleave C3
into C3a and C3Much of this C3b is inactivated due to hydrolysis, but the rest binds through its thioester
02y R (2 (KS fatdladmindd BgfoR B, resultiziglto the formation of the C3 convertase and
inducing C3b productiortsually, the C3 convertase of the alternative pathway is very short lived, and
this pathway may be favored by Factor P (properdin), which can bind toaimertase and stabilize it.
However, this is not the only function of properdin. It is known that it can also directly bind to microbial
surfaces and thus it is believed that it can also act as a PRR. Because of its dual role, both as a stabilizer of
the C3 convertase of the alternative pathway and as a PRR, properdin could direct the activity of the
alternative pathway to pathogen surfacek is known that the alternative pathway also acts as an
amplification loop for both the classical and lectin patiywand the presence of ligand bound pentraxins
seems to mediate interaction between all three pathw@exborn et al., 2008Ylurphy & Weaver,
2013)Harboe & Mollnes, 2008Rosbjerg et al., 2017)

1.2.4 Regulation of the complement system

It is evident that all these pathways result in inflammatory and destructive effects and considering that
they also include some amplification steps (alternative pathway) could be of danger even for the host and
thus should be strictly regulated’he immum system has taken care of that. Firstly, the activated
complement proteins are immediately inactivated unless they bind to the surface of the pathogen on
which their activation started. Secondly, there are many inhibitory proteins at several points of the
pathway, that prevent the activation of complement on the surfaces of the healthy host cells, thereby
protecting them from accidental damage. These inhibitory proteins do not only act in a protecting way for
healthy host cells buhactivate complement oce the clearance of pathogens is compléfhe two main
regulation mechanisms are: decagceleration activity (DAA) which increases the rate of dissociation of
(C4b2a and C3bBb) C3 convertases, and factor | cofactor activity (CA), which results itothe fac
mediated cleavage of covalently bound C3b and C4b into inactive fragments incapable of reforming the
C3 convertasdblesargikar & Chavez, 201Zhe pathways are regulated by both membréwnd and

fluid phase complement regulators that keep the complement system in chdtlere are several
regulators of the complement system, and | will diséniate them as plasma and membrane bound. | will
firstly talk about the plasma regulator€1 inhibitoris one of them and is known to irreversibly bind to

and inactivate C1r and C1s of the classical pathway and NIABB MASR of the lectin pathway, thus
inhibiting the initiating steps of these activation pathways. Two additional plasma regulators, which have
a key role on the inhibition of the alternative pathway are tbemplement factor H(CFH)and
complement factor (CFI) If one of them is missingr fully dysfunctional, the activation of the alternative
pathway in plasma is vigorous and leads to secondary complement deficiency via overconsumption of C3
and other complement components. CFl is a plasma serine protease that is able to permanetitigtenac
C3b to iC3b by proteolysis but needs a cofadt@Bb then is cleaved into further fragments (C3dg and
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C3c) by CFI, again with the need for cofactor protédidd is one such cofactor. CFH controls the
alternative pathway activation by competing witomplement factor B in binding to C3b, acting as a
cofactor for CFI in the C3b cleavage, decreasing the stability of the C3bBb convertase complex and
accelerating the dissociation to C3b and Bb (decay accelerating activity). Regarding the CFI also has a
regulatory role in the classical and lectin pathways. More specifically, it cleaves the C4b component of the
C3 convertase C4bC2a in the presence of the plasma cofactebi@itbg protein. Of interest, C4b

binding (C4op) protein can also favor C3b inaetiion, although to a lesser degree. The plasma regulator
C4bpregulates the inhibition of the classical and lectin pathways. It achieves that through binding to C4b
and accelerates the decay of the C3 convertase. It can also act as a cofactor for viageleC4b by

factor (Nesargikar & Chavez, 20{2pris & Remuzzi, 2G).

The focus will now be on the membrabeund complement regulators. This category includes the
membrane cofactor protein MCP/CD4§Hakulinen et al, 2004) the decayaccelerating factor
(DAF/CD5¥%Brodbecket al, 2000) and theCR1(CD3%(Ahearn & Fearon, 1989YCP acts as a cofactor

for C3b and C4b cleavage by CFI, but it only protects those cells on which it is expgreesBé\F
accelerates the dissociation of the C3bBb AP C3 convertase similarly to CFH in case of the alternative
pathway, but it decreases thstability of the C3 convertase of the classic and lectin pathways, C4bC2a, by
accelerating its dissociation to C4b and G2R1 on circulating cells mainly acts as an immune adherence
receptor to facilitate the removal of C3b/Céipsonized immune complegeand pathogens from the
circulation, but it also exerts complement inhibitory activities. CR1 has cofactor activity foreGited
cleavage of C3b to iC3b, and thereafter to C3c and C3dg, and (fi¥éb& Skerka, 200@erreira &
Pangburn, 200TNesargikar & Chavez, 200pris & Remuzzi, 2013)

Tablel: Regulators of complement system

Target molecules Classical Pathway Lectin Pathway Alternative Pathway

DAF C4b2b, C3bBb + + -
Factor H C3b - - +
Factor | C3b, C4b + + +

CD46 C3b,C4b + + +

CZinhibitor C1r, Cls, MASP + + -
C4bp C4b + + -
CR1 C3b, C4b + + +

1.2.5 The anaphylatoxins and their role in health and disease

Two complemenfragments which are generated upon complement activation are the small peptides
C3a andC53 which are also known as ATdese two peptides are generated as a result ofifedeolytic
cleavage of the proteins C3 and C5 respectively. They are exerting their biologic functions through
activating specific receptors, to produce local inflammatosignaléKlos et al.,2009(Klos et al,
2013)Coulthard & Woodruff, 2015 5a is known as the most potent inflammatory molecule among all
activated complement fragents. Once activated, the ATs can mediate a great variety of effector
functiongNordahlet al., 2004)Both ATs can cause smooth muscle contraction and an increase in vascular
permeability Depending on the cell typiat is activatedthey can induce a variety of immune reactions.

For instance,in macrophage@iurakami et al, 1993) neutrophil§Elsner et al, 1994), and
eosinophil¢Elsneret al, 1994) C3a and Cbha can trigger oxidative burst and thus regulate the generation
of reactive oxygen species. On top of that, the ATs also mediate the release of histamine form
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basmhilgdKretzschmar et al., 199@8nd mast celiel-Latiet al, 1994) In case of the eosinophils, C3a and

Cb5a control the production of eosinophil cationic protein, their adhesion to endothelial cells as well as

their migrationTakafujiet al, 1996)DiScipicet al, 1999) C3a further promotes serotonin release from

guinea pig platele(&ukuoka & Hugli, 1988nd modulates synthesis of-fLand TNF ¥ NR Y . OSft t &
monocytegFischer & Hugli, 199(Fischer et al, 1999C5a is known as a powerful chemoattractant for
macrophage@ksamitet al, 1981) neutrophil§Ehrengruberet al, 1994) activated BOttonello et al.,

1999) and T celi@Natafet al, 1999) basophilfLett-Brown & Leonard, 197 8nd mast cells. However, the

ATs do not only have piiaflammatory properties but they also rdete tissue regeneratiqiMastellos et

al, 2001jStrey et al., 2003}issue fibrosiéStrey et al., 2008Hillebrandt et al., 200%)\ddisLieseret al,

2005)as well as brain developmgi@énard et al., 2004)

As mentioned on the previous section, the complement system needs tight regulation. Since the ATs are
two potent complement fragments with prmflammatory activity, the immune system developed
mechanisms to constrain their ash through AT degradation. This is achieved through the action of
carboxypeptidases, which closely control the two ATs and are capable of cleaviegnair@l arginine
residue, resulting in the generation of C3adesArg and Cbhad@#kigch & MilleEberhard,

1970 Matthews et al, 2004) The C3adesArg does not have any receptediated inflammatory
function, but the C5adesArg retainsl0% of its pranflammatory activityReis etl., 2012{Sayah et al.,

2003)

1.2.6 The anaphylatoxin receptors

As mentioned in the previous paragraph, the ATs exert their functions through specific receptors, known

Fa FylLKetlri2EAYQa ZMSABY LINEY SRKINGS N QS LETRYH QK f |
which are part of a superfamily of GPCRs, know83aR, C5aR1 a@baR2. They share highquence

homology and are closely related to other chemotactic receptors. Regardless of their similarity, the AT
receptors differ in ligand specificity, signal transduction capacity, and function.

TheC3aRexclusivédy binds C3a and recognieeither its degradation product C3adesArg nor (C3ass

et al., 19960)Ames et al., 1996 pon binding of C3a to C3aR, intracellular signal transduction is initiated
via heterotrimeric G proteins. More specifically, depending on the cell population, sigtiatough C3aR

can be mediated either by pertussis toxin sensitive or insensitive G pr{iisgauer et al.,
1993)DiScipio et al., 1999€C3aR is expressed by cells of the myeloid origin like neutrophils, basophils,
eosinophils, mast cells, monocytes, macrophages, DCs and mi@Edgliskyet al, 1979]Daffernet al,
1995)A Klos et al., 199@wirner et al., 199&Butzmer et al., 2004)Quell et al also confirmed the
expression of C3aR in the murine myeloid cells. More precisely, it was shown that the eosixpielts

the receptor intracellularly, the mucosal DCs are also positive for its expression, the neutrophils express
C3aR only upon activation and the expression of C3aR was also detected in therSiglegrhageuell

et al., 2017) However, the expression of C3aR is also found innmgeloid cells like astrocytes in the
inflamed brairjlschenko et al., 2002kndothelial cell@Monsinjonet al., 2003) epithelial cells, smooth
muscle cells, submucosal and parenchymal vessels of the lungs of patients with @stgoaese et al.,
2005) Some studies repbthe expression of C3aR on activated human QDeklls but not under steady
state conditiongMartin et al., 1997)while in mice no C3aR expression was detected neither on naive
activated CD4T cellgQuell et al., 2017)

ConcerningC5aR2 it binds Cb5a but has a 20ld higher affinity for the C5desArgCain & Monk,
2001)Shoji Okinagateal., 2003) The C5aR2 is uncoupled frompfateins due to its lack of certain
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intracellular motifs like DRY and NPXXY and thus it was suggested that its function is to act as a decoy
receptor, which only regulates C5aR1 and binds to excessiy®Kklbaga et al., 2003More precisely,
according to Scola et al, the way that C5aR2 acts as ainflathmatory decoy receptor is by binding to
Cb5a and this binding leads to ligand degradation and thus prevkatbinding of C5a to C5aR1 that could
cause inflammatiofScolaet al, 2009) However, many recent studies question the view that C5aR2 is a
decoy receptor and report that C5aR2 has eithgaro or antiinflammatory role(Li et al, 2013H. Gao

et al., 2005(Croker et al., 2014More specifically, it was shown than ineutrophils, C5aR2 deficiency
results in an altered cytokine profile upon stimulation with CH# data showed that in this experimental
setting, C5aR2 controlled the GBaluced upregulation of 5, TNF» = | y{IR Géowebal., 2005)
Moreover, mice deficient for C5aR2 showed improved survival in the cecal ligation puncture model of
sepsis. Thidinding is in agreement with the observation that upon C5aR2 deficiency reduced
inflammatory cell infiltration and HMGB production from macrophages and neutrophils is
noticedRittirsch et al., 2008)C5aR2s known to be expressed by neutrophils, eosinophils, in mucosa
associated DCs, in NK cells, in B lymphocytes, in case of macrophagespéssfie differences were
noticed and no C5aR2 expression was detected in T lymphd@giessen et al., 2017)

TheC5aR1s the best characterized receptor of the thr&e5aR1is a membrane glycoprotein thainds

both C5a and its degdation product C5adesArg but with different affinities. C5aR1 binds to C5adesArg
with 10-100 fold lower affinity in comparison to the CB2oulayet al, 1991)Gerard & Gerardl991)Reis

et al.,, 2012) It is encoded in two exons by the C5AR1 gene on chromosome 19 in humans and
chromosome 7 in mice, arising a seven transmembrane domain protein. C5aR1 undergoes several post
translational modifications. Theeceptor gets glycosylated at the-trminus, which does not affect
neither the ligand binding nor the receptor expresgidease & Barker, 1993Additionally, the N
terminus can get sulfated, which has an effect on ligand bir{ffisagan et al., 200@ppel et al., 2009)

Scola et al., 2007The interaction between C5a and C5aR1 includes a dual binding motif, a recognition
site for the disulfiddinked core of C5a, whidls located in the Nerminal extracellular domain of the
receptor and a second site, which involves Asp191/Glul199 and Arg206 of the second transmembrane loop
of C5aR1, in binding Lys68 and the terminal carboxylate group of C5a, respédiividet al, 2007)

Once C5a binds to C5aR1, then the cardexryinus is heavily phosphorylated.
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Figure 3: Sequence and domain structure of C5aRlhe pink symbol denotes the site for glycosylation and
phosphorylation at the intracellular domains of the receptors, when the tyrosine sulfation sites at the -@eifalar
domains are denoted by blue circles. The green circles denote the Hlgjadihgsites located at the extraellular
domains (Verschoor et al, 2017).

C5aR1 is found on the majority of the myeloid cells like neutrophils, macrophages, eosinophils and
DC¢Karsten et al., 2018Ylonk et al., 2007)More precisely, regarding the expression of C5aR1 by DCs,
by usig a GFP reporter mouse, Karsten et al demonstrated that the C5aR1 is expressed by the
CD11bBcDCs and m®Cs but not by the CD1@BCarsten et al., 2015 he expression of C5aR1 by T
and B cells is under discussion as Karsten et al showed that there is no expaesidbtrainic et al could
detect C5aR1 expression in T ¢ebdli et al., 2008ptrainic et al.2008(Karsten et al., 2015)

Binding of C5a to C5aR1 in granulocytes and monocytes results irkedgtak remodeling and up
regulation of adhesion molecules/complement receptors (CR1, CR3/4), chemotaxis, apoptosis, granule
release, neutrophil extraellular trap formation and synthesis of reactive oxygen metabdhies et al.,
2009(Kemper & Kohl, 201@ordowski et al., 201@arsten et al.,2012(Perianayagamet al,
2002)DiScipio et al., 199@Rksamit et al., 1981)Activation of C5aR1 in DCs, controls the expression
costimulatory molecules as well as the production el 2L family cytokines and transforming growth
factor beta (TGF 0 |-G, Rerdby controllinghe activation and differentiation of T ceflawlisch et

al., 2005jSchmuddeet al., 2013(Engelke et al., 201@heen et al., 2017)
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When Cba binds to C5aR1 induces a complex signaling cascade, which results in the activation of kinases,
guanosine triphosphate (GTFB)nding/regulatory proteins, transcription ¢tors and other signaling
enzymes or structural proteinsSignaling through C5aR1 can be mediated either by pertussis toxin
sensitive DA M H | ((FkokdWA etaal), 2005)r insensitve Dh & | Yy RG [dteingMonk &
Partridge, 1993)When C5a binds t65aR1 results in calcium flux both from intracellular stores but also
from the extracellular mediuBraunet al, 2003) Upon activation, thé -arrestins 1 and 2 bind to C5aR1,
targeting it for receptor internalization via clathrin coated pits. Tharresins are important players on

the regulation of the GPCR signal transduction and their binding depends on phosphorylation ef the C
terminus of the receptor by @rotein coupled receptor kinases (GRKs). But GRKs do not only act as kinases
but they have addional functions, as they interact with other components of intracellular signaling like
Akt, MAPK/ERK kinase and PIEK was shown that upon C5aR1 activation, there is downstream,
activation of several components of signaling pathways like-PIBKasdPerianayaganet al, 2002fla

Saleet al, 2005) phospholipase C2(Jiang et al., 1996phospholipase Mullmannet al, 1990)and Raf
1/B-Raf mediated activation of MEKBuhlet al, 1994)

1.2.7 Interaction of complement thiother parts of innate immunity

Interestingly, inflammatory conditions often lead to simultaneous initiation of the complement pathway
and activation of PRRs like TLRs, NLRs;,MQRand pyrin domaircontaining 3 (NLRP3) inflammasomes
and CLRs ommune cellgKohl, 2006) The engagement of complement receptors to their activation
fragments triggers the recruitment of cytoplasmic adaptor molecules, enabling crosstalk with other
signaling pathway&los et al., 2018)ajistengallis & Lambris, 2016)

One of best studied synergisms is the one between the complement receptors C3aR and C5aR1 with the
TLRsStudies showed that this synergism upregulates the expressionsifraalatory molecules on APCs

and induces the prodtion of pro-inflammatory cytokine@Hawlisch et al., 2008)gishengallis & Lambiris,
2016)Bosmann et al., 2012An interesting observation is that C5a differentially modulates Finddced
responses in monocytes and macrophages, as it causes an enhanced production of inflammatory
cytokines in monocytes when in macrophages it downregulates these resyiSesss et al., 2013)
However, the crosstalk between C5aR1 and TLR4 is not confined on APCs but studies shtowed tha
sepsis model, this crosstalk controls the production ofIREMd TNF in NK and NKT délisakio et al.,

2011) Additionally, in a rodent model of polymicrobial sepsis, it was shown that the activation of TLR2,
TLR3 and TLR4 promotes the synthesis of factor B by macrophages and cardiac cetig,iresctivation

of the alternative pathwafZou et al., 2013)

Several studies showed that complement is involved in crosstalk with other cell receptors that modulate
immune responses besides TLRs. More precisely, Huang et al showed that comptesdeaied
signaling promotes dectin -thediated phagocytosis by DCs andctivation of NLRP3
inflammasomegHuang et al., 2012But C5aR1 also interts with other members of the GPCRs family.
Anin vitro study, in which macrophages were infected with laboratory strains of HIV, showed that the
CCRSnediated infection of macrophages with HIV is C5aR1 dependent, as according to Fernandez et al
the C5aRActs as an enhancer of CGR&diated HIV entry into macrophagéernandezt al, 2016)

All these findings suggest that corapient through its cooperation with other parts of innate immunity
shapes the type and magnitude of an immune response. Even though the majority of the data comes from
animal models and thus the physiological relevance of these kind of crosstalk in hugedssfarther
exploration, the current dogma is that complement both promotes the elimination of microbial intruders
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and on top of that it also contributes to the repair and maintenance of tissue homeostasis and immune
tolerance.

1.2.8 Non canonical pathwapf complement

1.2.8.1 Local complement activation in tissues

So far, | focused on the canonical complement activation but as | mentioned above, therecenaarical
complement activation as well, which happens without initiation of the entire complé¢roascade and
occurs independent of the convertase formation. The 1tanonical pathway relies on proteases, which
regulate the cleavage of C3 and C5 into C3a/b and C5a/b. Interestinghganonical complement
activation is rapid and requires less enemggste. It has been shown that almost every cell type can
regulate the production of complement proteifMorgan & Gasquel997). The kallikreirrelated
peptidase 14 (KLK14), which is found in tissues and biological fluids, is very effective at the C3
cleavagéOikonomopoulou et al., 2013Also, thrombin can efficiently generate biologically active Cbha,
thereby linking the coagulation with the complement systétaberLang et al., 2006 Moreover, some
phagocytic celldjke alveolar macrophages or Kupffer cells can produce and cleave C5 and are thus able
to generate C5a independently of a C5 converthlsibberLang et al., 2002&)lorgan & Gasquel997).
Cathepsin L is another protease, which has the captxigtivate C3 in the lysosomes of resting human

T cell§Liszewski et al., 201(Kolevet al.,2014) In the context ofllergic asthma, there is evidence that
Dermatophagoides farinaderived protease (Der p) 1, a protease found in HDM cleaves C3 and C5 into
C3a and Cbha, respectiv@Maruoet al, 1997)

1.2.8.2 Intracellular complemeacttivation and its functions

In the past when people were referring to eitheystemic or locatomplement activation, itwas
considered that it takes place the extracellular spacévlany complementologists started to doubt the

notion that complement ativation was confined to extracellular space and supported the concept that it

can also happen intracellulaflyiszewski et al., 201@rbore et al., 2016)Iin the beginning, people were
suspicious and judgmental about that hypothesis, but nowadays, it is widely accepted not only that the
complement system can get activated iatellularly but also that intracellularly activated complement

has other noAmmune related functions. Sthe Kemper laboratory found big intracellular stores of C3

in resting human CD4l cellsand intracellular expression of C3aR and cathepsiFhey siowed that
cathepsin L can continuously cleave the intracellular C3 into C3a and C3b in resting T cells. The binding of
intracellularly generated C3a to the intracellular C3aR maintains T cell survival via inductioAexedbw
mTORLiszewski et al., 201L.3pnce these T cells get activated, the whole intracellular complement system
instantly translocateto the cell surface, where C3a and C3b ligate the C3aR and CD46 receptors
respectively and signal in autocrine way leading to-Ifoduction and Thl responsgsszewski et al.,

2013) This finding is of outmost importance as it shows that while binding of C3a and CD46 on their
surface receptors regulates Thiduction, the intracellular C3 activation is needed for T cell survival. T
cells in which C3aR expression is blocked do not survive. This study from Liszewski et al, nicely showed
that the location of complement activation and the engagement to the recefidra VS extracellular) is

critical for the functional outcome.

Interestingly, it was published that T cells are equipped with an intracellular C5 system as well, which is
vital for normal T cell activatig¢Arbore et al., 2016)Similar to what ws observed for C3, Arbore et al
showed that human T cells also possess intracellular stores of C5 which can be cleaved into C5a by an
unknown protease. When T cells get activated the intracellularly generated C5a binds to intracellular
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C5aR1 which leads televated ROS production and subsequent activation of NACHT, LRR and PYD
domainscontaining proteins 3 (NLRP3) inflammasome. This finding was in agreement with the
observations of Samstad et al, who showed that C5aR1 drives inflammasome activation ifd myelo
cell{Samstackt al., 2014) Arbore et al also detected intracellular expression of C5aR2, and signaling of
either the C5a or C5desArg through C5aR2 results in a negative regulation of the @arRh NLRP3
inflammasome activitfArbore et al., 2016)

Basedon the findings that human T cells and myeloid cells are equipped with a great variety of
complement components, receptors and regulators, some complementologists tried to compare the
inflammasome with the intracellular complement system and thusthe @r@2 Y LI 232 YS¢ SYSNBEH
data so far suggest that complosome has a regulatory role on the cell metabolic machinery. Strikingly,
complosome is not confined on the immune cells and some recent studies reported its roleimmaoine

cells as well. Satyamat al associatedntracellular C3 activation in intestinal mucosal cells with local
ischemia/reperfusion injufbatyam et al., 2017ywhen Jung et al suggested that complosome controls
neuronal fitness as they showed thaesenchymal stem cslinduced downrregulation of intracellular C3
expression in neurons to promote their survival under hypoxic cantitlung et al., 2016Df note, the
comlosome also interacts vhitintracellular pathogens and depending on the pathogen and cell type, this
interaction can either promote pathogen clearance but in some cases, it can result in pathogen
surviva(AbdutAziz et al., 2016Chen etal., 2014fAppledorn et al., 2008)The complex interactions
between complosome and intracellular pathogens need further investigation on a biggety of cell

types.

1.3 Dendritic cells (DCs)

Another member of innate immunity with a vital role in bridging innate and adaptive immunity are the
DCsThese cellswere discovered in the late 1970s by Ralph Steinman and Zanvil Cohn. Back then, the
notion that DCs have a unique role in the immune systeoeived muclskepticism, and it took many

years before their role was widely accegd(8teinman & Cohn, 19745inally, almost forty years after the
AYAGAL f RAAO20OSNE: {GSAYYlyQa ¢2N)] 61 a KAIKE& I Ll
finally acceptedhat DCs could mount an adaptive immune response towards pathogens.

However, Steinman was not the first one to study DCs. In 1868, the pathologist Paul Langerhans observed
a cell typein the skin, today known as Langerhans Cells (LCs). These cellstbbate rmorphology,
resembling the nerve cells and he mistakenly identified the LCs as nerve cells. Once the presence of DCs
in lymphoid organsandtheir unique role in the immune system was recognized, it was noticed that DCs
share many immunogenic propgees with LCs, which made scientists think that there is a DC family with
more than one categorieiSchuleret al, 1985)

This hypothesis was only the beginning in the studies followed, which revealed key features of DCs. More
precisely, the studies revealed thatrimost nonlymphoid tissues, a cell type with similar phenotype with

the sccalled DCs was fountpon Ag encounterDCsake up Ag and traffic to the secondary lymphoid
organs through the lymphatics. There, they would reside in the T cell zone and presgtide fragment

of the Ag to naive T cells. Findings from these studies, support the concept of DCs acting as the sentinels
of the immune system, having as their primary goal to guard the tissues and capture Ags in order to
educate the T cells in responteperipheral cues. However, the way DCs act is not only to activate T cells
but also tolerize them towards selgs preventingautoimmune reactiongBanchereau & Steinman,

1998)
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As already mentioned, DCs have a stellate morphology and éxkendrites at specific developmental
stages. These dendritggve the cells their name, as in Greek denré or A imeahs tree. In general, the
separation and discriminationf DCs from other cells and specifically from other immune cells like
macrophages and monocytes is difficak they do not expresexclusiveDC markersTherefore, a
combination ofexpressed and absesurface markers has been used to identify DCs. More specifically,
this combination includes thetrong expressiowf MHCII and the integrin CD11C and the absence of
various lineage markers suals CD3 (T cell), CD19 (B cell), CD49b (natural killer cell), SiglecF (eosinophils)
and Ly6G (granulocytes). At certain developmental stages, DCs also express costimulatory molecules
including CD80 (B7.1), and CD86 (B7.2), CD40 and OX40L which are wategndatDC activatior.o

identify DC subtypes, additional markers are ugtldntinga et al., 2013)nd in many cases transcription
factors are also used for defining them (it will be discussed in detail later).

However, DCs are not only characterizedtmsir morphology and the expression séveralmarkers but

also by their specific functions. DCs are widely knowhR(Ss becausm importantfunction is topresent

antigens and induce a primary immune response in resting naive T lymphocytes. Their dendritic extensions
help them to form close contact with uitiple T cells simultaneously. However, DCs need to go through a
specific process before being able to successfully prime T cell responses. This process consists of four steps
includingi) Ag uptake, ii) Ag processing, iii) Ag loading on the groove d¥ith€& molecules and iv) Ag
presentation and DC maturati@Mellman & Steinman, 2001)

1.3.1 Antigen uptake by dendritic cells

DCs capture the Ag at peripheral sites, and then they migrate to secondary lymphoid organs,helere t
encounter naive T cells and activate them. The Ag can be taken up by three different mechanisms:
phagocytosis, pinocytosis, and receptoediated endocytosis. Whephagocytosistakes place, large
particulates (cells or bacteriayerecognized by memiane receptors, which induce the formation of large
endocytic vesicles, known as phagosomes. The formation of phagosomes requires the reorganization of
the actin cytoskeleton, which is necessary for molding the plasma membrane around the phagocytosed
partides. The basic principles apgf/pinocytosis(macro and micropinocytosisas well. In the case of
macropinocytosis reorganization of the actin cytoskeleton is required, but in this process, the vesicle is
formed around a large volume of extracellullid(Sallustcet al, 2002). To ensure a continuous and stable
uptake of extracellular fluid, immature DCs make use of several members of the aquaporiiEagely

et al, 2000) and membrane channels that facilitate the elimination of excess water across the endosomal
membranegEngel et al., 2000 Engulfment of large portions of extracellular voke followed by the
release of excess water results in a highly efficient concentration of solutes in the endosomal
compartments of immature DCE P. Lim & Gleeson, 2018nother mechanism of pinocytosis is
micropinocytosis In this case, there is no requirement for actin polymerization. The vesicle formation
takes place via the cytosolic protein clathrin, which is usedhfeformation of clathrircoatedpits that
surround the engulfed extracellular medium. Lastly, regagdhereceptor-mediated endocytosisDCs
express a variety of receptors, which can be used for Ag uptake. These receptors include Fc (Begptors
Haan & Bevan, 200Bavetch & Bolland, 20QBallusb et al, 2002, PRRs like members of thetype

lectin family such as the mannose recef®allusto et al.2002, DE05Mahnke et al., 2000)DC
SIGNVan Kooyk & Geijtenbeek, 200&)d the TLR fami{8lander & Medzhitov, 2006Notably, the
expression pattern of many of these antigen receptors varies amongiii¥ets, suggesting that the DC
populations may be specialized at presenting antigens derived from different sets of patf@gerisschi

et al., 2001(Linehanet al, 1999JMommaas et al., 199 alladeau et al., 200Q0Jremec & Shortman,
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1997) Furthernot all these receptors act the same way. More specifically, it was shown that some of
them deliver activatorywhereas others deliveinhibitory signals suggesting that they may have a dual
role as both antigen receptors and modulators of the immune resp@ee Haan & Bevan, 20Q2an
Kooyk & Geijtenbeek, 2008hang et al., 200dhtrona et al., 2003Blum et al, 2013)

1.3.2 Antigen processing by dendritic cells

Once DCs capture the Ag, then the second step is its processing, as T cells do not recognize whole Ags. As
stated above, DCs use two different systems for Ag processing depending on the location of the Ag inside
the cell. The first of the two is called tlemdocytic pathwayand the other one theytosolic pathway

The first is known to deal with exogenous componenitereasthe seconddealswith endogenous ones.
However, whatdoes endogenous and exogenous mean? With the term endogenous, we refer to
componers that are synthesized by the DCs themselves, exogenous means that these components were
taken up by endocytosidt should be mentioned here, that most cytosolic proteins are endogenous.
However, under the conditionthat they are exogenoysa mechanisnknown as crospresentation is

being used for the Ag presentati@loffreet al, 2012) On the otherhand, it is also misleading to assume

that all the contents of the endosomes are exogenous, when in fact under sstatdyconditions these
contents are predominantly endogenous, comprising membrane proteins that are delivered to lysosomal
compartments atthe end of their life span, or standard components of the endocytic route such as
proteases or ATPases (in autophdBliym et al., 2013)In the following sections | will outline main
differences between the two systems

The endocytic pathway includes tubulovesicular structureand numerous proteases, known as
cathepsins with variable substrate specificity and pH requiren{dfagrath, 1999) The endocytic
pathway consists of three major parts. The first care the early endosomes(EEs), whose limiting
membrane and lumen have a similar composition to the plasma membrane and the extracellular medium
respectively Thesecond onarethe late endosomegLES), which accommodate proteases that can only
be found in the endoytic pathway and are more acidic in comparison to the EE. The third and last part
arethe lysosomes which are the final station of the pathway and are highly acidic and proteolytic. Once
DCs endocytose Ag, it predominantly moves along thkEEsosomeaxis, ending up in the lysosomes.
The endosomal proteases are then delivered to the endocytic route directly from the Golgi and are
primarily retained in endocytic compartmeri@Ghapmaret al, 1997) Even though we still do not know

how the decision making is done in each case, concerning the transmembrane proteins, it has been shown
that they carry this information on their cytoplasmic regitins thisencoded information that determines

how the gotein will enter the endocytic route, whether it will leave and H#livchhauseret al, 1997)

This information is probably being recogniz®dcytosolic proteins, which based on that, regulate protein
sorting. It is still not well understood how this sorting mechanism interprets the information from the
cytoplasmic region or in general how the mechanism wd@ksenkerg, 2001Blum et al.,
2013)YMcCormicket al, 2005)

In cases of endogenous proteins, the second major Ag processing routs/ttiselicsystemis in action.

Under these conditions, the proteins hmue ubiquitinated and headed to the proteasome for
degradation. The proteasome is a multimeric complex located in the cytosol and consists of several
proteolytic and regulatory subunits. proteasomes, the proteins get fragmented into peptidéhe
proteasome digestion products usually requiretédminal trimming by cytosolic peptidases, and the
produced peptides are ready to be transported to the endoplasmic reticulum(RBER et al,
2004)Kessler et al., 2003Dnce the peptides are generated, they are transferred to the rough ER for
loading on the groove (Rock et al., 2002). The transfer of the peptides to the ER is needed as4he MHC
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moleculesare synthesized there and are never exposed to the cytosol. Once the freshly synthesized MHC

I molecules enter the membranes of the ER, they bind to calnexin, a chaperone protein, which keeps the
MHCI molecule in a partially folded statelowever, it sems that not all peptideMHGI complexes make

use of the cytosolic pathway. It has been shown that in some cases when exogenous Ags are presented

on MHGI, the processing desnot necessarily require transport to the cytosol and can thus be loaded in

the erdocytic pathway. This happens as reports are suggesting that endocytic compartments appear to

bt SF{b LINI 2F GKSANI O2yiSyd 2N O2ydGFrAyAy3d aLISOAU
or peptides to the cytosol utilizing siienited chamels or leak pathwayKleijmeer et al., 200{Ackerman

& Cresswell, 2004Bachmann et al., 199@lum et al., 2013)

1.3.3 Antigen loading on MHC molecules

Where and how does peptide binding occur? Once again, depending on the Ag presentation system, MHC
I or MHGCII, the process is different. Regarding the loading of peptide to MHds happens in the
endoplasmic reticulum as described in the previous geaph, but things are a bit more complicated
when it comes to MHA. There is the notion that as Ags get degraded gradually along the entité&EE
lysosomal track, MHO molecules become receptive to antigenic binding peptides, or polypeptide
precursorsat all the stations of the endosomal pathway and the pepfidldCGll complexes can exit from

all compartments and move to the plasma membrane (Castellino and Germain, 1995; Driessen et al.,
1999; Villadangos et al., 2000), (Driessen et al., 1999). Thity abiables MHAI molecules to sample
peptides from the entire endocytic route, including peptides that may only be present in EEs because they
do not survive the harsher conditions of LEs or lysosomes, and also peptides that require thorough
degradationof their polypeptide precursors late in the endocytic route (Sercarz and Maverakis, 2003;
Villadangos, 2001; Watts, 1997; Wolf and Ploegh, {8&n et al., 2013Roche & Furuta, 2015Freshly
synthesized MH@ I idimers aretransported to the endosomal compartments, where the peptides are
kept. Unfortunately, the peptide cavity is highly undiscriminating, and there is the risk that it can promptly
associate with other polypeptide chains in the(Bfschet al, 1996) an event that would hinder the |

dimers from acquiring the right peptides in the endosome. Therefore Mid®lecules evolved a safety
mechanism to prevent an improper loading of their groovd atabilize the conformation of the idimer.

The MHdI molecules are synthesized as inactive-fanans, in which peptidéinding cleft is occupied by

the chaperone invariant chain (li). The li has a sorting motif in its cytoplasmic portion, which keeps t

h ki complexes out of the secretory pathway but into the EE/LE stations of the endocytic péBakkg

& Dobberstein, 1990However, it should be stated here, that up until now, we do not know the exact
endocytic compartment in which li is cleaved, and the MH&hcounters a peptide. Once the MHQIl
complexes reach thedestination, the endocytic compartments, then thei dimers do not need the li
anymore and eliminate it to regain their capacity to bind antigenic peptides. Once the MEIQRAI
complex formation has taken place, the CLIP peptide must be substitutecamtitienic peptides. This
reaction involves the chaperone2M (HLADM in humans) which interact transiently with MHECILIP,
destabilizing the complex and facilitating the release of CLIP. This makes space for the antigenic peptides
with the correct comination of amino acids to associate with the now vacant pephaeling
groovgEngelhard, 1994Yyas et al, 2008However, in the endocytic compartments, we can also find a
molecule knowras H20 (HLADO in humans) which acts as a negative regulator2¥Hby binding to it

and inhibiting both the F2M, catalyzing the release of the CLIP and the binding of other peptides to the
cleft of MHCII. Under inflammatory conditions, the expressiohH-2M is increased but this is not the

case of FRO, and this is how the-BIM can overcome the inhibitory effects of the2®. Once the
formation of the MH@AI-peptide complex is complete, then they can be sorted from the endocytic route
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toward the plagna membrane in transport vesicles. Notably2M does not only have a role in removing
CLIP, but it also acts as a peptide editor, as it promotes the exchange-affioiy peptides for high
affinity oneg¢Katz & Sant2, 199@ropshofer et al., 199@Ilum & al., 2013{Busch et al., 2008Roche &
Furuta, 2015)

1.3.4 Antigen presentation and dendritic cell maturation

So once the peptide is loaded on the cavity of MHC moleculetransferred on the cell membrane, it is
ready to be presented to T cells. Before DCs are ready to present the peptide to T cells, they have to go
through a process, known as maturation. Upon maturation, there is a structural reorganization on the DCs
as wdl as phenotypic and functional changetllman & Steinman, 2001Ynder steady state conditions,
immature DCs express low levels of surface MHC asstiromlatory molecules. In addition to that, a large
amount of MHAI is found accumulated within the cell's lysosomal compartments, together with
internalized Ags, which were recently endocytodedba et al., 200QJrombettaet al, 2003a) The
process of maturation commences shortly after the DCs receive adequate stimulus from their
microenvironment. Moe specifically, a source of the maturation stimuli is the PRRs, whose role is not
only to capture a pathogen but also to provide DCs with activatory signals. At the same time, under
inflammatory conditions, DCs also receive signals from the epithelial gdlich release a variety of
cytokines, known as alarmins that ligate many receptors found on the DCs and have an activatory effect
on them as well. In addition to thaih vivg DCs interact with other cell types like NK cells and others, and
this contiibutes to their maturation as weéRoche & Furuta, 2018j)yas et al, 2008)

During the maturation process, the Ag uptake function of the DCs is gradually decr&esingdly, the

MHC molecules escape from the lysogofn  O2 YLI NIiYSy Ga G2 GKS OStf &dzNFI
as they do not cycle anymore between the plasma membrane and the EEs. This is how upregulation of
surface MH@I is achieved upon maturation. However, this process needs to stop when the déWHC

Il reach a certain level, and DCs achieve that by reducing the rate oflIMiyithesis. Therefore, the
expression levels of MHICare regulated by coordinated regulation of the MH@ate synthesis but also

the rate of the peptideMHCII intermlization and degradatiqella et al., 199{RRescigno et al.,

1998 Wilsonet al, 2004) It is important to mentiorhere, that the synthesis of the MHollows a
different pattern upon maturation, as it increases. This is consistent with the sustained turnover of surface
MHCI observed in mature DCs. Thirdly there is an upregulation of thsticwlatory molecules
expression andall together resultin extension ofthe dendriteglnaba et al., 200QJrombettaet al,
2003b)Sallusto & Lanzavecch2Q02(West et al., 2004Chow et al., 2002)ensen, 2007)

Once the DCs mature, they are qualified to present peptides to T Eels successful Ag presentaijo

three signals are required. The first of these signals is the interaction between the péfiti@eand the

TCR. There is also an interaction between either the CD8 or CD4 molecule, depending on the T cell type,
and a nonrpeptide binding region on the MH@olecule. The second signal is the interaction of CD40,
OX40L, CD80, and CD86 on DC side with CD40L, OX40, and CD28 on the T cell side respectively. The third
and last signadre cytokines released from the DCs which activate T cells and contribute uating a

specific respong®Vilson &Villadangos, 2008)lellman & Steinman, 2001)

1.3.5 Dendritic cell subtypes

DCs can be distinguished from other immune cell types by their morphology, phenotype, and functions.
Importantly, DCsare not a homogeneous populatioiNowadays, the developments in computational
methods allow a more robust analysis of flow cytometry and CyTOF data. Making use of objective
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algorithms to define cellular clusters, automated analyses increases the reprodycbflow analysis by
circumventing manual gating and its subjectivity.

Moreover, automated analyses assess the expression of all markers at once and are not influenced by the
order in which cells are gated, as in manual sequential pairwise comparisoally,Rhese techniques
simplify the visualization of the multidimensional datasets, which is particularly important when analyzing
such data with more than 30 markers. However, application of these techniques for the study of DCs has
remained limited .Nevertheless with the help of this approach, we are now able to subdivide DCs more
reliably (Guilliams et al., 2016hto three main subsets: conventionalgg 1 DCs (cDC1s), conventional

type 2 DC (cDC2s), and pDCs.
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Figure 4. Differentiation of DCs and n@ophages in mice Summary of the current understanding of the
differentiation of murine pulmonary DC and macrophage subsets suggests early lineage commitment of cDCs in the
BM and differentiation of monocytes into different population with DC, macrophage, or suppressive
functiongHoffmann et al., 2016)

Plasmacytoid DC§DCs) morphologically resemble plasmdscéh response taa viral stimulus, they
producelarge amounts oihterferon (IFNY'. It is unclear if pDCs have an important role in Ag presentation
becauseof their poor Ag presentation skillgnd of their capacity to stimulateaive Tcellsin comparson

to other DC typegKrug et al., 2003)When stimulated, pDCs, acquire an immunogenic phenotype and
prime T cells against viral Ag. Phenotypically these cells can be identified bypiesson of B220,
mPDCAL, and G#1. (Colonneet al, 2004)

To distinguish pDCs froBCs identified by Steinman, the latter wrerenamed classical or conventional
DCs (cDCs) and remain so today.
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Classical Dendritic Cells (cD@sier to all DCs besides pDCs. cDCs are derived from hematopoietic stem
cells and populate most lymphoid an@mlymphoid tissues. As mentioned above, they can be further
subdivided intod 62 Fdzy QG A2yl f f @& RA &(CR1Y3P GDCI Ingade A8 ahe (1 K S
CD11bcDC2 lineage. cDCs originate from BM and go through several differentiation steps before they
differentiate towards cDC1 and cDC2. -Bd@nmitted progenitor cells include the common DC
progenitors (CDPs) and pECs, which exit the BM and seed peripheral tissues before differentiating
locally into mature cDCs. Where and when commitment to the cD@&DQ@?2 lineage occurs remains

widely unknown.

cDClexpressingCD8o Ay f @ YLIK2AR 2NAF yau | ylgnplioi SrgaksydctIik@NA y h Q
cells from the same lineage, based on their functional skills and transcription factor requirements. During
the first steps of the differentiation in the BM, cDC1 are higlelgendent on FLT3L for their differentiation

(Liuet al, 2009)and in case of the natymphoid tissues there is also strong dependence or@3FR for
homeostasis of CD1G3DCsn vivqGreter et al., 202). During development, cD@ainly depend on the
transcription factors interferon regulatory factor 8 (IRH&sic leucine zipper transcription factor ATF

like 3 BATF3) andhhibitor of DNA binding 2[02)(Ginhoux et al., 2009All cDC1 express the surface
markers chemokine receptor XCR1 and thiype lectin receptor DNGER/CLEC9A. The former is the
receptor for the XCR1 ligand chemokine (C motif) ligand 1 (XCL1), which is known to have a role in fostering
an efficient inteaction between cDC1 and CDBcells, wheeasthe latter acts areceptor for necrotic
material and is pivotal for the capture and routing of antigen into the MHsspresentation pathway

for stimulation of CD8T cells(Huysameret al, 2008)(Dorner et al., 2009)Notably, cDC1 are the only

DCs which & equipped with TLR3, that recognizes viral dsRNA and therefore cDC1 cells, are considered
the primary sensors of viral infection.

cDC2/CD11ieDCsare the second family of cDGSells of this family eexpress CD4 and CD11b in the
spleen and CD24 and CD11b in4ymphoid organs. Up until now, it remains unclear whether the cDC2
cells found in lymphoid and ndgmphoid organs are a homogeneous population or divergent branches
of the same ontogenic tree. By using additional markers, we can identify many cDC2 subsets in both
lymphoid and nodymphoid organs, which are usually characterized by different functional
specializations. They mainly depend on the transcription factord, IRfb46 and stat5 and they
selectively express the integrin CD{Tamoutounour et al., 2013Plantinga et al., 2013)

While some trascription factors for the development of the cDC1 cells have been identtisgdare
requiredby both subcategories (CD&nd CD103cDCs), things are slightly different in case of the cDC2.
The peculiarity with cDC2 is that these cells display tispeeific transcription factor dependencies. For
instance, splenic CD1bCshave a requirement for the neurogenic locus notch homolog protein 2
(Notch2)Lewis et al., 2011}the \trel reticuloendotheliosis viral oncogene homolog B (R@M) et al,
1998) and the lymphotoxin receptor (Lt r)(Kabashima et al., 20Q5)vhile in case of the intestinal
CD11BCD103 there is the additional requirement for IRF4. On the other hand, the pulmonary
CD11icDCs are highly dependent on the $3 And IRF4 for their developme(Rell et al., 2013)Lugt et

al.,, 2014) IRF4 regulates multiple functions of CDTINCs with the most profound being their
development, migration and Ag presentationh#ts been shown that IRF4 regulates DC migration through
CCRY7 and Ag presentation by its effect on MKEB&ajanaet al, 2012)(Lugt et al., 2014)In case of the
pulmonary CD111eDCs, STIA has an essential role in DC maturation, asTSTdeficient DCs failed to
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upregulate cestimulatory molecules, produce chemokines, and promote Th2 differentig@ielh et al.,
2013)

Of note, cDCs from lto lineages, are not only genuine parts of the innate immunity as they bridge innate
and adaptive immunity and initiate T cell activation.

1.4 The adaptive immune system

As already mentioned, vertebrates do not only rely on innate immunityséauring their integrity but

make use of daptive immuirity, whichis the second arm of the immune systefidaptive immune system

was discovered at the same time as the innate immune system. The discovery was made by Paul Ehrlich,
whoseresearch work reveat that,when people are immunized with foreign proteins like a protein from

an animal or even bacterial toxins, thggnerateprotective Abghat can be foundn the bloodKaufmann,

2008)

The adaptive or acquired immune system, is a subsystem of the overall immune system, which consists of
highly specialized cells, the B ahdymphocytesThere are two big categories of T lymphocytes, the CD4

T cells, also known as T helper cells and the*@D&lls, also known as cytotoxic T cellsnédiates
humoral antibody responsesand cellmediated responses, which are carried out Byand T cells
respectively. Both lymphocytes, carry lymphocyte antigen receptors. In case of the B cells, known as the
B-cell receptor (BCR), it is in the form of immunoglobulins and cagither found as transmembrane
receptors or secreted Abg cellsexpressT-cell receptors (TCRs) as transmembrane receptors. These
lymphocyte receptors are how T and B cells sense the presence of antigens in their environment.
Responsible for the antigen recognition is thecsdled variable region (V region) of the lphocyte
receptor. V region is characterized by variation in the amino acid sequence, which is a prerequisite for
achieving high antigen specificity. In each lymphocyte receptor, the V region is bound to the constant
region (C region), which provides effecor signaling functionEach of these lymphocytes carries many
copies of an antigen receptor with a unique antiggnding site As mentioned above, the lymphocytes

are the mostbundantcells of the immune system. To be more precise, éadividualcaries billions of
lymphocytes, allowing these cells to match witnormous variety olntigens Togenerate sucla diverse
repertoire of lymphocyte receptors and a high specificity to defend against infection, an extraordinary
mechanism has been developed tope with that task. Considering the great variety of lymphocyte
antigen receptors found in an individual, it is becoming clear that each recep#in cannot be encoded

in full in the genome, as this would require more genes for antigen receptorsttiganumber of genes

in the entire genom@wasaki & Medzhitov, 201@lurphy & Weaver, 2018Yon Behring & Kiisato,
2015)LeBien & Tedder, 200®ondo,2010).

To overcome this obstacle, a mechanism has been developed which is known as gene rearrangement. The
way it works is that the V region of the lymphocyte antigen receptors are encoded in several pieces. These
pieces are assembled in the developingibhocyte by DNA recombination to form a completeegion
sequence. The mechanism of gene rearrangement is common in T and B lymphocytes, but in the case of
B cells, the immunoglobulins go through subsequent modifications to achieve greater effectikigy/Adf
response. One of these modifications is known as somatic hypermutation, which introduces point
mutation into the V region of activated B cells, resulting in a stronger binding to the antigen, a
phenomenon known as affinity maturation, which is aclel@ as the immune response
progresseéMurphy &Weaver, 2013)
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But the modifications are not constrained on the V region, at least in case of Abs. The maintt&sk of

region of a TCR is to support the V region and anchor the molecule in the membrane, so no modifications

are required. Regarding immunoglobulins, the situation is slightly different. As mentioned above these
molecules can be found in two versiongher as transmembrane receptors or as secreted Abs. In case
of the latter, the C region can be of great importance for the diverse effector functions of the Ab. Abs are
made in several different classes and they achieve that througgtand modificatiorwhichfocuses on

the C region of the immunoglobulins and is know\bslass switching. Class switching enables Abs with
the same antigen specificity to gain a different functional prop@n Behring & Kitasato, 201B)urphy

& Weaver, 2013).eBien & Tedder, 2008)

However, in order to generate these specific imnmune responses, lymphocytes have first to recognize the
antigen andoecomeactivated. Both B and T celise activated in secondary lymphoid organs. T cells are
only able to recognizantigenswhich are displayed on the surface of AHRe DCs. More specifically, T
cells are not able to recognize the whole Ag, but rather small peptide fragments derived feom th
pathogen's proteingSallusto & Lanzavecchia, 20@R)thoeft et al., 2006)The peptide fragments are

displayed on the surface of cells by being loaded on a family of specific glycoproteins, which are known as

MHC molecules and arencoded by a large cluster of ge(\@&ilchli et al., 2014)As mentioned above,
there are two different classes of MHC molecules, knowMBEG1 and MHGII(Mellman & Steinman,
2001) The MH@ is loaded with peptides which are derived from the cytemadl the MHA-peptide-
complex is being recognized by the CD8&ellsWith a few exceptiongike erythrocytesall cdls are
capable of presenting antigens via MHC | molecUles.MH@I-peptide complexes are recognized by the
CD4 T cellsThe CD%and CDS8T cells have distinct and very different functions, gmdtect the host
from infection with different types of mthogengMurphy & Weaver, 2018\ellman & Steinman,
2001)Wilson & Villadangos, 2005)

However, TCR activation by MHGaded is not sufficient for T cell activ@t. They also require a second
signal, the cestimulatory signal, which is provided by the interaction ofstiulatory molecules
expressed on the membrane of APC and the T cell. Tsérnalatory molecules on the surface of APCs
include CD40, OX40L, 80, and CD86 and they interact with CD40L, OX4@ D28 on the T cell
sidg(Rothoetft et al., 2006)

Regarding B lymphocytethese cellsiot only recognize whel Ag derived from pathogesbut also act
as APC®nce a BCR binds an Ag, the Ag is taken up into the tBroeljh BCRdegradedand presented
to T cells as peptide pieces in complex WMitHGII moleculen the cell membraneT helper () cells
bind these MH@I-peptide complexes tlogugh theirTCRFollowing TCRMHGII-peptide binding, T cells
express the surface protefdD40las well as cytokine€D40L serves as a necessargtaoulatory factor
for B cell activation bybinding the B cell surface receptGD4Q which promotes B
cellproliferation, immunoglobulin class switchingndsomatic hypermtationas well as T cell growth
and differentiation. After B cells receive these signals, they are considered acfivelBen & Tedder,
2008)

Anindividual can encounter a particular pathogen more than once in his life. Interestingly, the immune
response that will be initiated on the second or other subsequent encounters with the same pathogen
will be much faster and more specific in comparisothtfirst one. This happens due to the development

of immunological memory upon the initial Ag encounter. In more detail, immunological memory is a
dzy A lj dzS LINRPLISNI & 2F GKS AYYdzyS aegadasSy Fa AdG Ory
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effective response once the stimulus is encountered again. The so called secondary immune response is
stronger and faster in comparison to the primary immune respohidakes a smaller stimulus to trigger

a secondary response and it lasts for many years dtfier first exposuréMurphy & Weaver,
2013)YKhodadadi et al., 2019)

Till recently, the immunological memory was closely connected with adaptive immunitywasd
considered to be its unique characteristic. The focus was set on memory B and T lymphocytes. Normally,
once the primary immune response disappears, the effector cells, which were involved in the immune
response are eliminated. However, a small numbiethem, like the T and B cells, together with the Abs
remain in the body and consist the immunological memory. The cellular compartment of the
immunological memory is found in a resting state and at the subsequent encounter with the same Ag,
these cells hae the capacity to rapidly respond and eliminate the Ag. The memory cells are known to
have a long life and last up to several decades in the (dduydadadi et al., 201@urphy & Weaver,
2013)Ratajczalet al, 2018)

However, the B and T lymphocytes are not the only{loregd cells in the body. Many innate immune cells,
like alveolar macrophages, microglia and astrocytes have a long life. Jdtegegether with the concept

of innate immune memoryr trained immunity in plants and invertebrates was the trigger to start the
discussions about innate immune memory in vertebrates and change the curesmthat it is simply an
immediate mediator ofhost resistance and inflammatiorSimilar to what is known about adaptive
memory, the features of innate memory would involve a priming event whereby after an initial exposure,
the innate immune cells would be changed so that they could elicit a morestand fast response in
case of a subsequent encounter with the same or heterologous s({Welideln et al., 2018)\Neteaet al.,
2015)Zipfel et al., 201 Tpaeed et al., 2015)

As mentioned above, the first knowledge about innate immune memory comes from plants and
invertebrates. Data show that in plants, epigenetic alterations lead to the priming of genes encoding host
defense molecules to respond uponegposure. For instanci a study in which they used macrophages,
they could confirm the theme of epigenetic modification during innate immune responses in vertebrates,
describing the crosstalk between interfergn(IFNg) and Ik4 in the stimulation of macrophages. Using a
geromic approach, Piccolo et al showed that a large fraction of the transcriptional and epigenomic
changes induced by stimulation with HgNare reduced or suppressed byl These inhibitory effects of

IL-4 in vitro are retained after the cytokine is washamlit and cells are then treated with IPN

al ONRBLIKI 3Sa OFy GKSNBFTF2NB O NNE | y4 (#SahJhdk&of 8fYA O Y S
parasitic infection), such that there will be a more limited response toIFNring a bacterial
infection(Piccolo et al., 2017)

According to Kate Fitzgerald the chromatin modifications that accompany trained immunity are not the
exclusive way of developing innate immune memory. She suggested that there is another possible
mechanism, and this is losigrm regulation of long norcoding RNA (IncRNAYumerous INcRNAs are
transcriptionally induced upon signaling via sensors of the innate immune system. Since IncRNAs can
mediate both the activation of various classes of immunological genes and their repressigrattern

and timing of the induction of IncRNA could profoundly affect the type of immune responses to secondary
stimulationgNetea et al., 2015)

So, he current understanding is that innate immune memory has several defining characteristics when
compared to classical immunological memdfystly, it involves a set of cells (myeloid c®llK, cells, ILCs)
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and germline encoded recognition araffector moleculedike PRRs, which amdifferent from those
involved in classical immunological memory. Secottldybetter responsiveness to a secondary stimulus
orchestrated by trained immunitis not specific for a particular pathogen and it is mesiathrough
signals impinging on transcription factors and epigenetic reprogrammingen the classical
immunological memory depends gene rearrangement and proliferation of antigepecific lymphocyte
clones The changes in innate immune memory celse broadly defined as sustained changes in
transcription programs through epigenetic rewiring, leading to changes in cell physiology that do not
involve permanent genetic changes such as mutations and recombination. Finally, trained immunity relies
on an alered functional state of innate immune cells that persists for wéeksonths, rather than years,

after the elimination of the initial stimulSaeed et al., 2018Jetea et al., 2015)Thus, it is clear that
there is also innate immune memory, but it is fundamentally different from the classical immunological
memory.

1.5 Allergic asthma

The majority of the diseases that are observed in vertebrates and morésphgenammals make use of

both innate and adaptive immunity. One of them &tana whichis achronicinflammatory disease of

the airways with high associated morbidity, which was first described in Ancient Hapgier &
Manniche, 20033 K S ¢ 2 NR origihafesrénythedGreeld ~ * which means "panting.” The rates

of asthma started to increase since the 1960s significantly and in 1990, 183 million people had asthma
worldwide(Anandanet al, 2010) Thelast decades the prevalence of asthma dramatically increased. In
2015 the number of people wheuffered fromasthma, went up @ 358 million when the same year
397.100 people died because of asthma especially in developing coui@s 2015 Disease and Injury
Incidence and Prevalence Collaborators, 2016)

Asthmatic patients suffer from airway hyperreactivity (AHR), and mucus overproduction isngedu
recurrent episodes of chest tightness, breathlessness, wheezing, and coughing. Nowadays, it is widely
acceptedthat asthmadevelops as a result of a maladaptive Th2/Th1l7 immune response towards
innocuous aeroallergens in genetically susceptibtévidualg§Erle & Sheppard, 201@)ota & Sperling,

2014 Kohl et al., 2006@pchmuddeet al., 2013(Plantinga et al., 201@ambrecht & Hammad, 2003)

There is no cure for asthma@he available medication can only alleviate the symptoms. The therapeutics
usually target the effector phase of the disease trying to either reduce the inflammatory processes that
drive the clinical symptoms or decrease the resistance in the airways arehge the airflow in the lung.

However, which are the factors that cause asthma, and is the reason that allergic diseases have
dramatically increaseduringthe last decades imesterncountries?Different factorscontribute tothe

increased number of Ergies. Some of these factors aimcluded inthe concept ofthe "Hygiene
hypothesis," which was first introduced by Dr. David Starchan. According to him, the rise in allergic disease
isrelated to changes in lifestyle and environmental exposure, inctudipid improvements in sanitation,

an increase in €sareansection and bottle versus breastfeeding, decrease of outdoor activities and
altered diet western dietwith serious effects on the human microbiome, affecting immunotolerance and
finally increasig the risk of allergic diseag€kadaet al, 2010)Bloomfield et al., 2016Also,a genetic
LINSRAALIRAAGAZ2Y Aada aNBI dzA \bkérjeeRZMNhgIHAE) RSOSt 2 LIYSy

Two types of asthma&auseallergic and the nosallergic (intrinsicasthma Most of the children andbout
50% ofthe adultssuffer fromallergic asthmaThe pathology is generated by allergen spedifiergic
immunoglobulin E (IgE) antibodjéke frequentlypositive skirprick test to the (lipo)proteins of common
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inhaled or ingested allergens such as HDM, animal dander, fungal spores and plant or tree pollen. In
children the onset of the diseaseadfien characterizedy eczema in the first year of life. Rter times,
the children develop allergic rhinitis atithat also progresset® allergicasthma.

Nonallergic asthma usually develops later in life and is characterized by neither IgE reactivity to allergens
in the serum nor any apparent involvement of the adaptive immune system such as Th2 cells. However,
this fundamental discrimination of asthma typés an oversimplification, as in each of these two
phenotypes, individuals with different and distinct pathophysiology are foufile different
pathophysiologies detected in each phenotype, are called asthma enddqipdis et al., 2011)These
endotypes differ in terms of genetic susceptibility, risk factors, the age of onset, clinical presentation,
prognosis and response to standard and new therapies. Asthma is thereforasimggly seen as a
syndrome rather than as a single dise@8eodruff et al., 2004Wu et al., 2014)

1.5.1 Immune mechanisms underlying the development of allergic asthma

Allergic asthma is an inflammatory airway disease, which is developed in response to harmless
aeroallerges. It is defned by an integrated response in the conducting airways of the.|Asg
multicellular disease it involves atypical responses of many different pulmonary cell iaeg.ofthese

cell types, interact and collaborate to induce mucus overproduction, brahtyperactivity, airway wall
remodeling, and airway narrowingogether,it results in clinical symptoms includisgortness of breath,
wheezing and chest tightng&¥illsKarp, 1999Erle & Sheppard, 2014)

Does the past decade the following pathophysiological concept has evoWad@ anindividual is
exposed to harmless aeroallergens (i.e., HDM) the integrity of the epithelial barrier is disrupted.
Responsible for th disruptionare proteases found in the allergens, which cleave the tight junctions
between the epithelial cells. Both titksruption of the epithelial barrier, as well as the ligation of the PRRs
expressed by the epithelial cells causes the release of highly inflammatory cytokines. These cytokines
include 1E33, TSLP, 25, and GMCSF, which are also known as alarmins becthey act as an alarm to

alert the immune system for the invasion of intruders. However, epithelial cells also release endogenous
GRFY3ISNI aAdylfaeg &adzOK | a dzNRO | OKBoetadl ROM2JWIMArR KA I K
et al., 2012(WillsKarp et al 1999fWillsKarp et al., 1998)These alarmins activate DCs, ILC2s, and
basophilg§vVan Dyken et al2016)YLambrecht & Hammad, 2014)nce ILC2s and basophils get activated,
they start to secrete more inflammatory cytokines resulting in the recruitneémidditional immune cells

to the site of infectionIn the case of DCs, the disruption of the epithelial barrier makes it easier for them

to take up Ags. Their concomitant activation by signals from epithelial cells (DCs express on their surface
receptorsfor the alarmins but also receptors for the inflammatory mediators like uric acid and HMCB1)
induces their activation/maturation resulting in their migration to the regional draining lymph nodes
(dLNs) where naive CDA cells are located. Once they irdet with CD4T cells and activate them, the

T cells migrate to the lung and start secreting the type 2/17 cytokings (15, 11-13, and IEL7)YWilliams

et al., 2013)Plantinga et al., 2@)(Schmudde et al., 2013 the case of b and IL13, it should be noted

that are not exclusively produced by the CD4ells but by the ILC2s as wéll.note, ILC2s get activated

very early upon allergen exposure and produk5 and IE13. 113 production by ILC2s during the early
events of allergic asthma is critical for the migration of cDCs to the dLNs, where they induce the activation
of Th cells. Thus, the data show that ILC2s have a vital role in generation ofriili2e responsgsialim

et al., 2014)There is a report stating that ILC2 cells were found to represent more than half of the cells
producing Th2 cytokines in the lungs of mice satgd to OVAand HDMinduced asthm@Nolterink et

al., 2012jvan Dyken et al.,@®6) In both cases, 4& induces airway eosinophilia by acting on BM
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progenitors and stimulating their development. Eosinophils are recruited to the lungs through the
production of eotactic chemokines like eotaxins 1, 2 and 3 (CCL11, CCL24, andr&3pegtvely).
Eosinophiderived products such as eosinophil peroxidase cdursachial hyperresponsivene¢BHR
directly and activate adaptive immunity through effects on ([@oyleet al, 1995JChu et al., 2014)
Eosinophils are also capable of presenting Ag to already activated TWiedle, unpublished
data)Hoogstederet al, 2003) Eosinophils further contribute to airway remodeling by causing the damage
of pulmonary structural cells. They do that by releasing extracellular DNA traps, as neutrophils do, which
contain eosinophilic granules. Considering that the eosinophilic granules sustain the capacity fer ligand
induced secretion, the DNA trap formation could result in increased concentrations of eosinophilic toxins
like eosinophilderived neurotoxin, catiowiproteins (eosinophil peroxidase) and major essential protein,
which can damage structural cells of lu(i@sorskiet al, 2011 Yousefet al, 2012)

On the other hand, HL3 acts on epithelial cellBnd drivesgoblet cell metaplasia followed by excessive
mucus productionOn bronchial smooth muscle celtsinducesbronchial hyperactivitgWills-Karp et al.,
1998) The cytokine W like IL13 acts on epithelial celt® induce goblet cell metaplasiadOnB cells, it
causes Ab class switching to IgE, which characterizes allergic agibinslong timeasthmahad been
defined by airway eosinophilia, when efforts matebetter characterie the asthma endotypesdt was
revealedthat some patients show aeutrophikdominant disease withut Th2 cytokineresponse The
neutrophilia isoften noticedin patients with late onset of the disease, who usuallffer fromsevere
forms of asthma and less reversible airway obstrudfidbcKinley et al., 2008y1lanni et al., 2014)in some
severe forms of allergic asthma, it was shown thal7A had an active role contributing in airway
remodeling by promoting fibroblast proliferatiafBellini et al., 2011and/or counterbalancing the anti
inflammatory role of T regulatory cells (Trg@$)ao et al 2013]Gour & WillsKarp, 2015)

However, it seems that4{L7A has more than one role ineigic asthma developmenin addition to the

two roles, it was also shown that contributes to the recruitment of neutrophils in the lung, by stimulating
bone marrow stromal cells to secrete@F, which favors granulopoi¢Sishwarzenberger et al., Q0).
Interestingly, both in mice and humans;1IE can also contribute to direct contraction of bronchial smooth
muscle cells and therefore cauB&lRin the absence of neutrophilic inflammati@fudo et al.2012. Of

note CD4 T cells are not the exclusive producers e1TL¢ / W T cells, invariant natural killer T cells
(NKT)and ILC3 cellsre a source of copious-L7, and the relative contributioto IL-17 productionmight

differ inthe various asthma endotypes. Lastly, regarding Th17 cells, it should be noted that the cytokine
production by Th17 cells is resistant to intitn by steroid¢éMcKinley et al., 2008Vang & WillKarp,

2011).

Strikingly, studies are linking other Th cell subsets to the pathogenesis of the disease, and one of them is
the Th9 cells producing #, which is known to regulate the accumulation of mast cells in the airways,
along with mucous cell metaplasia and BHRwever, it is still unclear, whether-8Lis made by a
dedicated Th9 cell subset or is also produced by ThAEblsnan et al2012).

Finally, in the lungs adsthmatic patients, we can also find Tregs. The exact role of Tregs in patients
suffering from allergies is not entirely clear. In cases of severe asthma, the number of Tregs found in the
blood and sputum is lower and these cells hboxger suppressivgotenciesin comparison to Tregs from
healthy individual®amessier et al., 2008Furthermore, the percentage of Tregs is lower in the BAL of
pediatric patients with asthma in comparison to healthy childkautl et al.,2007). ClearlyTregs are
functionally compromised in people with asthma, but this impairmenelated only totheir ability to
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control Th2 responses. Tregs from the blood of H&Msitized childrerare able to suppress the
production of Thl and Th17 cytokines but not of [Ualer et al., 2014)This finding could support the
notionthat Tregs in asthmatic patients promotes the Th2 response instead of controlling it. In the mouse,
a similar Treg cell population unable to suppress Th2 responses has been répaléeckt al., 2014)

Theactivation of all these different cell types happens gradually, and it is known that depending on the
phase of asthma (sensitization and effector phase), the cells and the inflamnttimkines may have
subtle functional differences.

1.5.2 The role of pulmonary dendritic cells in allergic asthma

DCs have a vital role in the development of allergic astfthayare one of the first pulmonary cell types,
which sensethe allergenand get activatedto stimulateadaptive immume responsesin the past, it was
believed that pulmonary DGse a homogeneous population, as they were describeD11MHCIt
(Sertlet al., 1986). Nowadays, it is known thatere are at least four DC subtypes ahdt there is a
division of labor among them. These pulnaoy DC subsets include CD1abd CD103cDCs, pDCs and
under inflammatory conditions monocyderived cDCs (mDCs|Plantinga et al., 2013) The
discrimination of the DC subtypes requires a big panel of markengehsas a strict gating strategy to
accurately define them. In most studies, markers like CD11c, CD11b]IMEiglecF, CD103, and CD64
were used to distinguish the DC subsets on-gated lineage negative cells, although there acene
studies,that make use of additional marker3helack of an established and unanimously accepted panel
of markersto define pulmonary DC and the differeas in theisolation procedurestliat resulted in
liberation of DC#n different quantitieg lead toinconsistenciebetween different studies, numbesand
functions(Plantinga et al., 201@lisharin et al, 2013)

1.5.2.1 Subpopulations of pulmary dendritic cells

1.5.2.1.1 Pulmonary pDCs

Under naive conditions, smalhumber of pDCisfound in the lungs. Upon allergen exposure, pulmonary
pDCsncreasdLewkowiclet al, 2008) although they do not have an active role in the development of the
maladaptive Th2/Th1l7 response as tHegve compromised Ag presentation ability in comparison to
CD11bcDC¢Plantinga et al., 2013)in the context of allergic asthma, pDCs are mainly considered
tolerogenic for two reasons. They induce Treg differemdi@iVatkins et al., 200%)e Heer et al., 2004)
and act in trans by regulating the functionsabfCs during the crosstalk with naive T ¢kttsvkowich et

al., 2008jKohl et al., 2006h a mechanismhat involves the regulation of B7 molecule expresétnang

et al.,2009.

1.5.2.1.2 Pulmonary CDX03Cs

Since the cDC1/CD1I0&DCs were discussed in more detail in a previous section] idlidocus on their
role in the lung under allergic asthma conditions. The CZII3s are equipped with the tight junction
proteins Claudifl, Claudin7, and Z&2, which allow them to form tight junctions with epithelial cells and
thus sample the airway lumen without barrier dam&geskin et al., 2006%till, they prove to be less
potent in Ag uptake in comparison to the CDIIBCs in an HDihduced asthma mod@Plantinga et al.,
2013) Their contribution to the Th2/Thl7 skewing, which is typical for allergic asthma, is
debatabléPlaninga et al., 2013Nakano et al., 201%uruhashi et al., 2012More precisely, Nakano et
al. demonstrated that the CD1G3Cs areapable of nicely taking up the Ag, migrating to the lymph
nodes and elicing a Th2 respong@&lakano et al., 2012)when Furuhashi eshowed that CD108DCs
induce a Thl immune respor(§airuhashi et al., 2012Plantinga et al.did not confirm any of these
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findings. In their hands the CD108DCs mainly have agelatory rolg¢Plantinga et al., 2013A possible
reason for the different findings could be the nature of the allergead in each studfHDM, OVA, and
cockroach) or the administered amountt allergen Especiall regarding the used amount of the allergen,
Plantinga et al showed that when they treated the mice witk>d@f HDM, then only the CD1IHDCs

were able to take up the Ag and migrate to the dLNs. C2D33s were able to take up the Ag and migrate

to the dINs only when 108y of HDM were administered to the migdantinga et al., 2013)Thus,
depending on the used amount of the allergen and its nature, different DC subpopulations might be
involved in the initiation othe disease and lead to a different outcome.

1.5.2.1.3 Pulmonary monocytierived DCs (mBCs)

Understeady stateconditions, the number of mM®Cs in the lungs low(Schlitzer et al., 201@obays et

al., 2007)It is very challengintp adequately discriminate mBCs from the CD11tDCsCD64 and B&
were revealed as m®C marker@lantinga et al., 2013Beveral groups use Ly6C as a marker but with
poor results, as Ly6C is a marker that igvdieegulated once the m®Cs home the lungs. As expected,
after HDM exposure, the numbers of AIICs in the lungs incregg¥antinga et al., 2013JEven though
they takeup the Ag, their capacity to activate T caligather poor upon low allergen dogdantinga et

al., 2013) Their primary role in the development of allergic asthma is the recruitrakabsinophils and
monocytegRobays et al., 200./0-DCs produce cytokines and chemokines, including CCL24, CCL2, CCLA4,
CCL7, CCL9 and CCL12 that apmitant for activating and recruiting eosinophils and monocytes in
response to allergen challen@@antinga et al., 201@obays et al., 2007)

1.5.3 Role and location of pulmonary CDtDICs in allergic asthma

Along with CD103%DCs, CD11¢DCs are the dominant DC population in the lung. To be more precise, the
cells that fall into that subset are CDI0OD64DCsandmo-DCsare excluded from this category as they

are a category on their own. CD11ED64cDCgake up theallergenin vivoandin vitro(Furuhashi et al.,
2012)and migrate to the regional lymph nodes, shortly after allergen exp¢Blaatinga et al., 2013)

They do that by upegulating G@chemokine receptoi? (CCR7xpressiona Gprotein coupéd receptor.

CCRTs upregulated on activated DCs and is involved in the migration of DCs to the lymph nodes. CCR7
recognizes CCL19 and CCL21, which are produced in the lymph nodes and increase the expression of MHC
Il and cestimulatory molecules on D@3latworthy et al., 2014)Due to their advanced Ag uptake and
migratory skills, CD116D64DCs are considered to be vital for eliciting the Th2/Thl17 immune
responséPlantinga et al., 201@uruhashi et al., 2012The epithelial barer is critical on the education

of CD4 T cells by CD1168D64cDCslUpon allergen exposure, the epithelial cells release danger signals
and inflammatory cytokines which actieaDCs and also liceashem to promote Th2/Th17 response

The TSLFESTAS axis rpmotes CD11#D64DCs activation through upregulation of -stimulatory
molecules and CCR7 and favors a Th2 resiiiitagma & Ziegler2013 (Bell et al., 2013)Another
transcription factor with critical Th2 regulatory effects on CDCI64cDCs is IRFwilliams et al. showed

that IRF4 modulates{l0andlko o O@ 121 AYS LINRRdzOUGA2Yy (2 &ALISOAUO!I f
A Y b | Y YWilfiakng af al., 2013Further,IRF4 can also license pulmonary CDCI64DCgo prime

a Thl7 respong&chlitzer et al.,, 2013)On top of that, IRF&nhances onCD11BCD64DCs with
outstanding Ag presentation abilities by enforcing the Ag processing and presentation abilities of these
cell{Lugt et al., 2014)

Only a few studies dealt with tHecationof the CD11HCD64cDCsn the lungs. Most studsfocused on
functional discrimmations ofthe cells and did ndibcus ontheir spatial distribution. CD1168D64cDCs in
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the lungshavebeen found in the lung parenchymag. themain conducting fractiofHolt et al., 2005)
alveolar regiofCleret et al., 2006and around the airways up to a distance of 20@Thornton et al.,
2012) Thus,CD11BCD64DCseems to béroadly distributed within the lung.

1.6 The role of the C5aR1 in allergic asthma

Since the present thesis focused on the role 6BR1 in the early events of the allergic asthma
development, | will give a short overview of current knowledge about the role of C5aR1 both in the
sensitization and effector phase of the disease.

The complement system esent from the early onset dllergic asthmao the effector phaselt also

has a role omesolutionof the diseaseReports show that complement is already activated under naive
conditions, but upon allergen exposure, it gets significantly incre#segl et a] 2001jMarc et al., 2004)

The anaphylatoxin C5aan be producedither by the canonical or necanonical complement activation.
Dataisa K2 g Ay 3 (GKFG G§KS | intitdpdEiGey theDATE INRrinSih @iddse and gnizf R
dependent manngiMaruo et al, 1997) Besides, ATs can also be produced by cellular mechanisms. For
instance alveolar macrophages can cleave C5 into C5a by a serine pitteaget al., 2002T here are

more serine proteases in pulmonary immune cells with cleavage capacity of C5, like the gra(Rgme B

et al, 2012) found in neutrophils and lymphocytes as well as the aspartic protease Cathdhsimglet

al., 2012) C5ahasdistinct roles in the pathogenesiand the pathology of asthma, depending upon the
conditions under whiclit is generated the celkltypes that become activateand the stage of the disease

1.6.1 Sensitization phase

Many recent reports provide evidence that ATs have a regulatory roteeindevelopment and the
magnitude of adaptive immune responses. There are many data showing that the C5a/C5aR1 signaling
axis controls allergic asthma at the DC/T cell interface. More precisely, the data so far indicate that
signaling through C5aR1 hasratpctive role against the development of a Th2 immune response during
sensitization phase. More specifically, data from several groups showed thatn@&e exhibit an
increased susceptibility to development of AHR and pulmonary inflamn{&tonin et al,
2006)McKinley et al, 2006)n vivotargeting of C5aR1 during sensitization phase in both an- @\
HDMinduced experimatal allergic asthmanodel resulted in increased levels of Th2 cytokines and an
overall increased airway inflammati@fdhl et al., 2006)Mechanistically, signaling through C5aR1
controls the ratio between cDCs and tolerogenic pDCs. Additionally, Zhang et al showed that the
C5a/C5aR1 signaling axis prevents the development of maladaptive Th2 immunity in allergic asthma by
regulating theaccumulation of pulmonary pDCs expressing costimulatory molecul¢slEPBL1) and

B7-DC (PB.2), which can modulate the function of cDCs as well as regulatory (Zlsehg et al.2009).

On top of that, inhibition of C5aR1 signaling correlates with enhanced release oh#heell homing
chemokines CCL17 and CCL22. The current understanding is that signaling through C5aR1 during allergen
sensitization is vital for inducing tolerance against innocuous allergens. Events that prevent signaling
through C5aR1 during the onset thie disease result in increased activation of cDCs, which will induce
robust activation of naive Th ckhl et al., 2006)

1.6.2 Hector phase

The role of C5aR1 in the effector phase of allergic asthma is the opposite of what was observed in the
sensitization phase. More specifically, when C5aR1 iwasvo blocked during the effector phase of
experimental asthma, this resulted in significant suppression of the diseaassociated allergic
phenotype in response to airway challenges with HDM, OVA or A. fumigates extract, accompanied by

33



Introduction

lower numbers of eosinophils and lymphocytes in the BAL and lowe(Badider et al., 2008Peng et

al., 2005§Kohl et al., 2006)Additionally, no changes on the egpsion levels of CCL17 and CCL22 were
noticed under these conditioffgohl et al., 2006 Mechanistically, signaling through C5aR1 praynote

the production of Th2 cytokines through the recruitment and activation of eosinophils, basophils,
neutrophils and mast cells. All the observations suggested that in an established allergic asthma
environment, C5a has proallergic properties and tdmgeting of C5aR1 under these conditions leads to
reduced airway inflammation and AHR.

Taken together, the data show that C5aR1 has a dual role in the development of the digasiace in
knockout models and upon pharmacological targeting, signaliagthe C5aR1 is either systemically or
pulmonary blocked, it remains to be investigated at which cellular level the GbaRiated regulation
of disease development occurs.

1.7 The aim of the project

As discussed in the previous section, previous wotk fimm my laboratory and other groups showed
that C5aR1 regulates the development of maladaptive Th2 response at the DC/T cell i(ieithes al.,
2006)Drouin et al., 200¢McKinley et al., 2006However, the gating strategy used in the past could not
properly discriminate all the pulmonary DC subsets and therefore it is of outmost importanceitedtu
the mechanism by which C5a/C5aR1 signaling axis controls the functions of the DC fulesédsthe
pivotal role of the CD1IXD64cDCs irliciting aTh2Th17 responsas well as the fact that CDI1ED64
cDCs express the complemeanteptor C5aRKasten et al., 20150k is believed that C5aR1 controls the
development of a maladaptive Th2/Th17 response through these cellghbunholecular mechanisms
underlying this C5aRtediated regulation of pulmonary CDITD64DCs functions are still unclea
And even today all these evidences are still a hypothesis and incompletely undeiteoefore the aim

of thesis was talelineate the role of C5a/C5aR1 signaling in CBOB4DC for the activation of CDA
cells in the sensitization phase of allergsthma.

| defined the following aims:

1. Delineate the functionaland phenotypic differences between the CD1X@5aRicDC and
CD11nC5aRxDC.
- Do the CD111€5aRXDC and CD1185aRXDC have the same potency of activating
OVAtransgenieCD4T cells?
- Do the CD1115aR1cDC and CD1165aRTDC have the sanfeequency of interactions
with the OVAtransgenieCD4 T cells?
- Do the CD11i5aRXDCs and CD1XB5aREDCs sense the inflammatory signals
released by the ECs upbtbM treatment the same way?
- Do the CD111€5aRXDC and CD1165aRtDC mature in a similar way upon HDM
treatment?
- Do the CD111€5aR1cDC and CD1165aRTDCs have the same potency to migrate to
dLNs?
2. Assess whether th€D116BC5aR1cDC and CD1165aRtDCbelong to the same cDC lineage or
if they are different cell types.
- Is the transcriptional programing of CD11C5aRIXDC and CD1165aRtDC the
same?
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Determine whichis the source of C5a in CD1186aR1cDC- CD4 T celland CD11KC5aRXDC
CD4T cell ceculture systemsdn response to allergen pulsing and T cell interaction.

- When do CD111¢5aRXDC and CD1165aRXIDC start to make C5a upes vivoOVA
pulsing?

- Do CDAT cells make any CBa

- Which is the trigger for the Cgaoduction?

Delineate the role of C5aR1 on the maturation profile of CDIIRCs and their ability to induce
CD4T cell proliferation.

- Does C5aR1 control the maturation of I6®11b6C5aR1cDG?

- Does CbhaR1 regulate the ability of the CDCHaRI1cDC toinduce CDZ T cell
proliferation?

Define the activation pathways by which C5aR1 controls the tolerogenic potential of
CD11bcDCs via MH@/CD40.

- Are there any difference in the transcriptional programming of C5R1s which were
targeted with the C5aR4pecific mAb 20/70 in comparison to the C5a®ICs which were
treated with the isotype control?

- Which is the role of C5aR1 at the immunological synapse formation whenlMéi@ls
are low?
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2. Material, Equipment and Methods
2.1 Materials

2.1.1 Chemicals
Table2: Used Chemicals.

Substance

Aluminum potassium sulfate (KAI(S))
Ammonium chloride(NH,CI)

Aqua ad injectabilia

BD FACS Flow Sheath Fluid

I -Mercaptoethanol

Bovine Serumalbumin (BSA)
Carboxyfluorescein&uccinimidylester (CFSE)
Chloral hydrate (GHsCEOy)

ditric acid, crystalline

Compensation beads (anti rat/hamster)
Dimethyl sulfoxide(DMSOQ)

DNase | from bovine pancreas
DQOVALBUMIN (£22053)
Ethanol,absolute

Ethanol, 70% denaturated

Ethanol, 96% denaturated
Bhylenediaminetetraacetic acidEDTA)
Fetal calf serum(FCSjLot A043040413
Formaldehydesolution, 37%

Glacial acetic acid

CSR2 (GMCSF), recombinant murine
House dust mite extracflot 262538
Isopropanol

Ketamine hydrochloride

L-glutamine (200 mM concentrate)

[ AOSN}raSu ¢[] wS&SI NOF

MAC®BSA stock solution
Ovalbumin, graddll

Phosphate Buffered Saline (PBS)
PenicillinStreptomycin, 100x Liquid
Phloxine

Potassium bicarbonatd KHCG)

Rompun vet.

RPMI1640

Sodium chloride

Sodium dihydrogen phosphate (NE2PQ)
Sodium hydrogen phosphate (NdPQ)
Sodium iodate(NalQ)

Materials and Methods

Manufacturer

Merck, KGaA, Darmstadt

SigmaAldrich Chemie Gmblsteinheim

B. Braun Melsungen AG, Melsungen

BD Biosciences Europe, Erembodegem, Belgi
SigmaAldrich Chemie GmbH, Steinheim
SigmaAldrich Chemie Gmblsteinheim

Life technologies Corporation, Carlsbad, USA
Merck, KGaA, Darmstadt

Merck, KGaA, Darmstadt

BD Biosciences Europe, Erembodegem, Belgi
SigmaAldrich Chemie GmbH, Steinheim
SigmaAldrich Chemie GmbH, Steinheim
Invitrogen, Molecular Probes, Eugene

J. T. Baker, Deventer, Netherlands

Carl Roth GmbH & Co. KG, Karlsruhe

Carl Roth GmbH & Co. KG, Karlsruhe
SigmaAldrich Chemie GmbH, Steinheim

PAA Laboratories GmbH, Pasching, Ostereich
SigmaAldrich Chemie GmbH, Steinheim
Merck, KGaA, Darmstadt

Peprotech Corporation, Rocky HUSA
Greerlabs Laboratories Inc., Lenoir, USA

Otto Fishar GmbH & Ko. KG, Saarbriicken
SigmaAldrich Chemie GmbH, Steinheim
Lifetechnologies Corporation, Carlsbad, USA
Roche Diagnostics International AG, Rotkreuz
Risch, Schweiz

Milteny Biotec GmbH, Bergisch Gladbach
SigmaAldrich Chemie GmbH, Steinheim

PAA Laboratories GmbH, Pasching, Ostereich
Life technologies Corporation, Carlsbad, USA
Chroma Technology Corporation, Bellow Falls
USA

SigmaAldrich Chemie GmbH, Steinheim
Bayer AG, Lervekusen

Life technologies Corporation, Carlsbad, USA
SigmaAldrich Chemie GmbH, Steinheim
SigmaAldrich Chemie Gmbl$teinheim
SigmaAldrich Chemie GmbH, Steinheim
Merck, KGaA, Darmstadt
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Sodium pyruvate

Trypan blue
Tween20
Xylazine

Materials and Methods

Life technologies Corporation, Carlsbad, USA
Life technologies Corporation, Carlsbad, USA
SigmaAldrich Chemie GmbH, Steinheim
SigmaAldrich Chemie GmbH, Steinheim

2.1.2 Antibodies and flow cytometry reagents
Table3: Antibodies and reagents for flow cytometry

Antibody

anti-mouse
CD16/32
anti-mouse
CD19
anti-mouse
CD3e
anti-mouse
CD49b
anti-mouse
Ly6G
anti-mouse
SiglecF
anti-mouse
CD11c
anti-mouse
CD11c
anti-mouse
CD11b
anti-mouse
CD103
anti-mouse
CD64
anti-mouse
CD88
anti-mouse
Ccm4
anti-mouse
CD301

anti-mouse
MHCII
anti-mouse
MHCII
anti-mouse
MHCII
anti-mouse

Clone

93

ID3

1452C11

DX5

1A8

E502440

N418

HL3

M1/70

2E7

X545/7.1

20/70

M1/69

LOM14

M5/114.1
5.2
M5/114.1
52
M5/114.1
5.2

IC10

Label

eF450
eF450
eF450
V450
BVv421
APC
PECFEM594
APC
PerCRCy5.5
PE

PECy7

PE

PE

FITC
APCeF780
FITC

APC

Manufacturer

eBiosciace,
Viennag Austria
eBiosciace,
Vienng Austria
eBiosciace,
Vienna Austria
eBiosciace,
Viennag Austria
BD Biosciences
Belgium

BD Biosciences
Belgium
eBiosciace,
Vienna Austria
BD Biosciences
Belgium
eBiosciace,
Vienna Austria
BioLegend,
London, UK
BioLegend,
London, UK
BioLegend,
London, UK
BioLegend,
London, UK
BioLegend,
London, UK

BioLegend,
London, UK
eBiosciace,
Vienna Austria
Biolegend,
London, UK
eBiosciace,

Isotype

Rat IgG2a
armenian
Hamster IgG
Rat IgM

Rat IgG2a
Rat IgG2a
armenian
Hamster IgG
armenian
Hamster IgG
Rat IgG2b
armenian
Hamster IgG
Mouse IgG1
Rat IgG2b
Rat IgG2b

Rat IgG2b

Rat IgG2b
Rat 1gG2b
Rat IgG2b

Rat IgG2a

Gonc.
mg/ml
0.1

0.2
0.2
0.2
0.2
0.2
0.2
0.08
0.2
0.2
0.2
0.2

0.2

0.5
0.2
0.5

0.2

Dilution

1:100

1:300

1:300

1:300

1:300

1:300

1:800

1:800

1:800

1:800

1:800

1:300

1:800

1:400

1:1500

1:1500

1:1500

1:800
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CD40
anti-mouse
CD80
anti-mouse
CD86
anti-mouse
OX40L
anti-mouse
TSLPR
anti-mouse
CD127
anti-mouse
ILLI7RB
anti-mouse
CD197
anti-mouse
IL17A

anti-mouse
antiFOXP3
anti-mouse
IFN

anti-mouse
IL13R
anti-mouse
Cbha

anti-mouse
ST2
anti-mouse
CD4

Fixable
Viability Dye
Fixable
Viability Dye
anti-mouse
SiglecF
InVivoMADb
anti-mouse
CD40L (CD154
InVivoMAb
anti-mouse
MHCII ({A/I-E)

16-10A1

Gl1

RM134L

22H9

A7R34

9B10

4B12

TC11-18H
10

FIKL6S

XMG1.2

eBiol3A

152-1486

RMSTZ2

RM45

E5062440

MR-1

M5/114

APC
APC
APC
Biotin
PECY5
PE
APC

APC

APC

APC

PE

APC
PECy7
APGeF780
eF450

PE

Vienng Austria
eBiosciace,
Viennag Austria
BioLegend,
London, UK
BioLegend,
London, UK
BioLegend,
London, UK
eBiosciace,
Viennag Austria
eBiosciace,
Viennag Austria
BioLegend,
London, UK
Milteny Biotec

GmbH, Bergisch

Gladbach
eBiosciace,
Viennag Austria
eBiosciace,
Viennag Austria

eBiosciace,
Vienna Austria

BD Biosciences,

Erembodegem,
Belgium
eBiosciace,
Viennag Austria
eBiosciace,
Vienna Austria
eBiosciace,
Vienna Austria
eBiosciace,
Vienna Austria
BDBiosciences
Belgium
BioXCell, NY,
USA

BioXCell, NY,
USA

armenian

Hamster IgG

Rat IgG2a
Rat IgG2b
Rat IgG2a
Rat IgG2a
Rat IgG2a
Rat IgG2a

Rat IgG1

Rat IgG2a

Rat IgG1

Rat IgG1

Rat IgG1

IgG2a

Rat IgG2a

Rat IgG2a

Armenian

Hamster IgG

Rat 1gG2b

Materials and Methods

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.5

0.2

0.2

100
tests
0.2

6.69

7.96

1:800
1:800
1:800
1:400
1:200
1:400
1:400

1:400

1:200

1:200

1:200

1:50

1:400

1:400
1:1500
1:1500
1:400

Working
concentration
5>g/ml
Working
concentration
10>g/ml
&
1>g/mi
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APC= Allophycocyanin, BV= Brilliant Violet, Cy= Cyanin dye, eF= eFlour, FITC= Fluoresceinisothiocyanat,

Materials and Methods

PE= Phycoerythrin, PerCP= Peridinin chlorophyll protein, V= Violet

2.1.3 Consumables
Table4: Consumables

Material

BD Microtainer tube

Cell strainer 40 pm
ELISAeservoir 25 ml

Filtertip 10 pl, 100 pl, 1000 pl
Microscope slide

MACS Separation LS Column
Trachealcannulafor mouse

(OD 1.2 mm, L 15mjm

Micro tube 0.5 ml; 1.5 ml; 2 mi
Needle 26G

Nitrile PowderFree Examination Gloves
Petri dish60x15 mm

Pipette tip 10 ul, 100 pl, 1000 pl
Pipette with tip 5 ml, 10 ml, 25 ml
Plate 6 well

Plate 96 well (U bottom)
Pur-Zellin swab

Spatula

Singleuse syringe 1 ml

Syringe 5 ml, 10 ml

Tube 5 ml

Tube 15 ml, 50 ml

Weighing dish

2.1.4 Kits
Table5: Kits

Kit

CDA4 T cell isolation kit Il
Mouse IL13 DuoSet
Mouse IL17A DuoSet
Mouse IFN' Duoset
Agilent RNA 6000 Pico Kit

Manufacturer

BD Biosciences Europe, Erembodegem, Belgi
BD Biosciences Europe, Erembodegem, Belgi
VWR International GmbH, Darmstadt
Sarstedt AD & CaNumbrecht

Gerhard Menzel GmbH, Braunschweig
Milteny Biotec GmbH, Bergisch Gladbach
Hugo Sachs, MardHugstetten

Sarstedt AD & CaNumbrecht

BD Biosciences Europe, Erembodegem, Belgi
Ansell Healthcare GmbH, Munich

Greiner BieOne GmbH, Frickenhausen
Sarstedt AD & CaNUumbrecht

Greiner BieOne GmbH, Frickenhausen
Sarstedt Inc., Newton, USA

Greiner BieOne GmbH, Frickenhausen
Greiner BieOne GmbH, Frickenhausen

VWR International GmbH, Darmstadt

B. Braun Melsungen AG, Melsungen

BD Biosciences Europe, Erembodegem, Belgi
SarstedtAD & Co.NUmbrecht

Sarstedt AD & CoNUumbrecht

Greiner BieOne GmbH, Frickenhausen

Manufacturer

Milteny Biotec GmbH, Bergis@ladbach
R&D Systems, Wiesbaden

R&D Systems, Wiesbaden

R&D Systems, Wiesbaden

Agilent Technologies, USA

PKH26 Red Fluorescent Cell Linker Mini Kit fo SigmaAldrich

General celmembrane labeling
RNeasy Micro Kit

Qiagen
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2.1.5 Buffers and solutions
Table6: Buffers and solutions

Buffer/ Solution
10x anesthetic (BALB/c)

1x anesthetic (BALB/c)
(2:10 dilution of 10x anesthetic BALBfic PB$

Block buffer

Digestion medium (lungell isolation)
MACS buffe

Labeling buffer

Formaldehydesolution

Saponin buffer

RLT buffer

RDD

RW1
Completemedium

Pure medium (lung cell isolation)

Red blood cell lysis buffer (RBC)

Wash medium (lung cell isolatign

FOXP3 transcription factor staining buffer set

Materials and Methods

Substance

2% Rompun

50 mg/ml Ketavet

PBS

0.2% Rompun

5 mg/ml Ketavet
anti-mouseCD16/32antibody

1:100 dilution in flow buffer

RPMI 1640

0.25 mg/ml Liberase Tdand 0.5mg/ml DNasel
MACS BSA stock solution

1:20 dilution in PBS

5ml prewarmed PBS

0.5>| of 10mM CFSE

900 ml A. dest

7.8 g NeHPQ

1.87 g NakPQ

100 ml Formaldehyde stock solution (37%)
0.2% saponin

20% FCS

PBS

Part of the RNeasy Micro Kit, Qiagen
Part of the RNeasy Micro Kit, Qiagen
Part of the RNeasy Micro Kit, Qiagen
RPMI 1640

10% FBS dat inactivated

100 Units/ml Penicillin

100 pg/ml Streptomycin

2mM L-Glutamire

RPMI 1640

without additives

A. dest

155 mM NHCI

10 mM KHC®

0.1 mM EDTA

pH7.2

sterile

RPMI 1640

10% FBSieat-inactivated

100 Units/ml Penicillin

100 pg/ml Streptomycin

2 mML-Glutamire

0.5 mg/ml DNase |
eBiosciaceVienng Austria
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Components:
Fixation/Permeabilization concentrate
Fixation/Permeabilization diluent
Permeabilization buffer (PERM) (10X)

2.1.6 Mice
Table7: Mouse strains

Materials and Methods

Name Strain | Official namgsymbol) Breeder

Wildtype (WT) BALB/c Charles River, Breeding Laboratorie:
Sulzfeld Germany

DO11.10RAG2 BALBc Tg(D011.10)10Dlo Internal breeding

2.2 Equipment and software

2.2.1 Equipment
Table8: Equipment

Equipment

BD FACS Arfalll

Biological Safety Cabinets
Centrifuge 5424

Centrifuge 5424R

Centrifuge 5810R

Dissecting sissors

ELISAReader Fluostar Omega 0415
ELISAVasher Nundmmuno™ Wash 12
Flow cytometer BD LSR Il

Forceps

Fridge, 4 °C ane€20 °C combined

Hot-air cabinet

Incubator

IR Direct Heat CQncubator
MACS Magnetic Cell Separator
Microscope Fluovert FS

Microscope Leica DM IL LED
Microscope camera Leica EC3
Multichannel pipette Biohit M300
Neubauer counting chamber, improved

pH-Meter Seven Easy PH SRO
Pipetboy

Manufacturer

Beckton Dickinson GmbH, Heidelberg
Nuaire Inc.Plymouth, USA

Eppendorf AG, Hamburg

Eppendorf AG, Hamburg

Eppendorf AG, Hamburg

WPI Deutschland GmbBerlin

BMG Labtech GmbH, Ortenberg

Thermo Fisher Scientific Inc., Waltham, USA
Beckton Dickinson GmbHeidelberg

WPI Deutschland GmbH, Berlin
Liebherrlnternational Deutschland GmbH,
Biberach an der Rif3

Memmert, Schwabach

Heraeus, Hanau

Nuaire Inc., Plymouth, USA

Milteny Biotec GmbH, Bergisch Gladbach
Leica Mikrosysteme Vertrieb GmbH, Wetzlar,
Germany

Leica Mikrosysteme Vertrieb GmbH, Wetzlar,
Germany

Leica Mikrosystem¥ertrieb GmbH, Wetzlar,
Germany

Sartorius Biohit Liquid Handling Oy, Helsinki,
Finnland

VWR International GmbH, Darmstadt
Mettler Toledo, Schwerzenbach,fBxeiz
Integra Biosciences AG, Zizers, Schweiz
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Pipette (0,1-2,5 pl; 0,510 ul;10-100 ul;20-200  Eppendorf AG, Hamburg
pl; 2001000 pl)

Precision balance LC6200S Sartorius AG, Goéttingen
Pure water system Nanopure Diamond D1193 ThermoFisher Scientific GmbH, Bremen
Shaker Polymax 1040 Heidolph Instruments GmbH & Co. KG,
Schwabach
Steam sterilizer E14 Hydromat WEBECO Hygiene in Medizin und Labor Gmb
Co.KG, Selmsdorf

Suction system Vacusafe 158310 Integra Biosciences GmbH, Ferndval
Table centrifuge Carl Roth GmbH & Co. KG, Karlsruhe
Ultra-low temperature freezer-80 °C SANYO Electrics Co., Japan
VacuGene Pump Pharmacia, Belgium
Vortex-Genie 2 Scientific Industries Inc., New York, USA
Agilent Bioanalyzer 2100 AgilentTechnologies, USA

2.2.2 Software

Table9: Software
Software Company
BD FACSDiva0 BD Biosciences, San Jose, USA
FlowJo V10 FlowJo, LLD, Ashland, USA
Imaris 9.2.1 BITPLANE, an Oxford Instruments Company
GraphPad Prism 7.0 Graph Pad Software Inc., LaJolla, USA
Leica Application Suite 2.0.0 Leica Microsystems GmbH, Heerbrugg, Swiss
Microsoft Excel 365 Business Microsoft Corporation, Redmond, USA
Microsoft Powerpoint 365 Business Microsoft Corporation, Redmond, USA
Microsoft Word 365 Business Microsoft Corporation, Redmond, USA

2.3 Methods

2.3.1 Mice

The DO11.10RAG2mice on theBALB/c background were bred and kept in the spepiithogen free

(SPF) facilitpf the university of LibeckGemeinsame Tierhaltung (GTldgcording to institutional and
national guidelines. WT BALB/c mice were purchased fibarlesRver laboratoriesand used at 812

weeks of age. The studies were reviewed and approved by the Animal Care and Use Committee from the
Schleswig Holstein state authoritiglslinisterium fiir Landwirtschaft, Energiewende und landliche Raume,
Kiel, Germany30 (75-6/16) Kohland39_2017-0301 Laumonnie). Mice were sacrificed by an overdose

of anesthetic (200ul 76mg/ml Ketamin, 4.8mg/ml Xylazin), followed by cervical dislodghton stated
otherwise.

2.3.2 Model of combined house dust mite (HDM)/ovalbur@VA)mediated allergen
sensitization

To induce allergen sensitizatioW/T BALB/c micevere anesthetizedvith 6.9mg/kg bodyweight Xylazin
(Rompun, Pfizer) and 114.5 mg/kg bodyweight Ketamin (Ketavet, Baheryleeply narcotized mice were
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fixed on a tripd by their incisors and an elastic band. The tongue was carefully pulled out and a total
volume of 5&| of PBS with the dissolved HDM/OVA allergens was administered to the throat. More
precisely, the mice wersensitizedonceby an intratracheal (i.t.) ggication of 100ug house dust mite
(HDM) extractand 40>g ovalbumin (OVAR 50ul PBRByY pulling out the tongue and closing the nose at
the same time, the inhalation of the fluid into the airways was forced. After the treatment, mice were
transferred backnto their cages and placed on bedding material to avoid backflow of the administered
substance. The animals were kept under red light to prevent them from codkwenty-four hours after

the one step HDM/OVA sensitization, the mice were euthanizedtanllings were harvested for further
analysis (Figure 5).

i.t.: HDM/OVA Harvest the
(100/40pg) lungs
Day 0

1
]
1

Figure5: Model of HDM/OVA mediated allergen sensitizatiow'T BALB/c mice received HDM/OVA (1064)0.t.
dissolved in 50 ul PBS. Tweifityir hrs later the mice were euthanized, and the lungs were harvested for further
analysis.

2.3.3 Organ removal and preparation of lung cell suspension

Before lung isolation, bronchioles were lavaged with 1 mtild PBS. For bronckalveolar lavage (BAL),

the rib cage was opened, the trachea was exposed to form a curve and was opened by a half incision on
the upper third ring. The lavage of the bronchi was done by insertion ofga@@e catheter. The next

step waghe lung isolation. All the lobes were harvested from the thorax cavity and plaged0pm cell
strainer in a éwell plate with 5ml pure RPMI 1646hich was kept on iceThe lung tissue was chopped
with scissors to small pieces and was digestedt5 mn at 37°C on a shaker the presence ofreshly
reconstituted0.5mg/ml DNase and 0.25mg/ml Liberase Siibsequently, the lung tisstentaining cell
strainer was transferred to a 50 ml Falcon tulb&esingle cell suspension was preparednbgchanical
disruptionof the lungswith the help of a 5ml syringe stamp and additiod@ml complete mediunin the
presence 0D.5mg/ml DNaseThe smoothing step was repeated twice with a subsequent step of washing
with 5 ml of complete medium (+DNA Thethe cellsuspension was centrifugédr 10minat 350x g at

4°C The supernatant was discarded, and the pellet wasuspended ir8Bml RBGbuffer for 3minat RT

to lyse the erythrocytesThe lysis was stopped by adding 30 wiisPBS and the cell suspension was
centrifugedfor 5min, at400 x g a#°C An amount of20pl of the cell suspensionasmixed with 20ul of
trypan blue in an eppendorf tube and counted in a Neubauer counting chamber. Only living cells were
counted and toal numbers of cells were calculatedingthe following formula:
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Once the cell number was detemad, the single cell suspension was used either flow-cytometry
analysispr fluorescenceactivated cell sorting (FACS)

2.3.4 Fluorescence staining, flow cytometry analysis and fluorescence activated cell sorting

2.3.4.1 Surface fluorescence staining

The lung celsuspension waadjustedto a density of 1x1{@ells/ml, and 100pper 1x10 cellswere used

for each staining. The cells were centrifugesing theCentrifuge 5424For 30sat max. speedit 4°C and
resuspended in 100ul A@ock, for 20 min at#t°Cto saturate unspecific binding site§he cells weréhen
centrifugedfor 30sat max. speedt 4°C to remove the unbound antibodies from thelfiGck and were
resuspended in 100f the surfaceantigen staining with conjugated CD antibod{2éminincubation at
4°C), which was prepared in flow buffer, using the antibodies depicted in Talle the given
concentrations. The cells were washed with 1ml BB&ash out unbound Aband resuspended in 300l
flow buffer for analysis on a BD LSRW cytometer The threshold was set on FSC at 35,000 to exclude
small particles and cell debris.

2.3.4.2 Ira-cellular fluorescence staining

For the intracellular stainingf the cytokinedFN*, IL-13, Il-17 and the transcription factor Foxp3 the
Foxp3/Transcription Factor Staining Buffer ®as usedwhereasfor the complement product€5and
Cbha, a formmehydebased fixation and saponin based permeabilization approach was usdabth
cases, surface and live/dead staining were done before the permeabilization step.

2.3.4.2.1 Foxp3/Transcription Factor Staining Buffer Set

After the surface expressioniagning asdescribed ir2.3.4.1 of the CD4T cells the Foxp3/Transcription
Factor Staining Buffer Set was usatt adapted to manufactun€Q & A y & forNBlzGtaiking ¢fdhe
aforementioned cytokinesThe cells were fixed in 100ul fixatidouffer for 1 hour at 4°C. Then 100ud-F

block in permeabilization buffer (PERM) was added and incubated for 20 min at 4°C. After centrifugation
(using theCentrifuge 5424Rfor 30secat max speedt 4°C, the cells were incubated for 15 min at 4°C in
the antibody master mix for the intracellular proteins prepared in PERM. Afterwards, the cells were
washed twice in PERM and resuspended in 300ul flow buffer for the analysis on a BD LSR Il

2.3.4.2.2Saponirbased permeabilization approach

For the intracellular staining of5 or Cba, either freshly FASSted CD11tC5aR1cDCs and
CD11BC5aRZDCs, or cells which weseeded in a 9%vell U-bottom platein the presence or absence of
CDA4T cells, weresed. In all cases, the cells were transferred into eppendorf tubesamtifuged(using
the Centrifuge 5424Fat maximum speed for 30sec 4tC Then the cells were fixefdr 30min at4°C in
100ul formaldehyde(1.5%)centrifugedfor 30s at max speed &°C andthen resuspended in a saponin
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(0.2%) buffer containg 20% FCf6r 30 min at RT. After centrifugation, the cells were incubatét the
respective primary antibody in 180 dissolvedin saponinrbuffer for 20 min at 4°C. Cells wetleen
centrifuged ad incubatedvith the secondary antibodggainstrat IgG1 in 100ul saponiouffer for 20min
at 4°C Afterwards,the cells were washed twice saponinbuffer and resuspended in 300ul flow buffer
for the analysis on a BD LSHolW cytometer.

2.3.4.3 Determining cell populations and protein expression by flow cytometry

Flow cytometry is a lasdrased technology, in which bothe physical and the molecular characteigst

of cells can be measured with a high flexibility. Single cells, passing the laser beam, can be distinguished
by at least three factors. The first one tiseir size (forward scatter (FSCif)e second one isheir
granularity (side scatter (SSC)), dhd last one ishe expression of proteins, which were stained with
fluorescenty-labeled monoclonal antibodiesMore specifically, the use oflifferent antibody
combinationsallows to determine the frequencyfaa certain cell population in a cell suspension.
Therefore, by using an antiboaymbination,| was able to determine thigequencyof acertain dendritic

cell populationwithin the whole lung cells. On top of that, flow cytometry allows the analysis ofifunat

cell properties such as cell proliferatiofor theproliferation assay, a slightly different staining protocol
was used. The cells of interest were labeled wWitharboxyfluorescein succinimidyl ester (CFSE), which
allows a successful proliferatiomalysis by dye dilutiarin most stainings, the antibody panels that are
used arecomplex,and the antibodies tagged with different fluorochromeseveal different emission
spectra, which partly overlaprhis spectral overlagvas corrected by compensationwhich was done
manually within the compensation matrix of the analysidgtware FlowJoV10(FlowJo, LLD). Cells were
analyzed on a BD LSRahalyzer o BD FACS ARYAll cell sorterwith a flow-velocity of approximately
1,000cells/s. About 100,000 ¢&=lif possible, were measured for further analysis with Flow1@

2.3.4.4 Purification of pulmonary dendritic cells by fluorescence activated cell sorting

For Fluorescence Activat Cell Sorting (FAC8&)high number of cells was needed. Thussaa CD11b
cDC cells subsets, lung tissue isolates from several mice had to be pdwantilE were resuspended in
MACSbuffer at a density of 2xT@ells/ml.Shortly before sorting, the cells were filtered through a#0

cell strainer tamaintain a sinkg-cell suspension. Tteortingof the different DC subsetwas based on the
principle of flowcytometry.lIt is important is to exclude any doublets found in the cell suspension, which
could give afalse-positive signahs well aglead cells and cell delstiThe purification of DC subpopulations
was done using a BD FACS ARIAcell sorter, equipped with a 18 nozzle. Theells were sorted into
200ul complete medium supplemented with 20ng/ml GEEF

2.4Dendritic cellT cell ceculture
The ceculture system comprised either CDITbHaRIcDCs and CDd4ransgenic (tg) T cells or
CD11BC5aRXDCs and CDZ cells.

2.4 1Isolation and sorting of CDI@HaR1cDCs and CD11b5aRtDCs

Mice were sensitized with a mixture of HDM/OVA as described in 28tibn. The lungs were harvested,

and the single cell suspension was prepared as described in section 2.3.3. The lung suspension was blocked
and stained as described in 2.3.4. The cells were then sorted on a BD ARlifig an established gating
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strategy (Figure 6). Briefly, the first steps were to gate out doublets, dead cells, eosinophils, alveolar
macrophages, neutrophils;,TB- and NK cells. In the next step, | gated on DCs, which were Cérdlc
MHCIM". Then, by using CD103 and CD11b, thubsets of cDCs could be differentiated in the lung. At
this step, the gate was set on cells which were CEID3B1b. Since it is known that in the lungs there are
also monocyte derived DCs (ACs), which are positive for CD11b, at this step it was impbttegate

out any maeDCs. Thus, | used CD64 as a typicaD@anarker and set the gate on CDTb64cells. The

last gate was set based on the expression of C5aR1 in the TDUAKRCD64DC subset. Using this
strategy, | was able to differentiate two palations, which were sorted, i.e. CD10B11BCD64
C5aR1cDCs (75%) and CDI0B11bBCD64C5aREDCs (25%). The sort purity was 76%.
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Figure 6: Gating strategy to purify pulmonary CD1i05aR1cDCs and CD1165aRXDCs.The two cDC cell
populations were identified after sequential gating for: (i) single cells using forward scatter height vs forward scatter
width, (ii) live/deadstain negative cells, (i) Sigléfand CD11&s cells, (iv) lineage negative cells, (v) COXhd

MHCIM9" cells. At this step, three subpopulations of DCs were identified using the CD103 and CD11b markers; the
gate was set on cells which were CDUE3L1b, (vi) within the CD11%DC fraction, CD64no-DCs can be found.

Thus, the gate was set ©©D64CD11b cells. (vii) Using C5aR1 as a marker, | discriminated two populations, one
negative for the expression C5aR1 (25%) and one which was positive (75%). So, the two populations that were sorted
were: Sigleckn'CD118VHCITCD103CD11KCD64C5aR1DCs and SigletFCD118VHCIICD103CD11bCD64
C5aRxDCs.

2.4.2 Isolation and CF&ibelling of OVAransgenic CD4T cells

Splenic OVAransgenic CDA cells were isolated from DO11.10 RAGRce. For this purpose, mice were

sacrificed by C£and cervical dislocation. The spleen was removed and placed-@oldd’BS. The single

cell suspension was prepared by mechanical disruption of the spleen, with the help of a 5ml syringe stamp

and additional 10ml of PBS in the presence of 0.5mg/ml DN&Be.spleen cells were then centrifuged

for 10min at 350 x g at RT. The negative isolation of Tldlls was done with the CDHBcell isolation kit

FNRY aAfidSyer OO2NRAYy3I (2 YI ydzF | O isdshdadedia 408 y & i NHzO
of MACS buffer and then incubated for 5min at 4°C in>1@@ biotin-antibody cocktail. The biotin

antibody cocktail consists of biottonjugated antibodies against CD8a, CD11b, CD11c, CD19, CD45R
(B220), CD49b (DX5), CD105, -MttiGclass Il, Tet19F YR ¢/ w' k41 | & LINATHdcBlE f I 6 S
suspension was then washed with 280of MACS buffer and incubated for 10min at 4°C in>R@diti-

46



Materials and Methods

biotin microbeads. The cells were then washed with 10mls MACS buffer and centrifuged for 5min at 400
X g atRT. The pellet was +®ispended in MACS buffer followed by magnetic cell separation using the
MACS cell separation device. The cells were counted as described in section 2.3.3. Some of them were
stained with an antCD4 antibody (in PE Cy7) to check Far purity of the isolated cell population with

flow cytometry. Purity was always > 90%. For the CFSE labeling of th€ &ili4, the CellTraceFSE cell
LINPf AFSNIGA2Y 1AG 61 & dzaSR yR GKS fFoStAy3a ¢l &
after the magnetic separation, the cells were centrifuged for 5min at 400 x g at RT and the cell pellet was
re-suspended in 508l of the lakeling buffe (5ml of prewarmed PBS +0%b of 10mM CFSE). The cells

were incubated in the labeling buffer for 10min at 37°C in the dark. The reaction was stopped by adding
1ml icecold PBS and incubating the cells for 1min on ice. The cells were theifuggdr and the pellet

was resuspended in complete medium. The labeling success was determined by flow cytohietght,
singlepeak stainingwith fluorescence intensity at 2@vas considered as proper labelifgter successful

CFSE labeling the CDH4cells were added to a 9gell plate in which the CD11¢DCs were plated the day
before.

2.4.3 Ceculture of CD11hcDCs with CF&&beled OVAransgenic CD4T cells

The FAGS8urified CD118C5aRXDCs and CD1XB5aRIcDCsvere seeded in a 9&ell U-bottom plate
to ensure that cDCs and T cells were in close contact to each other, which is an important factor for DC
survival. The cells were culturgdcompletemediumsupplemented witl20ng/mIGM-CSF, which acts as
a growth factor during D@ifferentiation. The cells were pulsed overnight with-M OVA(grade llIDand

in some cases with other blocking antibodies (T&)IE€FSHabeled OVAg CDAT cells were added the
next dayat a ratio of 1 : 2.5 [(CD11DCs) : (CDZ cells) = (1 : 2 pAfter 4 daysthe cell suspension was
transferred to a 1.5ml eppendorf tube and centrifuged for 10min at 8%0at4°C. The supernatant was
taken and frozen at20°C for further analysis. The cells were stained with a fixable viabilityAdB@€
eF780 and M4 following the protocol described th3.4.1 The life/dead ratio and the CR8ifution of
the OVAtgT cells was anatgd on a BD LSHbw cytometer.

Tablel0: Differentin vitro conditions used for the coulture betweenC5aRIcDCs; CD4 T cells and C5aRDCg
CD4T cells

Condition A
CD11bC5aRxDCs CD11BC5aRXDCs CD11BC5aRXDCs
GM-CSF GM-CSF GM-CSF
OVA OVA OVA
Anti-C5aR mAb (20/70) Isotype control
Condition B
CD11bC5aRXDCs CD11BC5aRXDCs CD11BC5aRXDCs
GM-CSF GM-CSF GM-CSF
oV, 23-339 oV, N23339 oV, 23-339
Anti-C5aR mAb (20/70) Isotype control
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Condition C

Condition D

Condition E

Condition F
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Tablel1: Concentration of the O\A**3°peptide and the neutralizing Abs used in section 2.4.2

Working Working Working Working
concentration concentration concentration concentration
Anti-C5aR1 5>g/ml - - -
Anti-CD40L 5>g/ml - - -
Anti-MHCII 100pg/mi 10pg/mi - -
OVA23339 5>g/ml 500ng/ml 50ng/ml 5ng/ml

2.4.3 ELISA

The production of H13, Il:17 andIFN+ in T-cell cocultureswasdetermined with DuoSet ELI%#s (R&D
systems). The detection limit for-1l7 was 15.6pg/mlfor IFN' 31.3pg/ml and for 113 62.5pg/ml. The
cytokine concentrations werdetermined following the manufacturer’s instructions using half of the
recommended amounodf volume (instead of using 180 | used 568). Briefly, the plate was coated with

50ul of the specific capture antibody overnight at RT. Then the capture antibaslyleacanted, and the

plate was washed 3 times with washing buffer. Afterwards, the plate was blocked with 150ul PBS/BSA
(1%) for 1 hour and washed again 3 tinvd@th washing buffer Then the standards and samples (50ul)
were added in dujitatesto the plaie and incubated for 2 hours at RT. The plate was washed again 3 times
with washing buffeland 50l of thaespectivebiotinylated detection antibody wre added for another 2

hours at RT. After another wash, 50ul of streptawidimseradishperoxidase wer@dded and incubated

for 20min at RT in the dark. After washing, 50ul of substrate were added for 20min at RT in the dark. The
reaction was stopped with 25ul 1Mx8Q, and the ELISplate was analed on a FluoStar Omega 0415
reader(BMG Labtech).

2.5 Laer scanning microscopy to assess dendritic cell T cell interactions

To determine the interaction between CDZIX1kDCs and T cells, thEACSurified sensitized
CD11BC5aRIDCandCD11bC5aRTDCs were seeded in a-8@&ll U-bottom plate in complete medium
supplemented with20ng/ml GMCSFand pulsed with 18M OVA Eighteen hours laterthe cells were
collected into an Eppendorf tube and labeled with the red fluorescent dye PKH26 (membrane labeling)
FOO2NRAY3I (2 YI ydzFl Ol dzNJdkD dells vgreé viadtiddGniti 12nypéebmed NRA S T @
serumfree medium and centrifuged for 5min at 400 x g. The supernatant was aspirated. Therpl00
diluent C {s an aqueous solution designed to maintain cell viability, while maximizing dye solubility and
staining efficiency during the labeling stepere added to 1 x P&ells. The diluent was mixed with the

cells by gently pipetting up and down. Immediately prior to staining, in a separate Eppendorf, the dye
solution was prepared by adding &l4f PKH26 ethanolic solution dye to 20Miluent C. The dye was
quickly pipdted into the Eppendorf tube, which already contained the cells. Then, the cells were mixed
with the dye by gently pipetting the cell solution up and down. Afterwards, the cells were incubated with
the dye for 5 min at RT in the dark with periodic mixifige staining was stopped by adding 1ml of-pre
warmed complete medium. The sample was centrifuged at 400 x g for 10min at RT. The supernatant was
discarded, the cells were washed in 1mlprarmed complete medium and centrifuged again at 400 x g

for 10 minat RT. The supernatant was aspirated, and the pellet was resuspended iof 0e-warmed
complete medium. The OVA tg CO4cells were negatively isolated by MACS and labeled with CFSE as
described in section 2.4.1. CH8EeledCD4 T cells (1 x ) were resuspended in 59 of prewarmed

49



Materials and Methods

complete medium and transferred together with the PKH&Beled cDCs in an Eppendorf tube. One end
of the incubation chamber was unscrewed, and the mixture ofTD¢@lls was added by continuously
pipetting to avoid bubkes. Afterwards, 708l of prewarmed complete medium was slowly added to both
ends of the chamber to avoid perturbation of the cells. The cells were incubated for 30mifCat&d
subsequently transferred to the EQ00 confocal microscofde assess the DT cell interactions. The BC

T cell interactions were recorded for 5h by taking one picture per minute.

2.6 Antigen uptake and processing assay

The antigen uptake and processing assay was performed using EEMEYBHC5aRIcDCs from naive WT
miceor WT nice sensitized one time with HDM/OVA as described in section 2m3dath casesFACS
purified CD11HC5aR1cDCs were seeded in a-@@ll U-bottom plate in complete mediuraupplemented
with 20ng/ml GMCSFFifty percentof these cells were treated witmAb 20/70, which specifically blocks
the interaction of C5a witlC5aR1Eighteenhours after the in vitro targeting of C5aR1, the cells were
pulsed with 1&g/ml FITGOVA for 60min (Ag uptake assay) angd/tnl DQOVA for 120 and 240min (Ag
uptake/processing assay) at 37°C or 4°C as a control (T@bledptake and processing were detected in
the FITC channel on a BD L8&AM cytometer.

Tablel2: Ag uptake & processing vitro condtions

Condition A

CD11bC5aRtDCs

CD11nC5aRXDCs

CD11bC5aRXDCs

GM-CSF

GM-CSF

GM-CSF

FITGOVA (60min)

Anti-C5aR mAb (20/70)
FITGOVA (60min)

Isotype control
FITGOVA (60min)

Condition B
CD11bC5aRxDCs CD11bC5aRXDCs CD11bC5aRXDCs
GM-CSF GM-CSF GM-CSF
Anti-C5aR mAb (20/70) Isotype control
DQOVA (120min) DQOVA (120min) DQOVA (120min)
Condition C
CD11bC5aRxDCs CD11BC5aRXDCs CD11BC5aRXDCs
GM-CSF GM-CSF GM-CSF
Anti-C5aR mAb (20/70) Isotype control
DQ-OVA(240min) DQ-OVA (240min) DQOVA (240min)
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2.7 RNA sequencing

| determined the transcriptional profile of C5aRD11bcDC and C5aRID11b+ subpopulations in
response to ondgime HDM/OVA immunization. Further, | assessed the impact of C5aR1 targeting on the
transcriptional activity of C5aR1+CD11b+ cDCs aftetioreeHDM/OVA immunization. For this purpose,

| performed two RNA sequenciagperiments. For the first experiment, FAQBified CD11hC5aR1cDCs

and CD111C5aREDCs from HDM/OVA sensitized mice were used (FiQuienmediately after sorting,

the cells were centrifuged for 5min at 500 x g &C4the supernatant was aspirateahd the pellet was

shap frozen in liquid nitrogen. For the second experiment, the impact of C5aR1 targeting was tested. For
this purpose, the FAG&irified CD118C5aR1cDCs from HDM/OVA sensitized mice were seeded into 96
well plates as described in seaii@.5.1, Table 9, condition A. Half of these cells were treated with the
neutralizing mAb 20/70 targeting C5aR1; the other half of the cells was treated with the appropriate
isotype control. Eighteeen hours later, the cells were collected, pelleted, thersatant was aspirated,

and the pellet was frozen a80°C (Figure). In both experiments the same RNA extraction protocol was
used.

2.7.1 RNA extraction

For the RNA extraction, the pellets were thawed and the Qiagen microRNA easy kit was used. The
extNF OGA2Yy 61 & R2yS I O02NRAYy3 (G2 GKS YI ydzZFl Ol dzZNBNDa
the pellet was immediately resuspended inr>T6f RLT buffergpntains a high concentration of guanidine
isothiocycanate, which supports the binding of RidAhe silica membrang(+ -mercaptoethanol) and
vortexed for 30s to disrupt the plasma membrane. Sevdingy > of 70% ethanol were added to the
Eppendorf tube and the total volume of 180wvas transferred into a column that was provided with the

kit. The columns were centrifuged for 15s at 10.000 x g at RT. The fluid was discarded ahaoff F84/1
(contains a guanidine salt, as well as ethanol, and is used as a stringent washing buffer that efficiently
removes biomolecules such as carbohydrates, prateimd fatty acids, that are negpecifically bound to

the silica membrane{provided with the kit) were added to the samples, which were then centrifuged
again using the same conditions as before. Again, the fluid was discarded=dmud DDlase + ) of RDD
(provides efficient orcolumn digestion of DNA and ensures that the RNA remains bound to the column)
buffer was added to each sample. The entire volume was pipetted on the membrane and the samples
were incubated for 15min at RT. Then, 366f RW1(provided with the kit) were added and the samples
were centrifuged for 15s at 10.000 x g at RT. The fluid was discarded, and the column was placed into a
new 2ml collection tube. Five hundred microliters of RiBEnfain function is to remove traces dlts,

which are still on the column due to buffers used earlier in the projogmiovided with the kit) were

added and the samples were centrifuged for 15s at 10.000 x g at RT. The fluid was discarded-lawnfd 500
80% ethanol were added and the samplegaveentrifuged for 2min at 10.000 x g at RT. The fluid was
discarded, and the column was transferred into a new 2ml collection tube. The samples were centrifuged
with lid left open for 5min at 20.000 x g at RT. The fluid was discarded, and the columramsisrted

into a 1.5ml collection tube. The bound RNA was eluted witdl RNAse free water. The samples were
incubated for 10min at RT and then centrifuged for 1min at 20.000 x g at RT. Finally, the RNA quality of
each sample was tested with the AgiléBibanalyzer. All samples were of high quality (on the following
section | will clarify what is considered high quality and how this evaluated). They were shipped to the
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Figure7: Flow chart for RNAseq sample preparation of CDX15aR1 and CD11hC5aR1cDCsWT mice were
sensitized intraracheally with a mixture of HDM/OVA (1004g) and 24h later the mice werthanized, and the

lungs were harvested. After enzymatic lung digestion, the CIT84R1cDCs and CD11B5aRIDCs were FACS
purified. The cells were centrifuged for 5min at 500 x g°&t, 4he supernatant was aspirated, and the pellet was
snap frozen idiquid nitrogen. For the RNA extraction, the Qiagen microRNA easy kit was used, the RNA quality was
checked with the Agilent Bioanalyzer and the samples were subsequently shipped to the DNA core of Cincinnati
/| KAt RNByQa Ay hKAz2XZ !'{! F2NJ wb! aSljdSyOAray3o
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Figure8: Flow chart for RNAseq sample preparation of CDX15aR1cDCs in the presence or absence of C5aR1
targeting. WT mice were sensitized intteacheally with a mixture of HDM/OVA (1004d) and 24h later the mice

were euthanized, and the lungs were harvested. The CIBARIcDCs and CD1i®5aRTDCs were FAGIrified.

The cells were seeded in 9l plates in coplete medium (+20ng/ml GMCSF), pulsed with OVA and the
Cb5aR1XcDCs, were splitted into two wells. One half of these cells were treated with antiC5aR mAb (20/70) and the
second half with the appropriate isotype control. Eighteen hours later, the cellssoieted, centrifuged for 5min

at 500 x g at %C, the supernatant was aspirated, and the pellet was snap frozen in liquid nitrogen. Before proceeding
with RNA sequencing, the T cell proliferation was evaluated to check if the in vitro blocking of GEaé&fficient.

The CD111C5aRIDCs were not used for the sequencing but only as control for evaluating the T cell proliferation.
For the RNA extraction the Qiagen microRNA easy kit was used, the RNA quality was checked with the Agilent
Bioanalyzerandthd I YLJX Sa 6SNB &ddzoaSljdsSyidfte aKALIWSR G2 GKS 5b!
RNA sequencing.

2.7.2 RNA 6000 Pico assay

2.7.2.1 Principles of Nucleic Acid Analysis on a Chip

The electrophoretic assayg based on traditional gel electrophoresis principles for the analysis of RNA.
The chip has sample wells, gel wells and a well for a ladder. fglenonels are fabricated in glass to create
interconnected networks among these wells. During chip preparatif@microchannels are filled with

a polymer gel and fluorescence dye. Once the wells and channels are filled, the chip becomes an
integrated electrical circuit. The 3@in electrodes of the cartridge are arranged so that they fit into the
wells of the cip. Each electrode is connected to an independent power supply. The charged biomolecules
are electrophoretically separated by size. Dye molecules intercalate into RNA strands. These complexes
are detected by laseinduced fluorescence. Datare translated into gelike images (bands) and
electropherograms (peaks). With the help of a ladder that contains components of known sizes, a
standard curve of migration time versus fragments size is plotted. From the migration times measured for
each fragment in theample, the size is calculate@ne markerunswith each of the samples bracketing

0KS 2SNttt aAl Ay3da NIy3aSod ¢KS af2SNE | YR & dzLJLIS NE
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data with data from the sample wellQuantitation is done with thenelp of the ladder area. The area

dzy RSNJ 6 KS I RRSNJ A& O2YLI NBR $4AGK (GKS adzy 2F GKS .
is not taken into consideration. For total RNA assays, the ribosomal ratio is determined, giving an
indication on thertegrity of the RNA sample. Additionally, the RNA integrity number (RIN) can be utilized

to estimate the integrity of total RNA samples based on the entire electrophoretic trace of the RNA
sample, including the presence or absence of degradation prodkicisre 9)
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Figure9: RNA quality assessment using the Agilent Bioanalyzer 210@ RNA integrity of a sample is calculated

using an algorithm known as RNA integrity number (RIN). The analyzer aseigmber according to how much

signal is detected between the 5S and 18S band, between the 18S and 28S bands, and after the 28S band. A RIN
number of 10 is perfect score. (A) RNA peaks of a successful sample run with RIN=10, detecting one marker peak

and tworibosomal peaks. (B) The RIN=7.3 as several small peaks are detected before the 18s peak, between the 18s

and 28s and one peak after the 28s peak. A small of that quality is not recommended for RNA sequencing. (C) In this

sample the RNA is highly degradsud the RIN=2.3.

2.7.3 RNA sequencing

Next GeneratiompolyA stranded RNA&equencingvas performed by the CCHMC DNA Sequencing and
Genotyping Core using lllumina TruSeq kits and lllumina HiSeq 2000 sequencing fejisteing

Y Iy dzFf I Ol dzNB NIndesultiggani-Ribzdlioripainsdiend rgads per sampleefly, mRNA was
fragmented using th&ragment, Prime, Finish MiXhe synthesis of the first strand of cDNA followed by

reverse transcribing the cleaved RNA fragments that were primed with randsaniers into first strand

cDNA using reverse transcriptase and random primers. The next step was the synthesis of the second
strand of cDNA. This process removes the RNA template and synthesizes a replacement strand,
incorporating dUTP in place of dTTP émerate dO5 b ! ® ¢ KSy GKS T RSyefl A2y 2
AAy3tS Wl Q ydzOft S2ARS A& FRRSR (G2 (GKS oQ SyRa 27
FYy23KSN) RdZNAY 3 GKS | RILIGSNI f A Dilicigdtideyoni KIS @A SR 12 FC
adapter provides a complementary overhang for ligating the adapter to the fragment. The next step is the
ligation of the adapters. This process ligates multiple indexing adapters to the ends of the double stranded
cDNA, preparing them fdybridization onto a flow cell. Then the PCR amplification step follows. Quality

control analysis on each sample library and quantification of the DNA library templates is performed. The

last step of the protocol includes the normalization and poolintheflibraries.
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2.7.4 Analysis of RNA sequencing

For the analysis of the data we collaborated with the System Biology for Inflammatory Disease department
of the University of LUbeck. Professor Busch used a combination of different tools to perform a
multidimensional analysis of the data. More precisaypseudoalignment was performed using Kallisto

and the principal component analysis (PCA) shows how similar or dissimilar the samples from each
independent experiment were. Next and in order to identifg differentially regulated genes among the
different groups, sleuth was usedeatmaps were made, which showed the 40 most upregulated genes

in each group of cells. The expression values are given as transcripts per millionXVBIBno plot was

used to depict differentially regulated genes withvglue < 0.05This plot shows the difference in
expression along the x axis and the significance of differential expression along the y axis.

2.8 Statistics

Statistical analysiwas performed, using GraphPad Prism version 7 (GraphPad SoftwareNormgal
distribution of data was tested using th&IlmogorovSmirnov and D'AgostinBearsortests, some after

log transformation. When groups were normally distributed, statisticfiedinces between two groups
were analyzed by unpaired t tesf.more than two groups were evaluated, the groups were first analyzed
by an analysis of variance (oig&y ANOVA), and in case of significance, followed by a Tukey's-test. P
values < 0.05 wereonsidered as statistically significant. * represents p < 0.05; ** represents p < 0.01; ***
represents p < 0.001 and **** represents p < 0.000
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3. Results

3.1 Identification and functional characterization of C5aRid C5aRCD11b conventional
dendritic cell (CD1XbDCs) subsets in HDM/Osénsitized BALB/c mice

Under steady state conditions, the lung harbors CD13D11b conventional DCs (cBCand
plasmacytoid DCs (pB)CIn addition to cDCs, CDIOD64 monocytes, residing in the lung can acquire a

DC phenotype under inflammatory conditions and present antigens to T cells Hiftdtreatment, the
pulmonary epithelial cells release inflammatory cytokines like TSLRC&NM-33 and IE25 (Lambrecht

& Hammad, 2014)(Plantinga et al., 2013However, HDM treatment also activatéise complement
system and generatghe ATsC3a and C5¢o6hl et al. J Clin Invest 2006). These ATs exert their biologic
functions through their cognate @rotein Coupled Receptors (GPCR), C3aR, C5aR1 and C5aR2.
Importantly, C5aR1 is expressed on COXINCs (Karsten et al. J. Immunol. 20B5gviotsly, the Kohl
laboratory has shown that targeting or genetic deletion of C5aR1 exbuft an increased allergic
phenotype characterized by strong airway hyperrespormsdgs, mucus production and airway
inflammation that was associated with strong maladaptive Th2 immune responses (Kohl et al. J Clin Invest
2006). This increased allergic phenotype was associated with a strong increase incOGlihkihe lung

of ChaR4eficient or C5aRfargeted mice. At this point, itvas unclear, how C5aR1 regulates the
programming of CD11IbDCs into a phenotype that activates CD4cells and drives Th2 immune
responses in allergic asthmBherefore, | aimed tdelineate the role of C5a/C5aR1 signaling in Cx1®

for the activation of CD4T cells irthe sensitization phase d@llergic asthmaMore preciselymy aims

were to i) functionally and phenotypically characterize the CBdGs based on the expressafrC5aR1

and determine their C5/C5a production, ii) determine the mechanisms underlying C5aR1 driven regulation
of pulmonary CD11DCs.

3.11 Pulmonay D11bbcDCs can be phenotypcially differentiated into C5aRd C5aRbubsets

To identify pulmonary CAb*'cDCs in wildtype (WT) BALB/c mice | used the following gating strategy: first,
macrophages and eosinophils were excluded as SigtedE. Within the Sigleckaction, lineagé cells
comprising B cells (CD19), T cells (CD3e), NK cells (CD49b) and neutrophils (Ly6G) were excluded. Among
the lineagecells, DCs were identified as CD'MBGIIM" cells. These DCs were further subdivided into
CD103CD11bcDCs and CD1@D11b cells comprising CD116D64DCs and CD1i¥bD64 mo-DCs.
Additionally, a population which was CD1@b103was identified. Based on this gating strategy | sorted
SiglecFED19CD3eCD49H y6GCD11MHCIT'CD103CD11BCD64ADG by FACS (Figure 10A). Using
Cb5aRlas an additional marker, | fouritat CD11kcDCsare a heterogeneous population, comprising
C5aR1(85%) and C5aR15%) subpopulations under steadiate conditiongFigure 10B)importantly,

24h after tstep HDM/OVAintratracheal (i.t.Jimmunization tke majority of the CD1TbDCswas still
positive for C5aR1 (75%), but the frequency of C&aRIs increased (25%)igure 10B and 10C)
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Figure10: Pulmonary CD111eDCs are a heterogeneous populatiased on the expression of C5aRA) Gating
strategy to identify pulmonary CD1HDCs in WT naive and sensitized BALB/c mice. The €DChbare: SiglecF
liCD11@AVIHCINT"CD103CD11BCD64 (B) Histogram showing the expression of C5aRiilimonary CD111tDCs

from naive mice and animals sensitized 1 x i.t. with a combination of HDM and OVA. The majority of naive
CD11bcDCs is C5aR(B5%), and only a minor fraction of the population is C54E6). Twentfour hrs after 1

step HDM/OVA (1093 k nn>30 A DG P aSyaaiiAil-thDTaig slilEC5aRE0), YUt tBe2ghbipli @ 2 F
of C5aRlincreased to 25%. The histograms are representative of data from 10 mice. The HDM/OVA immunization
and the isolation of the lungs 24 hrs later, applialso to the subsequent figures. (C) Frequency of pulmonary
CD11KC5aR1and CD11tC5aR1cDCs in naive (left panel) and sensitized (right panel) mice immunized 1x i.t. with
HDM/OVA. Shown are the frequencies of the two subsets within total lung cell$ ndata were analyzed by
unpaired ttest. ****p<0.0001

More precisely, under naive conditions, the frequency of C5dRs was 0.80% and for C5aRCs 0.1%

of total lung cells. After 1 step HDM/OVA sensitization, the frequency of the C&atbdkt inceased 3

fold to 2.5%; for the C5aRtincreased &old and reached almost 0.6%. These data show that pulmonary
CD11bBcDCs are not a homogeneous population but can be differentiated into two subsets, i.e.
CD11BC5aR1cDCs and CD1i1B5aRTDCs.

3.12 C5aR1and C5aR&DCs exert different potencies to drive OVA transgenic (tg) TTBall
proliferation

After the characterization of CD1DCs as a heterogeneous population, | wondered whether the
phenotypic differences are associated witinctional differences. To address this question, | performed
an assay that evaluates the potency of the two CDARE sulpopulations to drive OVApecific CD4T

cell proliferation.More precisely, 24h after 1 step HDM/OVA immunization, the C5aRILCaR1cDCs
were FAC®urified, in vitro pulsed with OVA and 18h later-coltured with CFSEbeledOVAtg-CD4 T
cells from DO11.10 RAG2nice. Four days later, the proliferation was evaluated. ifihatro induction

of CD4T cell proliferation was visliaed by the dilution of CFSE, an intracellular dye, emitting within the
FITC channel.
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Figure1l: Proliferation of OVAransgenic CD4T cells in response to eculture with OVApulsed C5aRl1and
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cDCs from WT miagere purified from digested lung tissue by FACS 24h after the treatment. For four days, both

cell populations were caultured with CFSEbeled OVA transgenicCO¥ OSft f &
GM-CSF (20 ng/ml).

AY GKS

LINEASYOS

(A) Dplots showing the gting strategy to identify living untouched OV CDA4 T cells

purified by MACS. (B) Histogram showing the CFSE signal in OVATg€lIBAfter four days emulture with C5aR1
or C5aR1cDCs(C) Frequency of proliferated OVA tg CD4ells, n = 15 per group. Differences between group were

evaluated byunpaired ttest. ****p<0.0001

To evaluate the T cell survival, the cells were stained with the fixable viability dye eF450. Aftayeur
the percentage of living T cells was typically betweei®306 in T cell eoultures with both C5aR&and

60

| 5akh

2



Results

C5aRtDCs, demonstrating that both CD1dbC populations promote T cell survival. Even though both
populations could promote T cell survivaluadly well, this was not the case for the T cell proliferation.
More specifically, C5aRDCs had a much lower potency of priming &yécific T cell responses in
comparison to the C5aRDCs. Clearly, the data showed that the two CDARE subsets found ithe
lungs of sensitized mice after 1 step HDM/OVA immunization were functionally different.

3.13 Sensitized C5aRDCs express significantly lower levels of MH@d the cestimulatory
molecule CD40 in comparison to C5aRCs

As outlined in detaihi the introduction (chapter 1.3.4)he activation of CD4l cells requires three signals,

which aretypicallyprovidedby professional APCs suchxSs. More specifically, these signals are: i) the
interaction between the TCR on the T cells and peptideeMHCII complex on the DCs, ii) the- co
stimulatory moleculesg.g.CD40, CD80, CD86, and OX40L) on the DCs and the (CD40L, CD28, and OX40)
on the T cells and iii) polarizing cytokines released byobGther innate immune cellsThe significantly

reduced potencyof the C5aRTDCs to efficienthydrive CD4 T cellproliferation suggestedthat the

formation of immunologic synapse is disturbed at the level of MIACR and/or costimulatory molecule.

To address this question, | decided to first charaeteithe two CD1118DC subsets phenotypically. |
determined the expression of MHCand the cestimulatory molecules CD40, CD80, CD86, OX40L in
C5aRland C5aR1cDCs, both under steaghtate conditions and 24h after sensitization to HDM/OVA
(Figure 12). ie same number of events (10.000 events) was recorded for each subpopulation to avoid
any bias.

C5aR1*cDCs after 1 x HDM/OVA

C5aR1cDCs after 1 x HDM/OVA
FMO

= == == Naive C5aR1cDCs
= = = Najve C5aR1cDCs
FMO
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Figure12: Association of C5aR1 expression on CDI1dbCswith MHGII (A), CD40 (B), CD80 (C), CD86 (D) and

OX40L (E)'he cDCs were either from naive WT mice (left panel) or from WT mice treated once with HDM/OVA (100
>3knn >30 o6aSyairidAil SR -fouk lbSafter thedinivive tiéditrAekitfie ekpregsori di MHICII ¢ 6 Sy (1 @
and other cestimulatory molecules (CD40, CD80, CD86, and OX40L) was evaluated by measuring 10.000 events for
SIOK 2F GKS (62 adzolLl2LzZ I dA2yadad ¢KS 3INI LKA aKz2g (GKS pac
subsets asnean + SEM, n = 6 per group; differences between groups were evaluated by unpasedtp < 0.05;

**p< 0.01; **** p <0.0001.

| found that C5aR&DCs and C5aR&DCs from naive mice both expressed MHC ansdtiowlatory
molecules. Upon 1 x HDM/OVAmunization, MHEI expression increased in both cell populations
(Figure 12A). Both CDItBC subsets also expressed CD40, however, upon 1 x HDM/OVA immunization,
the expression of CD40 increased only in the C5gi@ap, whereas its expression levels @ned almost
unchanged in case of C5aBCs (Figure 12B). | also observed that both CZaR1C5aRtDCs from

naive mice expressed CD80 and they both upregulated the expression upon 1 x HDM/OVA immunization
(Figure 12C). The expression of CD86 followsithdar pattern as CD80, as both populations expressed
that molecule under steady state conditions and upregulated its expression upon allergen contact (Figure
12D). Lastly, regarding the expression of OX40L, | observed that €¢I3@RAand C5aRdDCs frm naive

mice both expressed that molecule, but the exposure to HDM/OVA only affected the €baR1which
increased the expression of OX40L, whereas no changes were observed for thelDGaRRigure 12E).

Next, | compared the expression of MiH@nd cestimulatory molecules in C5aRdnd C5aREDCs from
naive WT mice. Here, | found that MHH@xpression in C5aRIDCs was significantly higher than that in
Ch5aR1cDCs. Similarly, CD40 and OX40L expression was higher in €¥a®than in C5aRdDCsIn
contrast, CD80 and CD86 expression was significantly higher in*@haiRih C5aRXDCs (Figure 12 A
E, left panels).

Finally; | assessed MHICand costimulatory molecule expression in C5aiid C5aR1cDCsafter 1 x
HDM/OVA immunization. Similar to what | had observed under steady state conditionsl| MiCCD40
expression was significantly higher in C5aRlcompared to C5aR&DCs. CD80 and CD86 expression in
both cDC populations was similar, whereas40L expression was higher in C5affiCs than in C5aR1
cDCs (Figure 12, right panels).

Based on these findings, | hypothesized that the impaired potency of C&&KRlIs to drive T cell
proliferation results from the decreased MHIGand CD40 ligand pression.

3.14OVAtg CDAT cells interact more frequently with the C5aRLCs than with C5aRDCs

As outlined above, strong CDZ% cell proliferation requires strong immunological synapse formation
between cDCs and T cells. To directly assess syfapsation between the two pulmonary CD11¢DCs
subsets and Oy CDAT cells, | labeled both cell populations and monitored their interactions for 300
minutes by confocal microscopy (Figure 13).
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Figurel3: Kinetic of theinteraction between OVAlg CDAT cells, C5aRand C5aR1 WT mice were treated once

GAGK | YAEGdzZNB 27F | 5ak hand CEaRDDh1BcDCEKronmWT>niicé wekeiirified fromp | w m
lung tissue by FACS 24h after sensitization. The cDCs cukyfed 1 KS LINS&aSy OS 2F-C3F420 ! 3 0O m.
ng/ml) overnight. The following day, they were labeled with PKH26, a red fluorescent dye, emitting in PE for
membrane labeling and transferred in a channel slide together with-@B8Ed OVA transgenic CDHcells. Using

an FV1000 confocal microscope, the interactions between DCs and T cells were monitored for 300 minutes, taking
2yS LIAOGdZNBE LISNJ YAydziSod ¢2 @GAadzatAl S GKS AydiSNI OGAz2ya
used. It opeates on two channels (PE and FITC) simultaneously and measures the degree of overlap between the
two channels. (A) Intensity histogram of the PE/FITC channels, which reflects the distribution of voxel (in computer
based modeling, a voxel & unit of graplic information that defines a point in thregimensional spacepair

intensities occurring in the two selected channels. The range of intensity pairs considered as colocalized can be
defined on the histogram as channel thresholds, marked with the twowdilees (B) Number of voxels per minute

per sample recorded for 300 min using either C5a8t1Cs (blue) or C5aR&DCs(red), n=4 per group. (C)
Quantitative evaluation of the curves shown in (B). The area und the curve (AUC) was determined for evaluation;
n=4 per group. Differences between groups were assessed by unpdist] ¥<0.05.
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| observed more interactions begen OVAg CD4 T cells and C5aRhan with C5aR1cDCs during the
300 minutes observation period (Figure 1-=EA In particular, the number of interactions between T cells
and C5aR1cDCs during the first 2h was very low, strongly suggesting that th&lld@ll expression in
C5aR1cDCs prevented optimal antigen presentation via MHihd sustained interaction via CD40. Also,
at the end of the observation period (2800 min), a marked reduction of CDR cell interaction with
C5aR1cDCs occurred, wheas the high level of interaction was unchanged between C5eR1s and
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OVAtg CDAT cells. The data indicate that OWACDAT cells only transiently engage with C5a801Cs
and that this engagement is less stable than that with C5elRTs.

3.15 C5aRXDCs express significantly higher levels of ILL7RB but significantly lower levels of
TSLPR in comparison to 8aREtDCs

The distinct expression levels of MHHCCD40, CD80, CD86 and OX40L in Caaild1C5aR1cDCsn
response to allergen sensitization may suggest that these two CERClsubpopulations are not able to
sense the signals from their environment in the same way and due to that, they showed a different
maturation profile.

Work from several groups dugnhe past few years revealed an essential role of ECs in ¢cDC maturation.
It was shown that the ECs do not only act as a passive barrialdogenuptakebut recognize allergens
through the expression of pattern recognition receptors and mount an innateune responseUpon
allergen recognitiorsuch as HDM/OVA exposyECgelease cytokingalarming such as HL, 125, Il

33, TSLPand GMCSF, and endogenous danger signals, such asrtagtity group box 1, uric acid, and
ATP, that activate thpulmonary DGhetwork (Lambrecht & Hammad, 2014herefore, the next step to
further characterize the two CD1MDC fragments was to examine the expressiospacific alarmin
receptors and compare their ability to sense the inflammatory signals released by the epithelium.

To assess whether the observed differences in the maturation profile between the sensitized &%hR1
C5aR1cDCs could result from theiifferent ability to sense their micrenvironment, | determined the
expression of ST2, the receptor of38, TSLPR, the receptor for TSLP, IL17RB, the receptet 7& #nd
IL17E (H25), and the H7 receptora-chain (IL7a), the receptor for TSLP ahd7 in C5aR1and C5aR1

DCs from naive and HDM/O¥Ansitized mice (Figure 14).
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Figure 14: Association of alarmin receptor and C5aR1 expression in CIxO®s from naive and HDM/OVA

sensitized WT mice(A) Alarminreceptor expression in C5aR¥r C5aR1cDCs from naive WT mice. (B) Alarmin

receptor expression in C5aRdr C5aR1cDCs fromt ¢ YA OS (GNBI GSR 2y 0S gAUGK |1 5akh+
Comparison of the TSLPR (left) and IL17RB (right) exprémtisaen naive and sensitized C5a®Cs as well as

between naive and sensitized C5&TCs¢ KS 3INJ LJIKa &aK2¢ (GKS pacCL 2F (GKS SELINE
by the two subsets as mean + SEM, né=#r group.Differences between groups in (A) and \{&re compared by

unpaired ttest; * indicates significant differences between C5aftid C5aR1cDCs; *p<0.05, **p<0.01, *** p <

0.001 and ****p<0.0001. Values shown in C are the mean + SEM, n=6 perandupe data were analyzed using

an ANOVA test, fof 2 6 SR 0 & -hbaligstd indicateslsigrificant differences between naive and sensitized
C5aRXDCs as well as between naive and sensitized CHaR8S; **p<0.0hAnd****p<0.0001.

Under naive conditions, the C5aRCs expressed higher levels 82 $1 comparison to the C5aBRCs.
However, upon 1 step HDM/OVA the expression pattern of that alarmin receptor slightly changed. The
C5aR1cDCs decreased its expression, whereas the expression of ST2 remained unchanged for the C5aR1
group, which resultd in similar expression levels between these two groups upon allergen contact (Figure
14AC). In case of {La, | observed that naive C5aftlCs expressed significantly higher levels of this
receptor in comparison to C5aRDCs. Interestingly, upon HDM/O®¥posure, both populations slightly
increased the expression of-Tl, although, the C5aRDCs to a higher extent. Eventually, both ¢cDC
populations expressed similar levels 67l (Figure 144&).Regarding the expression of1ZRB, | noticed

that already under naive conditions the C5a6T1Cs expressed significantly higher levels in comparison to
the C5aRtDCs. However, | found no changes in the expression pattern of that receptor upon HDM/OVA
sensitization (Figure 148). Concerning the expressionT@LPR, the C5aéllCs expressed significantly
higher levels in comparison to the C5&1Cs both under naive and inflammatory conditions. More
precisely, this was the only molecule, which was significantly upregulated in both €DClfubsets after

1 step HDM/OVA sensitization. Importantly, although both populations upregulated the TSLPR, the
upregulation in C5aR&DCs was much stronger than that observed in C5aRQs (Figure 14@).

3.16 C5aR1and C5aRtDC drive mixed Th2/Th17 immune responses

Next, | aimed to delineate the differentiation program initiated in naive OVA tg T@4lls upon co
culture with either C5aRDbr C5aRXDCs. Th€D11b DC populations contribute to Th2 and/or Th17
development(Plartiinga et al., 2013)More precisely, 24h after 1 step HDM/OVA immunization, the
C5aRland C5aR&DCs were FAGfarified, in vitropulsed with OVA and 18h later were-coltured with
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CFSHabeledOVAtg-CD4 T cells from DO11.10 RAG2nice. Four days later, the T cell differentiation

was evaluatedy: (i)ELISAi.e. measuring the concentrations of cytokines in the supernatants of C5aR1

and C5aR1T cell caeculture); and (ii) intracellularcytokinestainirg. More precisely, on day 4 of the-co
culture, | stimulated the cells with ionomycin and phorbolri@ristatel3acetate (PMA) and stained the
T cells for the intracellular expression of the cytokines3land IL17A) (Figure 15)The cytokine H13 is

associated with a T¥2 response, HL7 is typical for a Fi7 response, FOXP3 for a T regulatory response
and IFN' for a Th1 response.
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Figurel5: Sensitized C5aR&nd C5aRTDCs drive a mixed Th2/Th17 respon¥¥éT mice were treated once with
| 5akhz! omnn > 3 kfounhrsia@n pulindnérgCsaRint §56R1BD118cDCs from WT mice were
FACsurified. For four days, they were -cultured with CFSEbeled OVA transgenic CDHBcells in the presence
of hz! O MmN -6SF(20 hgyR. OD day 4, the differentiation of T cells was evaluated bycéfitrear
cytokine staining (A) and ELISA (B). Shown is the percentage of proliferated €&l expressing-113, 1-17A, IFN

1 and FOXP3 (A only) aztmean + SEM, n =3per group for the ICS and n48 for ELISAifferences between
groups were assessed by unpairebst; *indicates significant differences between T ceHlotdtures of C5aRYss.
C5aR1cDCs; * p < 0.05, ***p<0.001 (N.D.=not detet}e

CbhaR1land C5aR1cDCs induced the differentiation of1lZ-producing Th17 cells (Fig. 15). However, the
C5aREIDCc¢ T cell cecultures resulted in a lower frequency of1EZA producing T cells (& 3%) in
comparison to the C5aRIDC; T cell cecultures (1&5 %; Figure 15A). When | checked TIA production
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by ELISA, | noticed that in case of the CEARIC T cell cecultures, IE17 production was below the
detection limit of the assay, whereastime C5aRTDCq T cell cecultures , | measured 5045pg/ml Il
17A (Fig 15B).

In addition to IE17A, C5aRland C5aRY T cell cecultures resulted in the differentiation of -IL3
producing Th2 cells. The frequency efl8producing Th2 cells was beden 70+ 5% and 8@ 5% in ce
cultures of C5aREBnd C5aRWwith T cells, respectively (Fig. 15A). Thus, ChairlLC5aRXDCs drove a
dominant Th2 response, which was somewhat more pronounced with CBBR$. When | checked the
IL-13 production by ELISAnoticed thathe IL-13 protein production from the T cells of both groupas
identical(Fig. 15B).

As expected, both CD1MDC subpopulations did at best drive a very low frequency of 4pidducing
or FOXP&xpressing T cells. Also, HlBroducton by ELISA was minor (Fig. 15).

As | have shown in section 3.1.2, C5aBCs induced robust CDR cell proliferation and the frequency
of activated T cells in that exulture system was significantly higher in comparison to the Csa8R%, T
cell cocultures. Surprisingly, | noticed that in the C5aBtbup of cells, even though the number of
activated T cells was lower in comparison to the C5a#Rg, the secreted amount of-Il3 and IEL7A was
either the same or even higher. This finding indicates #eth T cell in the C5aRgroup producd
markedly higher amounts of both-Il3 and IE17A in comparison to the C5aBCsTaken together, the
data demonstratethat the C5aR1cDCsvere more potent to drive T cell proliferation than the C54R1
cDCshut their ability to induce Th2 and Th17 cytokine production in individual Twaksnuch lower
than that of thér C5aR1counterparts.

3.17CD11BC5aRXcDCs express lower levels of CloBRbmparison to CD11065aRtDCs

It is known that once the CD1dDCs take up the Ag and get activated, they migrate to the draining lymph
nodes (dLNs), where they encounter naive CDdells and activate theClatworthy et al., @14) Since

my data showed that the C5aR[DCs were the ones, which efficiently elicited T cell proliferation, | wanted

to know whether they had a better potency to migrate to dLNs in comparison to G&aR4. To do that,

I checked for the expression GICR7, whicis upregulated on activated DCs aautical for the migration

of DCs to thalLNgClatworthy et al., 2014)CCR7 recognizes CCL19 and CCL21, which are produced in the
lymph nodes and increase the expression of MHd coestimulatory molecules on D(3atworthy et

al., 2014) The expression of CCR7 was tested 24h after a 1 step HDM/OVA sensitizatiori@rigure
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Figure16: Association of C5aR1 expression on CD1dBCs and CCR7 expression in CDXIICs subsetsThe
expression of CCR7 was evaluated by flow cytometry. Altogether 10.000 events were measured for each sub
population. (A) Histogram showing CCR7 expression in CaaBRT5aRXDCsubsets. The figure is representative

of one experiment. (B) Quantitative assessment of CCR7 expression in @@RbaR1cDCs. Shown is thevFI

for CCR7 within the two subsets. Data shown are the mean + SEM, n = 6/group, * p < 0.05. Differenceis betwe
groups were determined by unpairedést.

The data show that the C5aRICs expressed significantly higher levels of CCR7 in comparison to the
C5aR1cDCs. Given that CCRY7 is critical for migration into the dLNs these findings may suggest that C5aR1
cDCs migrate more efficiently to the dLNs where they may interact more efficiently with T cells due to
their higher expression levels of MHIGind CD40.

3.1.8 Impact ofex vivoOVApulsing and T cell erulture on C5 production and C5a generation
from sendized C5aR1and C5aRTDCs

My findings that C5aRland C5aR1cDCs show a distinct potency to drive T cell proliferation and
differentiation in vitro in co-cultures with CD4T cells, suggest that C5aR1 is activated during the co
culture to promote the observed effects. However, at this point, it was unclear, which cells might produce
C5 and cleave it into C5a during the cDC/T celiutture. To determine the source of A5analyzed
whether C5aRl1and C5aRTDCs were making C5 on day 0, i.e. when cells were sorted after 1 step
HDM/OVA sensitization, on daywhen DCs weré vitro pulsed with OVA, but before the T cells were
addedto the system anadnday 2, i.e. when DC#d T cells had interacted for 24h hoFsgurel?).
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Figurel7: Impact of allergermpulsing and T cell coulture on C5 production from pulmonary C5aRinhd C5aR1

cDCs(A) Histograms showing C5 generation in C5aRd C5aR1cDC subsets directly after FACS purification on

day 0, after OVAulsing on day 1 and after addition of OYACDA T cells on day ZB) Quantitative evaluation of

C5 production in C5aRDCs. (C) Quantitative evaluation of C5 production in C&82aR4 on day 0, 1 and 2. (D)

Comparison of C5 production in C5a®1d C5aR105/ & 2y Rl @44 n3X M3 YR H® ¢KS TA3d
of the C5 expression. Data shown are the mean £ SEM, n=4 per group; in (B)datd {@re analyzed by ANOVA

tesi = F2f f 26 S R-ha st tinditafe$ s@ydificaniddfdiences from day 0 to day2; ** p < 0.01 and **** p

< 0.0001. (Dpata were analyzed by unpaired t te$tndicates significant differences between C5aiid C5aR1

cDCs; * p < 0.01.

On day0, around 4 % of C5aR(Figure 17A, B) and 28 % of C5a®ICqFigure 17A) homogenously
produced C5, directly after sorting. After Oy@ising on day 1, the C5 production in C5a&id C5aR1
cDCs markedly increasdd.contrast to day 0, 83 % of C54Rtd 82 % of C5aRIDCs produced C5. After
addition of T cedl on day 2, the C5 production significantly decreased in both the C&aRT5aRXDCs

and only 66% of C5aRdDCs and 71% of C5aRMDCs still expressed C5. To determine the individual C5
expression in C5aRand C5aRXDCs on days 0,1 and 2, | comphiiee nMFI. As shown in Figure 17D,
C5 production was significantly higher in C5a®LCs than in C5aR&DCs on day 0. In contrast, C5
production increased to the same level in C5adid C5aRTDCs at day 1 and the expression levels were
also similar orday 2. Importantly, | found no C5 production in the T cells (Figure 17A)

These finding suggest that OVAlsing is an important inducer of C5 production in C3aRt C5aR1
cDCs. The fact that | observed C5 production in only a subfraction of cDCsggegtgsbat these cDCs
have efficiently taken up the antigen. Further, DC/T cell interaction reduced the potency of pulmonary
CD11bcDCs to produce C5.

Next, | aimed at studying the impact of OWlsing and DC/T cell interaction antracellular C5a
generation from D@roduced C5. @ day 0, none of the two CD1HdCsubsetsproducedC5a(Figure

18AD). Only afterin vitro pulsing with OVA, theDCs started to make C3a.C5aR1cDCs, 2.5% of cells
produced Cb5a, whereas in C5aRDCs, 7% were Cba producers. Strikingly, the C5a production
significantly increased after the addition of T cells on day 2 (Figure 18B and 18C). After the addition of T
cells 19% of C5aRand 57% of C5aRdADCs produced Chaterestingly, C5aRdADCs were m@king more

C5a in comparison to the C5aBCon day 1 after OVA pulsing and on day 2 after addition of the T cell

In accordance with my findings th&tcellanake no C5, | also found no production 8&(Figure 18A, D).
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Figure 18: Impact of allergen-pulsing and T cell coulture on Cb5a production from sensitized C5aRihd
C5aR1cDCs.(A) Histograms showing C5a generation in C5aR#l C5aR1cDC subsets directly after FACS
purification on day 0, afte©VApulsing on day 1 and after addition of OYACDAT cells on day ZB,C) Quantitative
evaluation of C5a production in C5aBRCs (B) and C5aRCDSC) on days 0, 1 and 2. (D) Comparison of C5a
production in C5aRBnd C5aR105/ & 2y RIF @& nX M2 YR Hd ¢KS TFAIdzNBa
expression. Data shown are the mean £ SEM, n=6 per group. in (B) atatg®ere analyzed by ANOVést,
F2ff26SR 0 éhocttedt)*iBdicaas significand differences from dayO0 to day2; **** p < 0.0001. &

were analyzed by unpaired t testndicates significant differences between C5aftid C5aR1cDCs; *** p < 0.001

and **** p < 0.0001

To directly assess the impact of T cells on C5a production from CE@b,] compared the Cba
generationon day 2in the presence or absence of CO4cellsIn case of the C5aRDCs, the levels of
Cbha production were similar between the two groupslidating that the trigger for the C5a generation
was the allergen and the interaction of the cDCs with the*dDgtlls had no influence. However, in case
of C5aRXDCs, the CD7 cells played a role in the production of C5. More precisely, | foundrthoaith
CD11bcDC subsets, the trigger was the allergen, but in case of the @RaR, the interaction of the DCs
with the CDAT cells resulted in lower generation of C5a, suggesting that thé Tbdlls could act as
limiting factor for the production ofc5a (Figure 10). These findings suggest that T cells differentially
impact on the potency of the two different CDIMubsets to generate C5a from C5.
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Figurel19: Impact of T cells on OVriven C5a production irsensitized C5aRhnd C5aRTDCsWT mice were

dNBI SR

2y 0S

gAlK

tissue by FACS 24h after the treatment. On day 2 post sorting, the intracellular expression of @galuasd in
OVApulsed cDCs that were amiltured system with or without OVfy CD4T cells¢ KS FA 3 dzNE aK2 g6 a
the C5a expression by the two cDCs subsets. Data shown are the mean + SEM. nwefe andlyzed by unpaired

t test; *indicates gnificant differences between C5aRihd C5aR1cDCs; *p < 0.05

3.19 Bulk RNA sequencing of C5alRfidd C5aRe¢DC after 1 step HDM/OVA immunization

revealed distinct transcriptional activity in the two CD®DIC subsets

As outlined aboveC5aR1and C5aRTDCsexert phenotypical differences including distinct MHC

costimulatory molecule and alarmin receptor expression that are associated with a distinct potency of the

two CD11b cDC subsets to drive T cell proliferatiand differentiation. To delineate the activation
pattern of sensitized C5aRdnd C5aRXDCs in more detail performedbulk RNA sequencinRNAseq)
of FAC®uwurified CD11tC5aR1and CD111C5aR1cDC, 24h afteonestep HDM/OVA sensitization (Figure

20). In order to perform RNAseq, a minimum of 300ng of RNA yield is required. Due to the low number of

pulmonary C5aR&and C5aRkDCs that can be sorted from a single mouse, ten mice had to be pooled to
meet the requiements. In case of the C5aRMDCs, this resulted in a sufficient RNA yield (700ng), but in

case of the C5aRDCs, the yield was around 200ng. Even though, the DNA core at CCHMC, which

performed the RNA sequencing recommends to use 300ng of RNA, it afsble to work with lower
amounts (15200ng). Thus, for the initial library preparation, | used half of the amount of each sample

(350 and 100 ng). Unfortunately, the first approach to prepare the cDNA libraries failed. So, in the second

approach, theDNA core from CCHMC, decided to pool all the CsaRiples, in order to reach the 300ng
of RNA yield and to ensure successful library preparation and sequencing. Regarding the@@SsR1
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there was no need for pooling, since the RNA yield of one sam@eufficient. Thus, instead of acquiring
data from three independent experiments, | had to use pooled RNA from the three independent
experiments. Both for the C5aRand C5aR1cDCs, a paired end sequencing was performed, and the
samples received almost 20 reads.
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Figure20: RNAseq analysis of sensitized C5a&1d C5aRtDCsWT mice were treated once with HDM/OVA (100
>3k nn >3 and @aREDCs frgm- Wi mice were FASBted 24h after thesensitization, and the samples

were prepared for RNA sequencing. (A) Expression of 40 genes (rows) with the most significant difference in
expression in C5aRand C5aR&DCs (columns). (B) Scatter plot for genes with-iokeichangelflue= high in C5aR1

cDCs; red=4old high in C5aR&DCs, grey= genes with &dld or lower fold change between the two groups of
cells).

Theanalysigevealed that the two CD11oDC subsetsid not cluster together andby setting thecut off
to 4 fold,there werealmost 100 genes from each population thegre highly expressed in one of the two
populations whereasheir expression wamuch loweror in some cases even zerothe corresponding
population. More precisely, genesith a 4fold or higher change withithe C5aR1 group of cells
comprisel Argl, Mir682, Mir703Snora28, CcllZ1qc, Clgland s100a8. The gen&nora70,64,52 and
21,zbth46, ccll7cl22, cd209Cd7and clecl0ahowed a stronger expression in the C5aRCs, with a
4-fold or higher change ioomparison to their expression levels on the C5aBRCs
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3.110CD301, CD24 and CD2iScriminatedifferent subsets of CD1MdDCs

In a next step, | started to verify some of the RNA profiling results. | focused on cell surface molecules that
| could eady use to further phenotype the CD11¢DCsl assesed the expression of CD209 and CLEC10A

in the two cDC populations together with COZ4gure 21).

‘
260)
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SSC-A
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Figure21: CD301, CD24 and CD209 reveal different subsets of CEROsWT mice were treated once with

|l 5akhz! o6mnn >3knn >30 APid wnK FFEGSNI GKS GNBFGYSyidz i
measuring 10.000 events for each of the two qdpulations. The dot plots show the expression of CD301, CD24,
andCD209 by CD116D64cDCs. The histograms show C5aR1 expression in the different €DCsb

| could confirm that CD209hi CD1&bCs did not express CHaRiowever, in the CLECIO®11bcDCS
only a subpopulation was C5aRdhereas the majoritgxpressed C5aR1. Similarly, CD24 was expressed
on C5aR1and C5aRtDCsThus, the flow cytometric data confirmed some results obtained from RNAseq.
Clearly, they demonstrate that the COCD64DCs are heterogeneous.

3.2Direct evaluation of the role @5aR1 on sensitized CDI15aRXDCs

3.211In vitrotargeting of C5aR1 partially restored the potency of C8&Kis to induce CD#

cell proliferation

The different sets of experiments | performed so far (phenotypic characterizftioctjional studies, and

RNA sequencing), all indicated that the C5aifd C5aRtDCs are two cDC subsets with distinct
functions. However, at this time point, it was still not clear, whether these differences between the two
CD11bcDC subsets were contledl by signaling through C5aR1 or not. To directly assess the role of C5aR1
on CD11kDCs, | decided to focus on C5aRLCs and block C5aR1 using a neutralizing Ab against the
receptorin vitro(Kohl et al. J Clin Invest 2Q08n more detail24h afterone step HDM/OVA immunization,

the C5aR1cDCs were FAGfarified andin vitro pulsed with OVAHalf of the cells were treated with a
neutralizing Ab against C5aR1, and the rest of the cells were treated with the appropriate isotype control.
Eighteenhourslater, both groups of C5aRdDCswere cocultured with CFSHabeledCD4 T cells from
OVAtg DO11.10 RAG2mice. Four days later, T cploliferationwas evaluated
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——— (C5aR1'cDCs after 1 x HDM/OVA
—— C5aR1c¢DCs after 1 x HDM/OVA
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Figure22: Impact ofin vitro targeting of C5aR1 in C5aRADCs on CDA cell proliferation.WT mice were treated

2y 0S 6AGK | YAEGdzZNE 27F | 5and B85aRICDA N aDCSronEWTimice weke (purified (i @ I p
from lung tissue by FACS 24h after the treatment. Half ofthe CBBR1 & ¢ SNB GNBIF SR A GK p>3«k
Ab against C5aR1 (20/70) and the other half with the appropriate isotype control. For four days, all themrells

co-cultured with CFSHBbeled OVA transgenicCD¥ OSf f & Ay (G KS LINB & SOSOGONg/Ml). h+! o™
After four days in ceulture, the T cell proliferation was determined by evaluating the intensity of the CFSE signal

by flow cytometry. A) Histogram showing the reduction of the CFSE signal in proliferated T cells stimulated with
C5aR1cDCs in the presence or absence of ®@8aR1 mAb 20/70. (B) Quantification of T cell proliferation in the

different treatment groups. Values shown are threean + SEM; n=1Rata were analyzed by ANOVA, followed by

¢dzl Se Qa LJzindidakes Significéhiidifferences between T cellondtures with C5aRXr C5aRkDCs or

C5aR1XcDCs +amC5aR1; ****p< 0.0001.

Interestingly,in vitroblocking of C5aR1ggiificantly restored the potency of C5aRDCs to prime CD&

cell responseaViore precisely, isotype control Ab treated C5&ICs resulted in activation of 3A0%

of the CDAT cells. In contrast, upoim vitro C5aR1 blockade, the frequency of acteciCDAT cells
increased to 6& 10%showing that signaling through C5aR1 partially controls the ability of pulmonary
CD11bcDCs to activate T cells.

3.22 CbhaR1 targeting in C5dBCs has no impact on allergen uptake
When | saw the effect of thén vitro blocking of C5aR1 on the ability of C5alRLs to drive T cell
proliferation, | considered that the signaling through C5aR1 might suppress one of the basic DC functions
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like Ag uptake and processirigptest this hypohesis IFACSurified naiveC5aRIlcDCsand treated them
with either FITEOVA or DEDVA in the presence or absence of the neutralizing C5aR1 mAb (Fdgtioe
19). When DCs digest DQVA, the dye emits at 515nm in the Fd@nnel. Once the DQVA is digded
and the fragments accumulate in the cell's organelles in high concentrations, the fluorophores can form
excimers, which can be visualized using a red-Bghsitive extended pass filter (HExas Red channel).
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Figure23: C5aR1 targeting in C5aRDCs has no impact on allergen uptakdie C5aRtDCs from naive mice were
FACSorted and put in culture. Half of the C5d4R55 / & & SNB
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against C5aR20Q/70) and the other half with the appropriate isotype control. The following day, the cells were

pulsed either with FITOVA (1h) to assess Ag uptake orOQA (2 and 4h) for Agptake/processing. (A) Histogram
i KS puptaké usidggFIEOWASr DIERVA. (B) Quantification of the FFOMA or DEADVA by

AK26AYy3

the two different CD11b+ c¢DC subsets. Shown is the mean £ SEM, n = 4 per group for 1h, n = 8 for 2h and n = 12 for
4h. Datawere analyzed by unpairedest; *indicates significant differensebetween C5aR ¥ isotype ctrl or C5aR1

+ antiC5aR1 mAb 20/70.

| found no differences in Ag uptake after 1, 2 or 4h betwdananti-C5aRreated-C5aR1cDCs and

isotypeAb-treated-C5aRIcDCssuggesting that the different potencies of C5aRtheted cDCs to drive

T cell proliferation @l not result from different potencies in Ag uptake during the first 4h after Ag pulsing.

3.23In vitroblockade of C5aR1 results in significant upregulaticd®Dzt0 but has no effect on

MHGII expression

Since C5aR1 targeting had no impact on allergen uptake and processing, | focusetthexdxpression

levels of MH@I and the cestimulatory molecule CD40 on tl@&aRIcDCsMy previous experiments (Fig.
12), showed that the C5aRdDCs expressed low levels of CD40 and MH®@o molecules which are
known to be critical players in the activation of T cells. Thus, | assessedl MhtOCD40 expression 18h

after in vitrotargeting of C5aR1 and before | added th cells to the system (Figure 24).
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C5aR1*cDCs after 1 x HDM
= (C5aR1*cDCs after 1 x HDM +antiC5aR

A —_— FMO
100 =
F 3 i Hk
60004
5 o _|.®
<
o
4000 4 ® ]
'E 3 ® e *
= (&)
(o] o
o = 2000
<
0 T T
s} N
28 O
K\y 7
© P
) Ko
X &
N x®
& N\
L &
& *
& N
)
L
o
0‘)
¥ 3
B 100 =
] 15000+
80 . °
o = 10000+
E=] —
c 1 Q I
3 / z E‘, —r°
40—
(&) = 50004
i =
20 - q
D 0 L] T
) '1m|' I “Imzl . "103 ) ‘I1u4‘ W'm5' ,\"o :\Q\
> v >
> S P
MHC I K\ o
S ¢
o <
g K\s
s @0
\'o'g. -\-‘29
¢) ‘r\
)
;é‘
<
2
d)

79



Results

Figure24: Impact of C5aR1 targeting on MHCand CD40 expression in C58RDCsWT mice were treated once

GAGK || YAEGdZNB 27F | 5ak KCH115cDGs from WT Iniceiwere pufified flor liing tissue byl w m
FACS 24h after the treatment. Half of the C58R3./ & ¢ SNB (G NBIF GSR 6AGK p>3kYft 27F
(20/70) and the other half with the appropriate isotype control. 18h after the in vitro blocking of C5aR1, the
expression of CD40 and MHCII was evaluated. (A) Histogram showing CD40 expression (left) and quantitative
assessment in ChaRdisotype ctrl Ab and @RT + antiC5aR1 mAb (right). (B) Histogram showing Mid&pression

(left) and quantitative assessment in C5aRbtype ctrl Ab and C5aRt antiC5aR1 mAb (right). The figures show

GKS pacL 2F G(KS SELINB&aarzy 27F dsead ESEXAn/=SSher Yraup. Héralzf S &
were analyzed with unpairedtest; * indicates significance between the two treatment groups, ** p < 0.001.

| observed a significant uggulation of CD40 whereas the expression of MH&as unchangeti8hafter
in vitro blocking of C5aRThese data suggest that activation of C5a/C5aR1 axis suppresses the expression
of CD40 and that this regulation may impact on the activation of C24lls.

3.24 Simultaneousin vitro blockade of CD4CGD40L interactions and C5aR1 reverses the
increased potency of C5aRDCs to induce CDZ cell proliferation in response to C5aR1
blockade alone

In light of the regulatory effect of C5AR1 targeting on CD40 expression, | decideitién assesshe role

of CD40 byn vitroblocking the CD4CD40L interactions using a neutralizing Ab against CDéghected

that this approach will define the importance of CD40 in the activation of" @Deklls in C5aRand
C5aR1cDCs (Figure 25)

——— (C5aR1*cDCs after 1 x HDM/OVA + Iso
A = (5aR1*cDCs after 1 x HDM/OVA +antiC5aR
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—— (C5aR1¢DCs after 1 x HDM/OVA + Iso
——— (C5aR1¢cDCs after 1 x HDM/OVA +antiCD40L
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Figure25: Impact ofin vitro CD46CD40L blockade on the potency of C5&TICs to induce CD¥% cell proliferation

in response to C5aR1 blockade alode¢ YA OS 6SNB GNBIFGSR 2y0S 6AGK | YAEI(dz
CbhaRland C5aR1CD11kcDCs from WT mice were purified from lung tissue by FACS 24h after sensitization. (A)
Histogram (left) showing the impact of C5aR1 targeting vs. C5aR1 and CD40/CD40L targeting on T cell proliferation.
The graph on the right side shows thaantitative evaluation of the different treatment strategieégalues shown

are the mean + SEMz= 15 per groupDatawere compared by ANOVA followed by Téik@asthoctest. *indicates
significant differences between T cellcoltures with C5aRDbr C5aRkDCs anttC5aRr C5aRkcDCs anti-C5aR1

+ antiCD40L****p< 0.0001. (B) Histogram (left) showing the impact of CD40/CD40L targeting on T cell proliferation

in C5aRZIcells. The graph on the right side shows the quantitative evaluation of/CD40L blockadé/alues shown

are the mean + SEMi= 7 per group Data were analyzethy unpaired ttest; *indicates significant differences
between T cell ceultures with C5aRbr C5aRtDCstantiCD401*p< 0.(.

As shown above, C5aR1 targetpagtially restored the potency of C5aRDCs to drive T cell proliferation
(Fig. 22)When C5aR1 and CD40L wsimultaneouslytargetedin vitro, | observed a decreased potency
of the C5aR1cDCs tanduceCD4 T cellproliferation (Figure 25)nfact, the T cell proliferation waas low

the one observedin untreated C5aRIcDCs(Figure 11) These findings sugdeshat CD406CD40L
interaction in C5aRtDCds critical for T cell proliferation. In contrast, targeting of the CIBZAMOL axis

in C5aRtDCs did not affect T cell proliferation suggesting that only under conditions of low-IMHC
expression the CD40D40L targeting controls T cell proliferati@ig. 25).
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3.25CD406CDA40L interaction contiihe activation of CD4I cells under low MHITCe)pression

To further test the hypothesis that in C5a8dCs the strong expression of MHGlominated the
activation of T cells and compensated for the loss of CD40 (as shown in Figure 25), | setup an experiment,
in which | targeted MH@ used a neutraling Ab. More precisely, | used different concentration of the
neutralizing MH&I Ab to determine whether | could recapitulate the effect that under conditions of low
MHGII signaling CD40 (as shown in C5aRLCs in Fig. 25) would affect-Di@/en T cell pliferation.
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Figure 26: The effect of MH@I targeting on C5aR1cDC-driven T cell proliferation in response to CD40L
neutralization.2 ¢ YA OS G6SNB GNBFGSR 2y0S 6AGK | YXBIsENBVT2F | 5at
mice were purified from lung tissue by FACS 24h after allergen sensitization. The cells wees autider six

different conditions. Some of the C5aBlCs were treated with a neutralizing Ab against MHCII (100pg/ml or
MALIAKYf0X a2YS 6AGK GKS !''o F3IFAyad al/LL omannllAkKYEt 2N wv
somewiththeneutr f AT Ay3 16 F3IFAYyad /5nn] o6p>3akYf0 FYR (GKS NBA&I
were cocultured with CFSHbeled OVA transgenic CO¥ OSf f & T2 NJ F2dzNJ RIF @& Ay GKS LJ
GM-CSF (20 ng/ml). After four days inadture, the T cell proliferation was determined by evaluating the intensity

of the CFSE signal by flow cytometr) Histogram (left) showing the impact of CD40/CD40L targeting on T cell
proliferation in C5aRells. The graph on the right side shows the quantitative evaluation of CD40/CD40L blockade.
Valuesshown are the mean + SENMs 7 per group Data were analyzedy unpaired ttest; *indicates significant

differences between T cell eultures with C5aRbdr C5aRtDCsrantiCD40L*p< 0.®%. (B) Histogram (left) showing

the impact of MH@I (10pg/ml) targeting on T cell proliferation in C5a€¥lls or C5aRtells in which there was a
simultaneous CD40/CD40L blockade. The graph on the right side shows the quantitative evaluation-lbf MHC
blockade. (C) Histogram (left) showing the impact of MHCOOpg/ml) targeting on T cell proliferation in C5aR1

cells o C5aR1cells in which there was a simultaneous CD40/CD40L blockade. The graph on the right side shows the
guantitative evaluation of MH@ blockadeValues shown are the mean + SEM 58 per groupData were analyzed
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by ANOVA test, followed by Tukeggt-hoc test *indicates significant differences between T ceHlotdtures with
CbhaR1lor C5aRTDCs anti-MHGII or C5aRIDCs anti-MHCII +anti-CD40L; ** p< 0.@1 and ****p<0.0001.

In a first set of experiment, | targed CD40L in GIR1 cDCsAs shown before (Fijl) CaR1 cDCs were

strong inducers of T cell activation driving proliferation in around 90% of the T cells. Targeting of CD40L
had no effect (Fig25). Next, C5aRdDCs were treated with a neutralizing Ab against MHCII at a
concerration of 10pg/ml. This regimen reduced the potency ofRE cDCsto drive T cdlproliferation

to 40%. Interestingly, CD40L targeting further decreased T cell proliferation to 20%6@igWhen |
increased the concentration of the neutralizing MH®b to 100pg/ml, T cell proliferation decreased
further to 20% (Fi6Q, AntrCD40L treatment almost completely abolished T cell proliferation #RC5

cDG. These findings strongly support the view that under conditions of low-NEXpression as obsved

in CaRI cDCs CD40 signaling is critical for T cell proliferation

3.26 CD40CDA40L interaction control the activation of CID4ells when MHQ peptide loading

is limited

At this point, my resultsuggested that the C5a/C5aR1 axis cofetthe CDAT cell proliferation through

CD40 wherthe number of MHCII molecules is limitedHowever, the experimental setup with OVA as
model allergen was not able to assess whether a limited amount of allergen within the peptide grove of
MHGCII will alsosensitize to CD40/CD40L. To address that question, | sensitized WT mice exclusively with
HDMin viva After 24h, | FAGurified the C5aR1and C5aR&DCs and pulsed them vitrowith OVAZ>
33%eptide, which specifically binds to the TCR of @yB0O11.0 RAG2 mice. | used 4 different tfbld
dilutions of the peptide starting with 5ug/ml and compared the impact of decreased peptide-IMHC
loading on the potency of C5aRihd C5aRTtDCs to drive proliferation of OM& CDAT cells (Figure 27).
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Figure27: Impact of low OVA*33%peptide concentrations on the proliferation of OVig D4* T cells stimulated

with C5aR1(A) or C5aRTDCs (B ¢ YA OS 6SNB {(NBIFIGSR 2y O0Q) ow@5aRB)cDGsa 6 M N
from WT mice were purified from lung tissue by FACS 24h after the treatment. The cDCs-wdtareal with CFSE
labeled OVA transgenic CD# cells in the presence of OW#3° peptide (5000ng/ml, 500ng/ml, 50ng/ml and
5ng/ml) and GMCSF (20 ng/ml).(A) Frequency of proliferated T cells in response to OVA peptide pulsing of
C5aRXcDCs in the absence (left) or presence of a neutralizing C&aétlfic mAb (20/70) (B) Frequency of
proliferated T cells in response to OVA peptide pulsing of C&aRgin the absence (left) or presence of a
neutralizing CD40&pecific mAbyalues shown are the mean + SEM;6410 per group.(A+B, left graphgjata were
analyzed byANOVA , followed by Tukey pdsic test;*indicates significant differences between T aaicultures

with C5aR1(5000ng/ml VS 500ng/ml VS 50ng/ml VS 5ngmi5aR1icDCH5000ng/ml VS 500ng/ml VS 50ng/mi
VS 5ng/mi) **** p< 0.M01. (A+B, right graphs) data were analyzed with unpaired t tasticates significant
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differences between T cell emltures with C5aRkAnd C5aR1+antiCD40L of5aR1 and C5aR1 +antiC5aR1;
****n<0.0001.

When | pulsed both subsets with high G%A® concentrations (5000ng/ml and 500ng/ml), | noticed that
ChaRland C5aRtDCs induced robust T cell proliferation without any significant differences (Righyre
B). However, when the availability of the G%A*in the system was reduceg@0ng/ml and 5ng/ml), |
observed a gradual reduction in the percentage of proliferated*GDetlls, which were eoultured with

the C5aRTDCs (Figur27A). The effect was most profoundihen | used the lowest concentration. At
this OVA peptide concentriain (5 ng/ml)C5aR1cDCs induced proliferation in about 20% of T cells, which
is similar to what | had observed with C5a8B02Cs from mice, immunized with HDM/OVA and pulsed with
OVAIn vitro (Figurell). In case of C5aRdDCsonly the lowest tested cazentration of OVA peptide (5
ng/ml) decreased T cell proliferation to 80%, which was similar to what | had observed when ¢I3agR1
were loaded with 50ng/ml of OVA peptide (Fig@ieA vs B).

It has been showr{Rothoeft et al., 2006}hat the activation of CD4T cells requires both peptide
presentation but also cstimulation. My findings (sections 3.2.1 + 3.2.3 + 3ghéwing that the potency

of C5aR%LDCsto efficiently drive T cell proliferation was enhanced through CD40 upregulation after
C5aR1 targeting, which highlighted the vital role of the GOB@OL interactions for the activation of T
cells. Thus, the obvious next step to corroborate these findimgs to determine if: (i) amC5aR41
treatment of C5aRtDCs pulsed with 5ng/ml of O%23°peptidewould enhance T cell proliferation; and
(ii) in vitro anti-CD40Hargeting of C5aRdDCs pulsed with 5ng/ml of the O¥#3°would decrease T cell
proliferation. As shown in Figures 27 A, B, C5a®Ls clearly induced stronger T cell proliferation
whereas C5aR&tDCs markedly lost most of their potency to drive T cell proliferation.

My findings clearly support the view that low allergen peptide logdincreases the importance of
CD40/CD40L interaction as a critical factor for T cell proliferation and that C5a/C5aR1 axis activation in
C5aR1cDCs tips the balance in T cell activation through the control of CD40.

3.27Impact of C5aRtargeting on the transcriptional activity of C5480Cs to better understand
the pathways by which C5aR1 activation controls the maturation and the activation of C5aR1
cDCs in response to HDM/OVA sensitization.

For ths purpose, | decided to perform RN#&quencing of FAGfrified CD11HC5aR1cDCs, which had
been pulsed with OVA and treated for 1Bhvitro either with the neutralizing Ab against C5aR1 or with
the appropriate isotype control.

I collected samples fromwib independent experimentsn which CaR1 cDCs were treated with either
the C5aRheutralizing mAb 20/70 or the appropriate isotype control antibobflyese experiments were
performed at CCHMC and the samples were sequenced at the DNA core of the UnbfeCsitginnati
(UC). The DNA core at the UC can work with lower amount of RNA in comparison to the DNA core from
CCHMC. However, duo to the low number of C5aRCs that can be isolated from one mouse, | had to
pool 6 mice to reach the 100ngr of RNA vyidt was required. The samples were sequencediagle
end. The analysis was performed by Hauke Budithe(tk Institute of Experimental Dermatology; Systems
Biology laboratory).

The samples were firstly analyzed by performing a pseudoalignment usingtd<allhe principal
component analysis (PCA) showed that the treatment groups did not cluster together. The control
experiment HS2, in which the cells were treated with the isotype control was very distinct from the others.
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This lack of group clustering iicdtes that more experiments are required to compare the RNA profile of
the two groups (Figure 28A).

In order to increase the number of the RNAseq experiments and better understand the impact of C5aR1
targeting on the transcriptional programming of C5&RICs, | repeated the experiment, but this time the
experiments were performed inlbeck and the samples were sequenced by the DNA core of CCHMC. In
more detail, Icollected samples fromhtee independent experimentsThe experimental design was the
samebetween the two experimentdJnfortunately, the RNA yield in five out of six samples wasNtove
precisely, in two of the samples, the RNA yield was in rangenthdibraries could be generated his
happened inwo of the three isotype treated5aR1cDCs. Thus, only one sample frémat group and

three from the antiC5aR%reated-C5aRIcDC group were sequenced paired endsThe analysis was
performedonce agairby Hauke Busch

The analysis of the results show#tht the RNA expression pattern ofdfhthree antiC5aRitreated
samples was very heterogenous and that the samples did not cluster together (Figure 28B). A possible
explanation for the detected heterogeneity is that the samples did not have the same number of reads.
As mentioned above, onlyne of the samples (KA5) had a high RNA yield and thus, resulted in a higher
number of reads in comparison to the rest of the samples (Figure Z&{S)effect is apparent in the PCA,

with KA5 separating from the other samples (Figure 28Rggarding the atype-treated group of
C5aR1cDCs (KA4), the PCA shows that it separates from the rest, however, since there are no replicates
of that condition, the perception from that experiment can only be minor (Figure 28B).

On top of that the PCAompares the twoRNAseq experiments (Figure 28B). The one performed
exclusively in Cincinnati (samples HS1, HS2, HS3 and HS4) and the one which was partially performed in
Lilbeck (sample preparation) and in Cincinnati (RNA sequencing) (samples (KA1, KA3, KA4 and KA5). The
PCA shows that there s strong separatiotbetweenthese twoexperiments indicating a strong batch

effect, which might be due to the different library preparatjahe different number of readand/or the

fact that the mice were kept in different animaldilities and different batches of FCS were used for the

cell culture (Figure 28 B,.C)

Since the data between the two experiments are not directly comparable, we did not perform any further
comparisons and focused on the last experiment, which was peddrim Liibeck.
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Figure28: Quality assessment of the RNAseq datA) The principal component analysis shows similarities between
samples HS1 (ar@5aR1 treated mAb), HS2 (isotyple treated), HS3 (an€5aR1 treated mAb) and HE<otype

Ab treated). (B) The principal component analysis shows similarities between samples k@&b&&ttitreated mAD),
KA3 (antiC5aR1 treated mAb), KA4 (isotypb treated) and KA5 (ar@5aR1 treated mADb). It also shows how
dissimilar the two RNAsezxperiments were. (C) Number of reads determined in samplesAHsitl KA1,3,4 and 5.

As mentioned above, ven thoughthe RNA expression pattern of the three aG%haR%reated samples

was very heterogenous, we detected 40 genes which were found to be upregulated in all three samples
when they were compared to the isotype treated control (KA4) (Figure 29B). The maosjigteapressed

genes were Tm2d2, Camk2d, Slc7a60s, Ppplr3b, Ttc12, Fbxw9, Limk2 and Nfrkb. The expression levels of
the aforementioned genes were 4 tof6ld higher in the antC5aRireated samples in comparison to

the isotypetreated control, in which th expression of some of the genes was zero.

We also identified the 40 genes which were strongly expressed in the istggted sample (KA4) but

not in the antiC5aRireated samples (Figure 29C). These genes werddBt Chchdl, Rps19bpl,
Gm7334, Zfp38kh Zfp706, Sdr39ul, Auh and Gm8369. The expression levels of the aforementioned genes
were 2 to 4fold higher in the isotypéreated control in comparison to the arG5aR%reated samples.
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Figure29: RNAseq analysis ohdC5aR #ireated-C5aR1and isotypetreated-C5aR1cDCsWT mice were treated

2y 0S G6AGK 1 5akhzx! 0 McDCSrom3IMK mmice weid FAGBed 2h aftér phe sensitization.

¢KS OStfa oSNB Lizi Ay Odz G dzNBCSK (20 ng/klS Halfibikha S5gI&G werd h+! 0
GNBFGSR 6AGK p>3kYt 2F | ySdziiNI f AT A yahd KAB) arid the dthgrzhalf / p I wm
with the appropriate isotype control (KA4). 18h later the samples were collected and were prepared for RNA
sequencing. (A) Volcano plot for genes with &l change. (B)Expression of 40 genes (rows) which were strongly
upregulated in the antiC5aR1 treated samples in comparison to the isotype treated group of cells (columns). (C)
Expression of 40 genes (rows) which were strongly upregulated in the isotype treated group of cells in comparison

to the antiC5aR1 treated samplésolumns).

Interestingly, by comparing the RNAseq experiment which was described in section 3.1.9 with this one
(samples KA1, KA3, KA4 and KA5) we could not find any matches. More precisely, there was no match
between the genes which were found to be egulated in the KA1, KA3 and KA5 samples with the genes
which were got upregulated in the C5aéiCs (section 3.1.9, Figure 20A). The situation was similar when
the KA4 sample was compared with the C58RCs. No matches were detected between these two
sanples (section 3.1.9, Figure20A).
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4. Discussion

Allergic asthma is an inflammatory disease of the airways with associated morbidity, which is increasing
in developed countrig®\nandanret al,, 2010) Several immune and ndmmune cells are involved in the
development of the diseag®@/illsKarp, 1999Erle & Sheppard, 2014)Ynder steady state conditions, the

lung harbors CD10&nd CD11bcDCs as well as pD@s.addition b cDCs, CD11MHGCII* monocytes

reside in the lung and differentiate into FdCs under inflammatory conditions. Both CD1&bC
populations contribute to a mixture of Th2/Th17 development, whereas CD®3s and pDCs promote
tolerancgWatkins et al., 200%le Heer et al., @04)Zhang et al.2009)(Furuhashi et al., 201@lantinga

et al., 2013(Bell et al., 2013) In the present thesis, | showed that C5a/C5aR1 signaling axis c@ils

T cell proliferationFurther, | found thaC5a is made by both CDI&bBC subsets upax vivoOVA pulsing

and actsin an autocrine way. Signaling through C5aR1 on CPRUs resulted iminor T cell
proliferation, which was significantly restored uponvitro blocking of C5aR Thein vitro targeting of
C5aR1 was accompanied by upregulation of CD40, suggesting that C5aR1 is controlling the proliferation
through CD40. Howevemy findings suggeshat CD40 is necessary for T cell activation only when the
levels of MH@I are lav or when the availability dfIHCII peptideloadingis limited. In C5aR&DCs, which
strongly express MR, thein vitro blockade of CD4CD40L interactions did not affect the ability of
C5aRIDCs to induce strong CDR cell proliferationand the sitiation only changed whenih vitro
blocked the CD4CD40L interactiong-inally, regarding the basic DC functions, like Ag uptake, processing
and presentationmy currentdata suggest that they are C5aR1 independent.

4.1Pulmonary CD1ItcDCsare a hetaogeneous population based on the expression of C5aR1
Severabtudiesexist,which investigatd the role of C5aRin allergic asthma. Some of them focused on
the sensitization phase and/or effector phase of the disease. Based on the hypothesis that C5aR1 controls
the development of allergic asthma at the DC/T cell interphase, sexepatts focused orthe role of
ChalChaR1 axis activation during allergic sensitizaRoaviouslyit has been showthat C5aRhctivation

has a dual roleegardingthe development of allergic asthm&uring the sensitization phasé protects

from whereas in the effector phase it drivehet development of allergic asthma. However, the
mechanisms underlying this complex role are incompletely unders(gadil et al., 2006)The Kohl lab
already began to uncovethe mechanism through which C5aRgerts a protective role during the
sensitization phase. The current understanding is tl@6aR1 controls maladaptive Th2/Thl7
development by suppressing tHeequency of pulmonanCD11bcDCs andhcreasing thefrequency of
pDC¢Zhang et al2009). It is still not known if the protective role of C5afe&ultsfrom a direct regulatory
effect on CD111leDCs during primary allergen sensitizatiomoly through the control of the frequencies
between CD11teDCs and pDCs. In addition to the modulation of the distinct cDC subsets, the functions
of pDCs are altered by pulmonary Chdifockade. After HDM exposure, pDCs express less of the co
stimulatory molecules PD1 and PEL2, both of which regulate Th2 cytakiproduction from CD4T cells
(Schnudde et al., 203)(Kohl et al., 2006Xhang et al.2009).

Until recently, die to the lack of a reliable gating strategy to properly identify all cDC subsets, it was
impossible to reveal the exact mechanism through which the C5a/C5aR1 signaling axis exerts its protective
role during HDM sensitizatiol few years ago, Plantinga established a flow cytometrpased gating
strategy, which allowed the identification of at leastur different subsets of pulmonary DCs. It is
noteworthy that this elegant study also showed that there is a division of labor among the various lung
DC¢Plantinga et al., 2013)n the context of allergic asthma, pD& tolerogenic ashey induce Treg
differentiation(Watkins et al., 200%le Heer et al., 2004nd act in trans by regulating the functions of
cDCs during the crosstalith naive T cel{tewkowiclet al., 2008YKo6hl et al., 2006 a mechanism that
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involves the regulation of B7 molecule expres§itang et al.2009. According to Plantinga et al,
CD103XDCs also have a tolerogenic role, while data both from Lambrecht and Vermaelen group, show
that the primary role of meéDCs under allergic asthma conditions iptoduce cytokines and chemokines,

like CCL24, CCL2, CCL4, CCL7, CCL9 and wi@thzare inportant for activating and recruiting
eosinophils and monocytes in response to allergen chall@tgatinga et al., 201@obays et al., 2007)
CD11BCD64DCs are identified as the main migratory subset, which drives a Th2/Th17 cell mediated
immunity in the lymph nodg®lantinga et al., 2013)took advantage of this gating strateagydidentified

four cDC subpopulations in the lurigsing CD103 and CD11b as markeidetified three cDC subsets

i.e. CD103CD11kxDCs, CD13BD11kDCs andCD103D11kbcDCs. However, as already mentioned
CD10XD11icDCsare not a homogeneous population dhey include CD11igcDCs and m®Cs. To
discriminate these two subsets, | used CD64 as a marker, which is typically expresse®Gg.nousg,
further suldivided theCD103CD11kcDCsnto CD11bCD64cDCs and CD1XbD64 mo-DCs. Different
studies confirm thedifferentiation of the different pulmonary DC subsets although the absolute cell
numbers vary as different identification strategies afifferent cell isolation protocols have been used
(Plantinga et al., 201@Yakano et al., 201g)loffmann et al., 2016)

According to Plantinga et al., the CD1AB64cDCs were the main players for the development of allergic
asthma, as independently of the Ag dose, they wire dominant cell type that tookip antigenand
migrated to the draining lymph nodego activat naive CD4T cellsUsing a GFP C5aR1 kndatknouse,
Karsten et alshowed that the pulmonary CD114DCs express C5dRarsten et al., 2015Akogether,
these data madene hypothesize that the protective role of C5aR1 during HDM sensitiZ&tidm et al.,
2006)was due to direct signaling of C5aR1 on the CDdBs. To test this hypothesis, | firstly checked
the expression of C5aR1 by pulmonary CDdREsboth under steadystate conditionsand after one
time HDM/OVA sensitizatiorstrikingly, | noticed that the CDITD64cDCpopulationis heterogeneous.
Under steadystate conditions, the majority of the CDITD64cDCs (85%) were C5aRdnd only a minor
fraction of the cells was C5aR15%).This distributionslightly changedin the sensitized CD11BD64
cDCs Here,the frequency of the C5aRIDCsdecreased to75% andthe frequency ofC5aRIDCs
increased t025%. My data clearly showed that the discrimination of cDCs from other detlseo
mononuclear phagocyte system is challenging due to the shared expressireddissurfacenarkers.

The mechanisms driving thincreased frequency of the C5aBCs upon HDM/OVA sensitizatie still
unclear | consider the followingcenariosHrst, a massive proliferation of the naive C5a®LCs after

HDM exposuremay occur However, in this casan extensive proliferation of C5aRDCs would be
required, which is an unlike event as DCs are not known to heavily prolif8taieman & Nussenzweig,
1980) Under inflammatory conditions, D&an bemobilizzd and migrate intathe inflamed tissueBased

on this notion, the second scenario is thhe increased frequency of C5aBRCamight be due to cell
recruitment to the lungs upon HDM/OVA sensitization through QRIRZtinga et al., 2013)This
possibility could bevaluatedby either using CCR2mice orin vivoblocking CCREanny Ender, a fmer

PhD student in the @l lab, performed that experiment. What she did was to use a selective CCR2
antagonist to block the interaction of CCL2 with its cognate receptor CCR2 prior to the exposure of mice
to HDM. Uporin vivoCCR2 blockade she observediaor decrease in the number of CD10B11icDCs

in the lung, which did not reach statistical significance. However, this experiment cannot exclude the
possibility that the second scenario holds true, as Fanny Ender did not specifically chediaiiotioé
C5aR1versus C5aRXD11bcDCs was affected by the CCR2 blockade. She only commented on the cell
numbers of the CD103D11kcDCs. On top of that, the n number (n=3) was very low and considering the
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variation among the cell numbers of the threesdamice, it is hard to draw any conclusions about the role
of CCR2 in the recruitment of C5adfiCs to the lung3he third and last scenario deals with the possibility
that naive C5aR&DCs downregulate the expression of the C5aR1 under inflammatorytioosdiThe
investigation of this hypothesis is more demanding. Ideall(z5aR fate-mapping mouse would be
needed, which would allow to track the expression or silencing of C5aR1 by the*€Dd4kwuring the
development of the disease. Unfortunately, ftire present thesis, the use of such a mouse was not
feasible, but it would be a handy tool for future experiments.

4.2 The CD115aR1cDCs have a significantly lovpetencyto prime CD4T cell responses in
comparison to the CD11B5aR1cDCs

My findingthat CD11bcDCs expressed C5aR1 was in line with observations from KarstdKatsién et
al., 2015)andmy hypothesis.The identification of a second CDITBC subpopulation which was C5aR1
was sonewhat unexpected, especially because Plantinga etcahsideredCD11BCD64cDCsas a
homogeneous populatigiPlantinga et al., 2013) next decided to functionally characterize these two
subsets First, | evaluated the potential of the two subs&isnduced proliferation of naive CD7¥ cells.
My data showed that the C5aRDCs had a very low potency at triggering CD4ell proliferaibn in
comparison to the C5aRDCswhich were verypotent. Plantinga et al. claimed that the CD1dbCs,
treated as one population, was the most potent pulmonary cDC population at inducing efficient T cell
proliferation(Plantinga et al., 2013)t was surprisingo see that the efficiency at priming T cell responses
which was attributed from Plantinga et al. to the CDT1b64cDCs was mainly driven by the 25% of the
whole CD11bcDCpopulation.

4.3 TheC5aRXDCs are less mature in comparison to the CB6BIRS and this is accompanied by

a lower number of interactions between the C5aRLCs and CD7 cells

Oncel observed this substantial difference between the two CD&DIC subsets to activate T cells,
decided to setup experiments aimed to delineate the mechanisms underlying these functional
differences. Br successful T cell proliferation, T cells interact with cDCs in a highly dynamic environment
in secondary lymphatic tissues such as lymph noddwre theyrequire to achieve a level of TCR
stimulation sufficient to drive their activation. The signals that lead-teTl activation are generated at

the level of the immunological synapse, a specialized area of contact between T cells and APCs. At the
synapse, the TCRs are sequentially triggered by pepM# complexes, a process that allows the signal

to be sustained for as long as the synapse is in place. Synapses are stable in the absence of disturbing
influences, but they can be disrupted by ahilision, by the death of ABGr by external influences, such

as collagen or chemokines. T cells continuously search for antigen and can rapidly shift from one APC to
another offering a higher level of stimulation. While the duration of TCR stimulatiperdis on the
synapse, the intensity of the signal that T cells receive is dependent both on the level of peptide
complexes and the level of costimulatory molecules that amplify the signaling p(Botkeeft et al.,
2006)Boisvertet al, 2014{Grakoui et al., 201{QVetzel et al, 2014) Thus, considering the great
importance of the immunological synapse for an efficient T psdliferation, | speculated that the
compromised ability of the C5aRDCs to efficiently activate CD# cells would be due to decreased
expression levels of MHIC and/or cestimulatory molecules. Indeed, my data showed that the
C5aR1cDCs expressedgsificantly lower levels of both MHICand CD40. The lower expression levels of
these two molecules could explain thewer potencyof the C5aRTDCs tadrive efficientCD4 T cell
proliferation. It iswell appreciatedthat the maturation status of DCs is vital ensue strongT cell
interactions and it has a critical impact on the initiation of the response. Benvenuti et al. showed that
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immature DCs fail to activate T cells and only when the DCs are pulsed withglegohtentrations of
peptide, they manageto partially activate T celiBenvenuti et al., 2014 learly C5aRIcDCswvere not
completely immature as they upregulated the expression levels of Mid@d CD40 24h after HDM
sensitization however, not ¢ the extent that resulted in strongnmunological synapse formatioMy
data rather suggest thatieywerein a partially mature statusyhich allowed some T cell proliferation in
contrast to the immature DCs used in the studyBsnvenuti et al (Benvenuti et al., 2014)o further
strengthen the datal decidedto track the interactions betweef€5aR1cDCs; CD4 T cells and C5aR1
cDCg; CD4 T cellgn vitro. For the purpose,ite DCs were labeled witPKI26, a red fluorescent dyand
the T cells with CFSEracked the interactions of the cells for 5h using a confocal microscope t@hkeng
picture per minute. From the first minutes of interactions between the C5&R1s; CD4 T cells and the
C5aRIDCg CD4 T cells) noticed a higher number of interactions for the C5aRTs, which was more
profound after the first 2h of the caulture. | did not expect any differences in the frequency of
interactions between the C5aRihdC5aRIcDCs during the first 2h of the-calture. As mentioned, once
naive CD4T cells are caultured with DCsthey start to explore their environment and make loose
contacts with DCs to see whether thizyd an MHGII molecule loaded with the appropt@peptide Thus,

| expeced to see nodifferences at this stagef DC/T cell interactionHowever, Benvenuti et al.
demonstratedduringthe first hour of DCT cell interaction that the adhesions of T cells to immature DCs
was significantljower as compared to mature DCsClearly the C5aRTDCsare less maturethan the
C5aRIDCs. Benvenuti et al. pulsed themature DCs ith a very high amount of a peptidehichcould
trigger T cell proliferatiomnd compared this treatment with unpulsed DA®oking athe percentage of

T cells establishing contaatsth mature DCsthey found that 586 0r65% of the T cells established long
contacts with mature DCs in the absence and the presence of peptidenfature DCsthe frequency
decreased t010 or 20% in the absence or presence of peptidéiese data demonstrate that the
maturation status and the peptide loading determine the interaction of T cells withAr@sher finding
that may explainwhy | obsered a lower number of interactions between the C5aRICs; CD4 T cells

in comparison to the C5aRDCs; CD4 T cells was the short duration of the interaction in case of the
former group of cells. More precisely, Benvenuti et al. observed that immd&@s are mainly forming
short contactsn the range ofLl0-100s. Considering thatddk one picture every 60s, it is highly likely that
I mised some of the interactions between the C5dB0Csc CD4 T cells, whichdid last less than
60gBenvenuti et al.2014)

4.4High levels of TSLRRpression il€5aRXDCsn comparison to C5aRIDCanay account for
their stronger maturatiostatus

The next set of experiments was designed to shed light on the mechanisms underlylimg thaturation

status d the C5aRTDCs. As already mentioned, ECs relesaseralinflammatory cytokinesso-called
alarmins, upon HDM sensitization, whiotan activée pulmonary DC¢Zhou et al., 200%Roan et al.,
2012) Thus, | explored thpossibility that the C5aRdDCdacked or showed reduced expression levels of
alarmins receptors and consequently, were less sensitive to maturation signals provided by HDM
activated ECd foundthat among the different tested receptor§ SLPR was significantly upregulaited

both CD11kcDC subsets upon HDM sensitization. However, already under naive conditions the C5aR1
cDCs expressed significantly higher levél§2LPR in comparisom the C5aRTtDCs. Even though both
subpopulations, upregulated TSLPR, the C88RE did thato a greater extent, and its expression was
even higher under inflammatory conditions. This finding was of utmost importaorgideringhe pivotal

role of the TSLP/TSLPR signaling on the induction of maturation to €DCH) Bell et alpreviously
showedthat TSLPR through its downstream target, the transcription factor STATS5 conelsetic
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program in CD11teDCs that drives CD# cell activation and Th2 differentiati(Bell et al., 2013)n DCs,

it up-regulates cestimulatory molecules and chemokines that help T cell activation and Th2
differentiation. The vital role of TSLPR on induction of DC maturation was shavatudy performed by

Zhou et al. They showed that bone marrolerived dendriticcells(BM-DCsupregulated the expression
levels of MH@I and CD40 when cultured in the presence of TBidu et al., 2005 aken together, my
findings suggest that C5aRIDCs are less sensitive to Hidkiven upregulation of TLSPR in response to
alarmin release from EC. At this point, it remains to be explored whether C5aR1 activation during HDM
sensitizationin vivodirectly suppresses TSLPR upregulation in an autocrine fashion or whether C5aR1
activation actsn trans on other lung cells that control TSLPR expression. Whatever the mechanism might
be, my findings clearly provide a rationale for the decreased maturation status of TR cDCs.

4.5C5aR1land C5aRXD11b¢cDCs drive a maxl Th2/Th17 response

TSLPR controls T cell differentiation and favors difi@rentiation(Kitajima & Ziegler2013(Bell et al.,

2013) When Ideterminedthe nature of Th response elicited by C5a&id C5aR&DCs, | noticed that

they drove a migd Th2/Th17 responserlhis finding was in line with what othefsund before, when
assessing thenature of the Th response elicited by pulmonary OElantinga et al., 2013)r BM
DCg¢Schmuddeet al, 2013) TSLMPas been shown to induceth2commitmentas shown by Kitajima et

al. (Kitajima & Ziegle2013. in TSLPRCD11kcDCs failed tactivate T cells ahmount a Th2 response.
They also showed that TSLP upregulated CCR7 and promoted their migration to the lymgKitajaea

& Ziegler,2013. According to Bajana et al., CCR7 is not exclusively regulated by TSLP but by IRF4 as
well(Bajanaet al, 2012)p ¢ KSe& &K26SR GKI G dzZl2y Ay Relzddb@y 27F aj
IRF4- mice did not express the chemokine receptor CCR7 and failed to migrate to cutaneous lymph
nodegBajanaet al., 2012) Loss of the transcription factor STAT5 in D&sulted in theirinability to
respond to TSLP. Th2 responses in miith DGspecific loss of STAT5 resembled those seen in mice
deficient in the receptor for TSLP. Bell et al. showed that the-$$BF5 axis in DCs is a critical component
for the promotion of type 2 immunity at barrier surfad@ell et al., 2013)Another transcription factor

with a vital role in the licensing of CDB cells is IRF4 (according to the first RNAseq experiment, section
3.1.9 the expression of irf4 is-ld higher in the C5aRDCs ircomparison to the C5aRIDCs see
supplementary. Even thought was known that IRF4 favors the Th2 resp@iédiams et al., 2018pao

et al., 2013) Schlitzer et al. showed that IRF4 also controls the production-28 Knd therefore the
inductionof Th17 respons&in mice and humans. They ddwconfirm the need of IRF4 for Th17 responses
both under steadystate conditions and in an Aspergillus fumigatus md@8ehlitzer et al., 2013Besides
these transcription factorghere is also strong evidence that complement and more precisely C5aR1 has
a regulatory role on the elicitation of a neid Th2/17 response upon allergic inflammation. In a very
elegant study, Schmudde et al. showed that @sed BMDCs from C5aR1mice produced similar
levels of Th2 cytokines as BMCs from WT mice. This findilsgn agreementvith my data, as | noticed

that both C5aRJ1and C5aR1cDCs produced similar levels oflR. By contrast, Schmudde et al. showed
that IL-17A production was sigficantly reduced in C5aRBM-DC cecultures. My data confirred this
observation as the percentages of CD7Z cells that were ceultured with C5aR&DCs produced
significantly lower levels of 4.7A in comparison to the CDAT cells cecultured with te
C5aRIcDC¢&Schmuddest al., 2013)
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4.6 AutocrineC5 andC5a generation i@5aR1and C5aRIDCs but not in CD7Z cell afteex vivo
exposure to OVA

The substantial difference in DC maturation between C5aRd C5aR1cDCs, associated with distinct
potencies to drive T cell proliferation and differentiation raised the quessibaut the importance of
autocrine or paracrine C5aR1 activation during DC/T cell interaction. Thirecked Intracellular
expression of C5a and observed that both CDADE subsets started making C5a ugonvivoOVA
pulsing. Interestingly, the CD# @lls could not make any Cidemonstratingthat C5a generated by the
CD11bcDCs acted in an autocrine way. The C5a production by the GIDdHwas in line with findings
from others who showed thaBM-derived APCs produced C3a and C5a during the cogna@fTA&ell
interaction(Lalli et al., 200§¥ptrainic et al., 2008)rhe mairdifferences between my data and these two
studiesare that: first, | used primary cDCs from the lung; second, the C5a wasm@®@ot T celderived
and third, the C5a produed by CD11kcDCscould activate only C5aR1 orDG as | found noC5aR1
expression $ CDA T cellsconfirming the results obtained by the Kohl lab using a-G5&R1 knoecln
mouse(Karsten et al., 2015More precisely, | showed that on dayi@,, when cells were sorted after 1
step HDM/OVA sensitization, no C5a expressiocurred suggesting thattathis time point thein vivo
source of C5a could be either the alveolar macrophages or epitheligHgsrLang et al., 2008)iorgan

& Gasque,1997). As shown, the C5aRDCs expressed higher levels of C5a in comparison to the
C5aRXcDCsThis difference could either result frotmgher levels of C&xpression inC5aRTDCs or
stronger expression a&ferine proteases whidiead tomore efficient cleasge ofC5 into C5a in comparison
to the C5aRTDCsAnother explanation could be that case of C5aRdADCs some of the C5a was bound
to C5aR1hereby masking the epitope of the detectidb. Indeed on day 0, the C5aRDCs expressed
significantly higher levels of C5 in comparison to the C&ARs, suggesting thstronger C5 expression
accountsfor the higher expression levels of Ckowever, this does naxcluck the possibility that the
ChaRIDCalsoexpresshigherlevels of serine proteasekalso assessed the potential imp&D4 T cells
on C5a generation as we found increased C5Gallevelafter DC/T cell caulture. Thus, | determined
the C5a expression levels on day 2, when DCs and T cells had interacted for 24mteosesond setyp

| did not add any T celis the system Thus] evaluated the C5a production when DCs wangtro pulsed
with OVA for two days. Ithe case of the C5aRDCs the presence or absence of the CDdells in the
co-culture system did not affect the C5a expression levels suggehtnghe allergenand not the T cells
are the main driverHowever, the situation was slightly differengarding the C5aRdDCsUpon CD4T
cell addition, the levels of C5decreased significantlyHowever, due to the higimter-assayvariation d
the C5a levelghe findings require additional confirmation in future experimetitshould also be stated
here, that for all cell culture conditions the RPMI medium was supplemented with FCS. Even though there
are reports for the presence of C5a in the serum, we can exclude the possibility that the C5a was from calf
origin, firstly because the Ab which was usedthe detection of C5a was mouspecific Secondlyon
day 2 of ceculture both CD11feDCs made mor€5 andC5athan onday 1suggestingle novosynthesis

in the pulmonary cDCs

4.7 C5aRtDCs and C5aRIDCs express a distinct pattern of genes

Sofar, many differences between the C5aBid C5aR1cDCs had been noticed, both phenotyligand
functionaly. To go one step furtherl decided to perform an RNAseq experiment and compare the
transcription profile of thawo cellpopulations. Th&RNAsegqlata confirmed our initial observations that
these two CD111eDC subsets are two distinct populations which do not cluster together. On the C5aR1
cDC subset, we detected high expression levelSrafra2l, Snora52, Snora@ecl10A, cd209, ccl22,
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ccll7, zkb46 and Cd7These genes wemrdther not expressed at all by the C5a8T1Cs or their expression
was considerably lowet picked two genes which were very highly expressed by the C5eBCsj.e.
clec10A, and cd208nd checkedwhether they were also expesedat the protein level Concerning the
expression of CD209, a Bfecific @ype lectin, with a strong adhesion function, the cells which
expressed CD209 were almost exclusively ChaRéreasthe CD209cells were C5aR1This finding
could explain théower potencyof the C5aRTDCs to efficientldrive CD4 T cellproliferation. It is known

that the initial interaction of T cells with B Agindependent and allows scanning of the peptigiéiC
class Il complex repert@ by the TCR. The abundance of appropriate Ndei@tide complexes is low to
mediate significant adhesion by itself, and therefore adhesion molecules are essential for an efficient TCR
engagement. One of these molecules is IERMvhich is recruited in theontact region of APC with T
cells. Geijtenbeek et al. showed that CD209 is the coumgteeptor for ICAMB and the CD208CAM3
contact stabilizes intimate DT cell membrane contact transiently to enable efficient TCR
engagemen(iGeijtenbeek et al., 2000)he situation was slightly different regarding the expression of
CLECI10A at the protein level. CLEC1Gls@sa Gtype lectin receptorthat is known as macrophage
galactosetype-Gtype lectin, and in mice, it has two homologs CD301a (MGL1) and CD301b (MGL?2), while
in humans and rats there is only one homol@301a is mainly expressed on a subset of macrophages
and immature DCs and CD301b on cDZisen | checked for its expression within the CDCING64cDCs,

| found three subpopulations. Only the SSCLEC10Avere exclusively C5aRWhile the other two
subsets, S$SCCLEC10And SSE'CLEC10%&onsisted of CFRT and C5aRtells.The inability toidentify

a population which was CLEC1W%aR1(as suggested from the RNAseq dataght bedue to the use

of an Ab clone that recognizes both homologsind thus cannotdiscriminate cDG from the
macrophage/immature DC subsets. In future, this experinsdiould be repeatedisingan Ab specificfor
either CD301ar CD301bTransient depletion of CD301IwCsn response tasubcutaneous injection of
OVA along with papain or aluwas associated witless effective accumulation and decreased expression
of CD69 by polyclonal CD% cells in the lymph nodd-urther,the authors doserved decreased W
production by OVApecific OT1l transgenic CD4 cells and significantly impaired Th2 cell development
upon infection with Nippostrongylus brasiliensis. These resddstified CD301bdermal DCs as the key
mediators of Th2 immunit(Kumamoto et al., 2014Currently, the exadmpactof CD301b on pulmonary
c¢DCss unknown but the data from the Kunmaoto study along with my da