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Summary

Summary

Psoriasis is an autoinflammatory skin disease with high incidence (3% of adWsstern
countries,accompanied by personal and socioeconomic burdesoriaticskin lesions are
characterized by hyperproliferating keratinocytédxy, vasodilatation in the dermiand most
importantly by skin infiltration of leukocytes,dominated byneutrophils (PMNs)Several
studies implicate a major rolef T helper 17(Th17) celland plasmacytoid dendritic csll
(pDCs)n psoriatic autoinflammatory response but oriitle is known about the impact of
PMNs on the pathology of the diseagetriguingly the initial trigger for immune infiltration
and inflammation in psoriasis édso so faunknown. In this thesis two different mechanisms
which might play a role in innate immune responses in psoriasie addressedfirst the
impact of nucleic acid and LL37 complexes on PMN activation (part I) and second the impact
of plateletPMNaggregates on the pathogenesis of psoriasis (part Il).

Part I: Psoriatic lesions are associated with overexpressiadheantimicrobial peptide LL37
Due to its positive chargd,L37forms complexes witmucleic acids (RNA and DNa&yd
mediatestheir uptake bypDCs Subsequently, nucleic acids are recognizedrgosomal Toll
like receptors (TLR®)hich induces theelease of IFN by pDCsThe physiological source of
nucleic acids andL37and the triggers which indudeflammatory responses psoriasis are
unknown Importantly, asPMNs dominate the immune infiltrates in psoriaaigd aresources
of LL37 and nucleic acids (e.g. due to release of neutrophil extracellular traps (NE€¥s)),
might fuel a selsustaininginflammatory loop in psoriasisthis studyshows that primary
human and murine PMNsfficientlyrespond toRNALL37complexes rather than to DNIAL37
by releagng cytokines, chemokinsand NETS. Interestingly,PMNs from psoriasis patientse
more prone toRNALL37 stimulationpotentially due to a higher abundance of PhNrived
LL37 Further xperiments revealed thdtL37and unexpectedly alsBNAis present in NETis
vitro andin psoriatic lesions but not in healthy skin. Importantly, isolated NET maitediates
NET releasen PMNs,againcontaining DNA, RNA and LL3¥%e receptors binding RNA.37
complexes ar8LR13 and TLR8 in mice and humans, respectiVeiy result isalidated by
TLR8 inhibitory oligodeoxynucleotideghat effectively block RNALL37mediated
cytokine/chemokingoroduction and NETosis of PMMsvitro. The present data show that in
PMNsRNALL37 complexes activale.R (TLR8r TLRL3)which cannduce a slf-propagating
vicious cycle of inflammatiorMost importantly, this study for the first time identifid$ET
associated RNA (naRNA) as a NET companantan potentially fuethe vicious cycle

Part Il:Psoriasigscharacterized by massigkininfiltration of PMNs and is often accompanied
by cardiovascular comorbiditieshe major triggers for PMN skin homing in psoriasis are not
identified yet. In order to find surface antigens on PMiNschexplain skin homing ipsoriatic
lesions, whole blood frorpsoriasigatients and healthy controlgiye each)was screenedor

the expression of 332 surface antigefidhese experimentsdentified a platelet antigen
signature for circulating PMNs from psoriasis patients becafisacreased aggregation of
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induced mouse model of psoriasihich revealed higher amounts BMNplatelet aggregates
in the blood of IM@reated micecompared to mock controls. lslood samples from psoriasis
patients platelet blood countsare significantlyelevated andplatelet plaquesare found in
direct contactwith PMNSsin the lesions of psoriasis patientgich is absentin healthy skin.
Importantly, in mice depletion of plateletsin vivodrastically ameliorate disease severity,
evidenced bydecreased ear thicknessepidermal thickening andreduced leukocyte
infiltration. Also, in the skin of IM@eated mice PMNsare presentin close proximityto
platelets while depletion of plateletsompletely abolishe PMN infiltration This indicates a
causal function oplateletsin PMN infiltrationwhich is relevant for psoriasis pathologynd
disease severityThe role of platelets in psoriagmtentially explais psoriasisassociated
cardiovascular comorbiditiemnd opens a new venue for the treatment of psoriasis
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Zusammenfassung

Psoriasis ist eine autoinflammatorische Hautkrankheglche sich durch eineohe Inzidenz
(3% der Erwachsenen) in westlichen Landewnszeichnet undvon persénlichen und
soziobkonomischen Belastungen begleitet wird. Psoriatische Hautldsionen sind
gekennzeichnet durch hyperproliferierende Keratinozyten, durch Vasodilatation Dedaris

und vor allem durch Hautinfiltration von Leukozyten, die verutrophilen Granulozyten
(PMNs) dominiert werdenMehrere Studiensprachen T Helfer 17 (Th17) Zellen und
plasmaytoiden dendritischen Zellen (pDCs)ne wichtige Rollebei der psoriatiseen
autoinflammatorischen Reaktiary, es ist jedochwenig Uber dieBedeutungvon PMNdir die
Pathologe der Krankheit bekannt. Interessanterweise ist auch der initiale Ausloser fir
Immuninfiltration und Entzindung bei Psoriasis bisher unbekannt. In digdeeit wurden
zweiunterschiedlicheMechanismen untersuchtjber die dasangeborene Immusystem die
Pathologie dePsoriasivermitteln konnte erstens der Einfluss von Nukleins&uned LL37
Komplexen auf die PMNktivierung (Teil 1) und zweis der Hifluss von PlattchefMN-
Aggregaten auf die Pathogenese der Psoriasis (Teil II).

Teil L Psoriatische Lasionen sind durch Uberexpression des antimikrobiellen Peptids LL37
gekennzeichnetAufgrund seiner positiven Laduriggmplexert LL37Nukleinsduren (RNA und
DNA) und vermittelt die Aufnahme vodiesen durch pDCsAnschlieRend werden die
Nukleinsauren von endosomalen Hiltle-Rezeptoren (TLRsS) erkannt, was zur Freisetzung von
IFNh durch pDCs fiihrtDie physiologische Quelle von Nuklgineen und LL37 und die
initialen Ausléser, die bei der Psoriasis entziindliche Reaktionen hervorrufen sind unbekannt.
Da PMNs die Immuninfiltrate bei der Psoriasis dominieren und selbst QuelielL37 und
Nukleinsauren sind (z.B. durch Freisetzung neutilep extrazellularerNetze (Neutrophil
extracellulartraps NET¥), kdnnten sie eine sellethaltende Entziindungsschleife bei der
Psoriasisnduzieren Diese Studie zeigt, dass primére menschliche und murine PMNs effizient
auf RNALL37Komplexe und nichtwf DNALL37 reagieren, indem sie Zytokine, Chemokine
und NETSs freisetzen. Interessanterweise sind PMNs von Ps&asaten anfalliger fir die
RNALL37Stimulation, moglicherweise aufgrund einer hoheren Meagd’MNgeneriertem
LL37. Weitere Experimenteeigten, dass LL37 und unerwddrveise auch RNA in NEifs

vitro und auchin psoriatischen Lasionen vorhanden sind, aber nicht in gesunder Haut. Wichtig
ist, dass isoliertes NEMaterial in PMNs die NEHRreisetzung induziertwelche wiederum
DNA, RNA uhLL37 enthaltenDie Rezeptoren, die RNA37Komplexe binden, sind TLR13
und TLR8 bei Mausen bzw. Menschen. Dieses Ergebnis wird durchhérm®@nde
Oligodeoxynukleotide bestétigt, die die RINA3Zvermittelte Zytokin/ChemokirProduktion

und NETose von PMNs vitro wirksam blockierenDie vorliegenden Daten zeigen, dass in
PMNs RNALL37Komplexe TLRs (TLR8 o0defLR3) aktivieren, die einen
selbstfortpflanzenden Entzindungskreislauf induzieren kénnen. Diese Stsfhdifiziert
aulRerdemerstmalig NEFBssoziierte RNA (n&R)als eine NEEKomponente, die potenziell

\%
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den Entzindungskreislauf in der Psoriasis und anderen autoinflammatorischen Erkrankungen
vermitteln kann.

Teil ll:Psoriasis ist durch eine massive Hautinfiltration von PMNs gekennzeichnet und wird oft
von kardiovaskularen Komorbiditdten begleitet. Die Hauptausloser flg2w BEMN
Hautinfiltration bei Psoriasis sind noch nicht identifiziert. Um Oberflachenantigene PMNs z
finden, welche die Hauftfiltration bei psoriatischen L&sionen erklaren, wurde Vollblut von
Psoriasis Patienten und gesunden Kontrollen (j&inf) auf die Expression von 332
Oberflachenantigenen untersuchDiese Experimente identifizierten einBlutplattchen
Marker-Sgnatur fir zirkulierende PMNs von PsoriaBatienten Die BlutplattchenrSgnatur

der PMNs wurde durch dierhdhte Aggregation von PMNs nBiutplattchen im Blut der
Patientenhervorgerufen Diese Ergebsse wurden in einemmiiquimod (IMQjinduzierten
Mausmodell der Psoriasis bestatigei welchemim Vergleich zu Kontrollehdhere Mengen

an PMNBIlutplatichen-Aggregaten im Blutvon IMQ-behandelten M&use naclgewiesen
wurden. Blutproben von PsoriasiatientenzeigtenauRerdemsignifikant erhéhteAnzahl an
Blutplattchenund in Hautlasionen von Psoriasis Patienten, nicht aber in gesunder Haut,
wurden Thrombozytenplaques in direktem Kontakt mit PMNs gefundamnch die Depletion

von Blutplattchenin Mausen wurden vivodie Schwee der Erkrankung drastiscleduziert,

was sich in einer geringeren Ohrdickeduzierter Verdickungder Epidermisund einer
reduzierten Leukozyterdnfiltration zeige. Auch in der Haut IM®ehandelter Mause sind
PMNs in unmittelbarer Nahe von Blutplattaheu finden wohingegendie Depletion der
Blutplattchen die PMNnfiltration vollstandigverhinderte Dies deutet auf eine kausale Rolle
der Blutplattchen bei der PMiNfiltration hin, die fur die PsoriasiRathologie und den
Schweregrad der Erkrankung relevant ist. Die Rolle der Thrombozyten bei der Psoriasis konnte
zudem die mit der Psoriasesnhergehenlen kardiovaskularen Komorbiditaten erklaren und
eroffnet neueWege zur therapeutischen Behandlung ésoriasis.
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Introduction

Introduction

1.1. The Immune System

To fend off microbial infection, the humammune system relies on three primary
components: barriers, innate and adaptive immunity. The first obsselpathogen has to

overcome are barriers which prevent the entry into the host, including physical barriers like

the skin, chemical barriers inhilvsig the growth of the pathogen (e.g. a certain pH) and also

GKS O2YLRaAAGAZY 2F GKS K2adQa YAONEDHOBYS ONE
(Gallo and Nizet 2008)

Innate and adaptive immune system comprise complex networks of different cell types and
mediators with the major task to protect the host from microbes, toxins or other harmful
substances interfering with naral homeostasis. Indispensable for host defense is the ability
to distinguish between nowself and selderived structures. In mammals, two different
systems which differ in specificity and speed of immune reaction have developed over time;
they are also btter known as innate and adaptive immunity. Despite their classification as
two different systems, they often function as one union, where cttafiss and interactions
happen to provide an efficient immune respon&haplin 2010)

1.1.1. Innate Immuity

If a pathogen was able to invade the host by overcoming physical barriers like the skin, an
immediate response is induced by the innate immune system. It consists of soluble (hymora
e.g. the complement system, and a number of cellular components, i.e. different cell types,
such as professional phagocytes (monocytes, neutrophils and macrophages), cytotoxic cells
(natural killer cells/NK cells) and antigen presenting cells (deadrélls/DCs). These cells
recognize structures that are common to pathogens by conserved receptors which are
typically also found in lower organisms including plants and insects. In response to pathogen
recognition, receptor signaling induces initial desermechanisms such as phagocytosis and
killingomechanisms to neutralize invaders, cytokine release to signal further responses,
activation of a cellular antriral state and opsonizing mechanisms like activation of the
complement system et¢Chaplin 2010)

Charles Janeway Jr. first postulated in 1989, that innate immune cells are able to recognize
microbe-associated molecular patterns (MAMPS) bycsdled patterarecognition receptors
(PRRs) in a nespecific wayJaneway 1989) ater, it was shown that PRRs are diverse in their
structure and also in their way of recogimg foreign components. PRRs were shown to sense

a variety of different pathogenic mediators, ranging from polysaccharides, to lipids or even
nucleic acids. Different PRR famillegve beencharacterized so far: the most extensively
studied ones are calieToltlike receptors (TLRs). Each of these receptors binds and senses
distinct microbial structures. As pathogens colonize the host exdrad intracellularly,
respective PRR receptors, recognizing different structures, are found on the surface of cells,

1
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or in intracellular compartments (see below 1.2.(yasaki and Medzhitov 2015Another

mechanism, in addition to the recognition aoficrobederived structure§ A & (G Ks8If & f G S|
NB O 2 3 yKariiedt 81.A86) NK cells for example use this strategy to scan for infected cells:

Viral infection or any form of stress associated with infection may change the surface antigens

of a cell and mark it for NK cellediated lysigRaulet 2006)

Additionally, after invasion of pathogens, skin resident innate immune cells recognize the
invader and secrete prmflammatory cytokines ashchemokines which attract other immune
cells from the circulation. Usually, the first cells that are recruited to a site of inflammation are
granulocytes, especially neutrophils. Activation of neutrophils stimulates phagocytosis of the
pathogen, degranulion, release of reactive oxygen species (ROS) and eventually Neutrophil
extracellular trap (NET) formation 6NETosis The process of NETosis involves ejection of
cellular DNA that traps the pathogen in place and facilitates efficient killing of tlaelénv
(Thomas and Schroder 201@)so see 1.3.2.). When intracellular pathogens such as viruses
aresensed® Oe(i2a2tA0 twwax aSONBlA2Y 27T -@ARNDISt 6L A
environment which inhibits viral spreaflwasaki and Medzhitov 2015Each of these
mechanisms is important to combat infection and to activate adaptive immune responses.

1.1.2. Adaptivelmmunity

Unlike the relativelyunspecificimmediate response of the innate immune system, the
response of the adaptive immune system is delayed owing to the fact that it is far more
specific. Adaptive immunity is therefore specifically found in higher developed organisms like
mammals. The adap&immune system can build on the early immune responses of the
innate immune system and mount an antigspecific immune response by activation of so
called F and Blymphocytes. T cell development takes place in the thymus where gene
rearrangement generas clonally distributed individual T cell receptors (TCRs). The resulting
T cell population with a variety of individual receptors provides the primary T cell repertoire.
The arranged TCRs are then tested for cresstivity with the host, resulting in [sitive or
negative selection. The remaining nealfreactive TCRs form the functional T cell repertoire.
Cells of the functional T cell repertoire can be activated by binding to a specific antigen
presented by antigeipresenting cells (APC&parkin and Cam 2001)(Viret and Janeway
1999) (Krueger et al. 2017) B cell development starts in the bone marrow. Here,
immunoglobulingenerearrangement takes place and produces a large number of B cell
clones with specific B cell receptors. Failure instep to produce a functional B cell receptor
leads to the death of the immature B cell. Thus, exclusively B cells with a functional B cell
receptor (BCR) leave the bone marrow to circulate in blood and secondary lymphoid tissues.
When a B cell encounterssispecific antigen and is stimulated by T cells, this specific B cell
can undergo isotype switching and somatic hypermutation (affinity maturation). When the
immune response is shut down, the B aeldergoesapoptosis (programmed cell death) or
becomes alonglasting memory B ceWhichis preselected to produce antibodies against a
specific antigerfChaplin 2010jParkin and Cohen 200ylelchers 2015)
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In contrast to B cells that bind a free antigen via their B cell receptor, conventional T cells
heavily rely on antigepresentation by APC3hese APCs include different phagocytic cells
such as certain dendritic cell subsets and macrophages. APCs process internalized antigens
which are then exposed on their cell surface bound to major histocompatibility complexes
(MHC) class | or Il. The amtiigMHC complex is bound by the specift€Rwith the help of ce
receptors, either CD4 (for MHC class Il) or CD8 (for MHC class I) thus mediating their activation
and differentiation of the respective@ell. The two T cell subsets (CDACD8) areactivated

by different mechanisms: CDZ cells, also known ashElper (Th) cells, are activated by
extracellular pathogenderived MHC 1l ligands, whereas CD&ells, also known cytotoxic T
cells (CTLs), are activated by antigens derived from inttdaelbathogens complexed with
MHC (Chaplin 2010)Parkin and Cohen 20QHence, CTLs recognize infected or invaded cells
and induce apoptosis by granzymes, perforinsybimding to death inducing molecules (e.g.
FasFasL). Th cells can be subdividadseveral subtypes with Thl and Th2 classical
representativesThl cells produce cytokines likedlwhich is crucial for T cell proliferatiam
general and cytotoxicityby CTLs. Thil cells importantly release-IFN | tyuR activate
macrophages and enhance their capacity to kill engulfed pathogens. On the other hand, Th2
cells release 4, 5, 6 and 10, and mainly promote antibody production by B @e#iskin and
Cohen 20@). So far further Thelper subsetsvere characterized, namely Th17fdllicular

helper cells (TFHsEgulatory T cellsIfed or T helper 22Th22 cells(Hirahara and Nakayama
2016) (Jia and Wu 2014¥hich all display important functi@in adaptive immunity but will

not be discussed in further detalil

As mentioned before: the major task of B cells is to produce antibodies against pathogenic
invaders. Antibodies represent the humoral part of adaptive immunity and are important for
sensitizing infected cells for complement (CDCC) or antideggndent ellular cytotoxicity
(ADCC) mediated by NK cells; antibodies also bind to and cover the surface (opsonize) of
pathogens labeling them for phagocytogtsirthermore B cells can also act as APCs for T cells:
when an antigen is recognized by a BCR, thigentis internalized, processed and presented

on MHC class Il of the B cell. Recognition of this ant\EiC class Il complex by a TCR
activates the respective Th cell and mediates a Th2 response, i.e. the Th cell produces
cytokines which induce B cell pifefation and maturation of antibody secreting plasma cells
(Parkin and Cohen 2001)
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1.2. Tollike Receptors (TLRS)

Until the discovery of Tallke receptors (TLRs), innate immune responses were thought to be
unspecific and primitive. Nowt is appreciatedthat TLRs recognize a variety of different
microbe associated molecular patterns (MAMPS) from bacteria, viruseg] &nd protozoa
quite specifically and induce microlspecific immune responses. Reandpn of selfderived
structurescan also leadb autoinflammation.

1.2.1. TLRs and their respective ligands and signaling pathways

The Toll story started in 1985, when Christiane Nussleilhard discovered that the Toll
protein was important for embryonic segmentation Brosophila(Andersonet al. 1985)
Approximately one decade lateToll was identified to play a role in the imme system of
Drosophila(Lemaitre et al. 1996) Shortly thereafter, a human homologue for Toll was
identified (Taguchiet al. 1996) leading finally to the characterization of the first Hike
receptor in humangMedzhitovet al. 1997)

TolHike receptors (TLRs) are germhaecodedpattern-recognitionreceptors (PRRs) which
induce immune activation upon recognition of different components derived from pathogens
(also called microbassociateeémolecularpattern (MAMPS)) and are expressed on a variety
of innate immune cells, like gratucytes, macrophages or dendritic cefléawai and Akira
2011)but also some tissueesident cells like epitheliar endothelial cells and fibroblast§his
knowledgeis based ora seminal publication of Janeway in 1989, postulating that there have
to be receptors recognizing certain molecular structures of microbes to link innate and
adaptive immunityJaneway 1989Although TLRs play an important role in innate immunity
and often bridge immune responses of innate and adaptive imtguthey are not the only
PRRs inducing immune activation. As PRRs gained more attention in recent decades,
additional receptors were characterized, e.gty@e lectins (CLRs) recognizing MAMPs from
fungi (Brownet al. 2018) RIGI-like receptors (RRs) sensing viral R{lfoo and Gale 2011)
cytosolic NOBike receptors (NLRs) which bind bacterial peptides and respond to other
cellular stress signaliKimet al. 2016) or, most recentlycytosolic DNA sensors like cGAS
STINGKawai and Akira 201{Thenet al.2016)

To date, 10 TLRs in humans and 13 TLRs in mice have been described. Each of them recognizes
certain microbial molecular structusgseeTable 1.1)(Kawai and Akira 2011D'Neillet al.
2013)
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Tablel.1: TolHike receptors and their ligands

TLR localization Type of ligand | Ligand$
TLR1 with 2 surface bacterial Triacylated lipopeptides
synthetic Pam3CSK4
fungal Chitin(Fuchset al. 2018)
TLR2 surface bacterial lipopeptides
fungal Chitin(Fuchset al. 2018) Zymosan
TLR2 with 6 surface bacterial Diacetylatedipopeptides
synthetic Pam2CSK4
TLR3 endosome viral Doublestranded RNA
synthetic Poly (I:C)
TLR4wvith MD2 surface bacterial Lipopolysaccharide (LPS)
endosome bacterial Lipopolysaccharide (LPS)
TLR5 surface bacterial flagellin
TLR7 endosome viral Singlestranded RNA
synthetic R848, Imiquimod (IMQ)
TLR8 endosome viral Singlestranded RNA
synthetic R848, TL-H06
surface or bacterial CpG, hypomethylated DNA motifs
TLR9 : i
endosome viral Herpesvirus DNA
TLR10 (human) surface ? ?
TLR11 (mouse) surface bacterial Uropathogenic bacteria, profilitike molecules
TLR11 with TLR1 " L .
surface parasitic Toxoplasma gondjrofilin protein
(mouse)
TLR13 (mouse) endosome bacterial Ribosomal RNA

* adaptedfromh Qb S A {(@'NeiBdi al. ROfL3pand completed by literaturementionedin the textabove and
below and by synthetic TLR ligands which can be purchased by InvivoGen

TLR1, 2, 4, 5, 6 are expressed on the cell surface and predominantly bind bacterial membrane
structures, whereas TLR3, 7, 8 and 9 are found in endosomes where they bind nucleic acids
(in more detail Tablel.1). TLR10 was recently described to be an-enfilammatory(Oosting

et al. 2014)and inhibitory regulator of innate immune signali@ianget al. 2016) Although
TLR10has been shown to play a crucial role in inflammmataesponses tolListeria
monocytogenesigRegaret al. 2013)its precise ligand still has to be identified. Commonly,

TLR signaling requires dimerization of receptors, with the exceptions of TLR7, 8 and 9 that
exist in preformed dimers in the endosonj@ayet al. 2014) Some TLRalsoform hetero

dimers such as TLR2 which complexes with either TLR1 or TLR6, while the mouse TLR11
dimerizes with TLR1®Zayet al.2014)

Upon MAMP binding, the scalled TokIL-1-receptor (TIR) domains of the receptor molecule
engage TIR domatontaining adaptor proteins, such as MyD88y¢loid differentiation
primary response protein 88) (except for TLR3). Binding of MyD88 activates a kinase cascade
involving IRAKs (IR associated kinases), activation of*NKNuclear Factor kapplght-
chainenhancer of activated B cells) and prodootof proinflammatory cytokinegO'Neillet

al. 2013) Later, another adaptor protein was discovered and named TRHE domain
containing adaptor protein inducing IFN TRIF was shown to mediate signaling of TLR3 and

5
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MyD88independent TLR4 signaling (with the help of thRIFrelated adaptor molecule
(TRAM)), induced by internalized TLRdditionally, another TIR adaptor protein called MAL
(MyD88adaptor like protein) was described for TLR2 and TLR4 signaling, bridging &yD88
TLR2/4. Furthermore, for successful LPS recognition, TLR4 is in needreteptor, namely
myeloid differentiation factor 2 (MD2) which binds LPS to induce signdliveyefore, TLR4
signaling is so far considered the most complex signaling mechanishe family of TLRs,
either inducing surface receptor dependent activation of-NF 6 @A -MAL) &5 y y
cytoplasmic sensing and induction of awiial interferon response (via TRIRAM) (see
Figurel.l) (O'Neillet al.2013)

Triacylated Uro-
or diacylated pathogenic
Flagellin lipopeptides bacteria
TLR2
with
TLRS TLR1 TLR11 e
TLRS
TIR o = c277
domain W_i ?_‘. =27,
- - .’ )
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Figurel.l: TLR signaling pathways

Heterodimers of TLR2 or TLR®, TLR5 and TLR11 bind their ligands on the cell surface, whereas, TLF
TLR8, TLR9 and TLR13 recogmimteic acids in endosomal compartments. TLR4 is localized either on 1
surface or in endosomes. TLR signaling is initiated by ligand binding, following receptor dimerization. Tt
the TolklL-1-receptor (TIR) domains of TLRs bind TIR doroairtaining adaptor proteins (WD88 ant
MyD88adaptorlike protein (MAL), or TRIF and TRAM). When TiaR4locatesto the endosome, signaling
switched from MyD88 to TRIF. TLR downstream signaling involves interaction of IRAKs, with TRAFs (Th
associated factors) and leads to kinase activation and transcription &f NF Intérferon-regulated factor
(IRF3% Consequently, prinflammatory cytokines are released, or in case of endosomal TLRs type | inte
(IFNO @ | RI LJG SR T NE®N€illehaQ20t 85 A f £ HAamo

dsRNAdoublestranded RNA; LPS, lipopolysaccharide; rRNA, ribosomal RNA; ssRNA{raimgdgel RNA

1.2.2. TLRs and their contribution to autoinflammation

TLRs are expressed on a variety of innate immune cells and their signaling is important for
activation of adaptive immunity by e.g. induction of prdlammatory cytokines or enhancing
expression of costimulatory molecules for ARGst al. 2009) TLR signaling is considered to

be crucial to link innate and adaptive immunityowever, ontinuous activation of TLRs or
dysregulated TLR signaling likely contributes to the development of autoimmune diseases
(Fischer and Ehlers 2008)

TLR signaling haiserefore alsogained interest in numerous autoimmune diseases in part as
potentially druggable targets and new treatment options. Especiallylzd¢/ reognition by
endosomal TLRs has been extensively studied. For instance, in the autoinflammatory disease
rheumatoid arthritis which leads to destruction of the joints, endosomal TLR ligands e.g. RNA
are found in synovial fluids of the patien{8rentanoet al. 2005) but also endogenous TLR4
ligands like heashock proteins (HSP@oelofset al. 2006)which carboth potentially leadto
inflammation. In systemic lupus erythematosus (SLE), autoantibodies against DNA or RNA are
observedand clearance of apoptotic cells is impaired. This promotes the formation of immune
complexes (ICs) of sédNA fragments and their respective autoamtilies. The ICs are in turn
recognized by TLR9 atidusinduce proeinflammatory immune response, leading to activation

of DCs, T and B cells and culminatenraatoinflammation(Barratet al. 2005) (Barrat and
Coffman 2008)Small inhibitory oligonucleotides (iODNs) that block TLR9 were suggested as
potential therapeutic intervention for SLE patients. Some of these iODNs are currently tested
in clinical studiegWu et al. 2015) In linewith this, it was shown that neutrophils releasing
seltDNA by neutrophil extracellular tragBlETS)could activate B cells in Sp&tients. This

DNA derived from NETting neutrophils, together with an antimicrobial peptide, entered B cells
and induced activation by TLR9 signaling. This stimulation in turn led to autoantibody
production against those NET structures (argutrophil antbodies). A genetically modified

B cell line that was deficient for TLR9 showed diminished immune stimulation and antibody
production in response to DNIEs, proving that TLR9 is essential for sensing otlegifed

DNA and subsequent inflammation in $G€stermanret al.2018)
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For psoriasis, an autoinflammatory disease of the skin (see paragraph 1.5.), it was found that
seltderived DNA and RNA can activate plasmacytoid DCs (pDCs) to produce type | interferon.
IFN production depended on TLR9 and TLR7 respecthaatygleet al. 2007) (Gangulyet al.
2009)and NET contents released by neutrophils induced immune activation in(phBxdeet

al. 2011) The presumed autoantibody in psoriasis is still unknown, but it is conceivable that a
similar mechanism as found in Sltlerliesthe inflammatorymechanisms in the skin with
endosomal TLRs as central mediators.

1.3. Neutrophilc granulocyte$PMNSs)

Neutrophilic granulocytes, also commonly referred to as polymorphonuclear leukocytes
(PMNs), are the most abundant granulocytes in the human bloggkesenting60-70% of
white blood cells in healthy human adulgdmhof and Dunon 1995)PMNs are usually
considered the first cells to be recruited to the sites of inflammation and are very important
for clearance of infections. PMMNse short lived,howeverone study showed PMMability of

up to 5.4 days in the human Hg (Galliet al. 2011) (Pillayet al. 2010) These findings are
controwersial because the methodthich wasused by Pillay et alalso labeled PMNs in the
bone marrow resulting in false viability rates of blood PMNsftset al.2011) Nevertheless,
PMNs show prolonged survival when activated by the presence of pathageiveto assure
complete clearane of the infection and adequate recruitment of other immune cells to the
sites of inflammation (reviewed irfKolackowska and Kubes 20)3)Also, the balance
between PMN release and retention is tightly regulated by chemokines. Phagocytosis of
apoptotic neutrophils by macrophages is an omjant mechanism regulated by the liver X
receptors (LXR). Its dysregulation is often linked to autoimmune diseases (reviefiiedgar

et al.2015).

Moreover, PMNs are packed with different kinds of granules which are dividefibun
subclasses: primary oazurophilic granules, secondary or specific granutegiary or
gelatinase granules and secretory granules. All of them are filled with different antimicrobial
peptides or bactericidal componenfisacy 2006(Selderset al.2017) Furthermore, PMNs are
able to display a variety of different ngsnses to combat pathogens such as phagocytosis,
degranulation, ROS formation, release of qrlammatory cytokines or chemokines to
attract other immune cells or even trapping and killing of pathogens by releasing Kifa@er

et al.2015)

1.3.1. PMNsand their rolen inflammation

To effectively combat microorganisms in the periphery, leukocytes, includingsPiiNd to
rapidly translocate from the circulation into peripheral tissues. The leukocyte recruitment
cascade is usually divided in five stegsthering, rolling, adhesion, crawling and
transmigration. When a pathogen enters the body, endothelial surface integrin expression
changes due to stimulation by tissue resident leukocytes interacting with the inflammatory
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mediator or due to direct actiieon of the endothelium by the pathogen. This causes PMNs
in circulation to slow down and transient bonds are formed between PMNs thrd
endothelium (tethering and rolling). Then, integrins on the surface of PMNs change frem low
affinity to highaffinity binding state, inducing attachment to the endothelial wall (adhesion)
(Kolaczkowska and Kubes 201BMNsthen actively crawko celkcell junctions, where they
transmigrate through the endothelial barrier into the tissue. This mechanism is tightly
regulated by iteractions between the endothelium expression of ICANtercellular
Adhesion Moleculd) and the neutrophil expression of MA@hacrophage adhesion ligand

1) (Phillipsonet al. 2006) To leave the blood vessel, PMNs cross the endothelium and
subsequently the basmentmembrane. This process requires tight regulation of integrins and
celljunction proteins. Also, endothelial cells rearrange their cytoskeleton to loosen the
attachment to the extracellular matrix which finally enables transmigration of PMNs
(Kolaczkowska and Kubes 201Bpw PMNs overcome the tight barrier of theseanent
membrane is not fully understood but it is speculated that PMNs selectively transmigrate in
regions where the expression of extracellular matrix proteins is(lManget al.2006)

The major mechanisms of PMNs to fight pathogens are degranulation, ROS formation, NETosis
and phagocytosis. PMNs are very potent phagocytes. After digatiith an opsonizing
receptor, PMNs engulf foreign particles or pathogens. Phagocytosis is a complex mechanism
involving diverse signaling cascades and cytoskeletal rearrangements that mediate target
engulfment within minutes. After engulfmenprimary ard secondary granules fuse with
phagosomes and release their antimicrobial contents to kill the engulfed mici(ébiageret

al. 2015) When specific granules fuse with the phagosothe enzyme nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase is activated andugeslfree superoxide radicals,

i.e. reactive oxygen species (ROS) that have antimicrobial activity and are harmful to
pathogenqSelderset al.2017)

The mechanism regulating degranulation is not completely understood. Increase of
intracellular C& which is largely mediated by ionophores, is of central importaficey
2006) Interestingly, PMNs can release-caled Neutrophil extracellular traps (NETS) in
response to bacteria, fungi or other stimuli like cholesterol crygfaiskmannet al. 2004)
(Warnatschet al.2015) Theirfunction will be discussed in more detail in the following section
(1.3.3).

Although PMNSs are highly potent antimicrobial immune cells another important function is
signaling to and recruitment of cells to sites of inflammation, by releasingnfleenmaory
cytokines and chemokines. Therefore, neutrophils and DCs are often found in close proximity
at sites of inflammation. Furthermore, PMNs were shown to attradi7idells(Pelletieret al.
2010)and CD8cytotoxic T cellfLimet al. 2015)and they were recently found tevenpresent
antigens to CDH4T cells in an ARlke fashion(Vonoet al.2017)



Introduction

1.3.2. Expression and roles of TLREMINS

Activationof neutrophils can induce cytokine release, degranulation, i.e. release stpred
antimicrobial peptides and proteins, release of reactive oxygen species (ROS), active
phagocytosis oMNETosis(see also 1.3.) (Krugeret al. 2015) These are all important
mechanisms for adequate immune response against pathogens. Some of those mechanisms
are strongly dependent on TLR signaling.

PMNsalso readily and functionally express TLRs on their surface and in endosomes. Hayashi
et al. foundthat stimulation of TLRs with their specific ligands expectedly indueddlease

from PMNsof healthy donorg; except for TLR3 ligands. Hence, they found &igiNsdo not

express TLR3 mRNWayashet al. 2003) Another study also demonstratethe lack of TLR7
expression in PMNg¢Jankeet al. 2009) leaving TLR8 and TLR9 as the only remaining
endosomal TLRs in neutrophils. Importantly, Berger et al. confirmed the lack of TLR3 and TLR7
expression but showed cytosolic RNA receptors e.g:| RdGoe functimally expressed in
neutrophils (Berger et al. 2012) which might compensate for missing TLR3 and7TLR
Interestingly, Lindau et al. showed TLR9 KABensing endosomal TLR) to be functional on

the surface of human and mougeMNs Of note, stimulation of neutrophils with the TLR9
ligand CpG enhanced surface expression of TLR9. The authors claimed that expression of TLR9
on the cell surface might be levant in case TLR9 ligands are not able to enter the endosome

to still ensure immune response to bacterial D{iLAdauet al.2013)

TLR stimulation in neutrophils was shown to efficiently induce release enhfleanmatory
cytokines whereas it is not cleawhether release of ROS strongly depends on TLR signaling.
Zymosaris aprotein-carbohydrate complex derived from yeast cell wallllonet al. 2006)
which serves as a ligand for TLR2 and Ddctilymosan was shown to induce ROS release
from humanPMNs(Gantneret al. 2003) Therefore, ROS formation can depend on TLR2
and/or Dectinrl signaling. Further investigations showed, that zymosan depleted of TLR2
ligands was found to robustly induce ROS formation, meaning that ROS release largely
depends on Dectifl (No et al. 2000) Our work showed that indeed cytokine release from
neutrophilswas highly dependent omLR2igandbinding and subsequent signalinghereas
Dectn-1 induced robust ROS releafieuchset al. 2018) Also, further TLR ligands e.g. LPS
(TLR4)CpG(TLR9)R848(TLR7/8) Pam3CSKALR2/1pr Pam2CSKALR2/6) unpublished

data) did not result in ROS releaseRMMNs These results indicate, that TLR stimulation is not

a robust ROS inducer but rather activates release ofipitammatory cytokines or NETosis
(see 1.38. for more detail).

1.33. Neutrophil extracellular trap(NET)s

Neutrophil extracellular traps (NETs) have been described as longlikatecondensed
chromatin structures, loaded with cytosolic and granular proteins, e.g. antimicrobial peptides
(Papayannopoulos 2018Brinkmann et al. first discovered these structures and found NETs
to trap and kill bacterigBrinkmannet al. 2004) A couple of years later, the cell lytic form of
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bo9¢ NBfSFaS ¢ a Rypurél2)Shecausd d its Aistinctidifferance$StS other
forms of cell deaths like apoptosis or necro&seinberg and Grinstein 200{ffuchset al.

2007) Even though PM&imay have committed to eventual death, they still perform multiple
taskssuch as crawling or phagocytosis even after having lost the majority of their nuclear DNA
(Yippand Kubes 2013)

The major purpose of NETSs is thus to eliminate pathogens. NETs not only trap bacteria but
also contain antimicrobial peptides withctivity towards a variety of differenpathogenic
species like bacteria, viruses or funglso, othemNET contents likeeutrophil elastaseNB

were shown to inactivate virulence factors of pathogéBsinkmann and Zychlinsky 2012)

The exact mechams allowing PMNs to distinguish when to release SBT to induce
alternative host protective mechanisms is far from being understood. A major factor
influencing the choice of PMN response appears to be the size of a microbe: hyphae and huge
bulks of bactela that are too large to be phagocytosed are hence rather trapped by NETS,
while smaller pathogens usually are internalized and digested. This selective induction of
NETosis prevents overshooting immune reactions and necrotic tissue damage
(Papayannopoulos 2018Interestingly, also tiny bacteria that escape phagosomes, such as
Listeria,or otherwise nterfere with phagocytosis are also trapped and killed by NETosis.
Additionally, bacterial toxins were found to kill PMNs and induce NETw$isther bacterial

toxins are required for NET formation remains unclear (reviewédapayannopoulos 2013)

Over the last couple of years becameapparentthat NETsrealso released without cell lysis
e.g. byS.aureus(Pilsczeket al. 2010) or by TLR<ctivated platelets which imd to and
subsequently mediate NET releaseRiNs(Clarket al.2007) TLRmediated NETelease is a

fast process induced 360 mirutes after stimulation compared to NETosis induced via
Phorbol myristate acetate (PMApeaking at 4 hours after stimulationpmpletecell lysisis
induced. Here, the plasma membrane integrity is maintained and DNA is packed into small
vesicles which fuse with the plasma membrane to release (PNgczk et al.2010)(Jorch and
Kubes 2017)In NETosis which is induced by PMA (originally observed by Brinkman et al.
(Brinkmanret al.2004), NADPH oxidase indueROS formation and subsequently stimulates
protein-arginine deaminase 4 (PAD4) that converts arginine to citrulline on histtmes,
inducing decondensation of chromatin in the nuclédsrch and Kaes 2017)Furthermore,
histone citrullination that promotes chromatin decondensatiaras initially shown to be
mediated by Neutrophil elastase (NBapayannopoulost al. 2010)which then is released
during NETormation. However, histon&i3 citrullination was independent of NE activity in
NETrelease induced by fun@gBranzket al. 2014) Also, in a deep veithrombosis model, NE
deficient mice still showed robust NET formati@vartinod et al. 2016) Therefore, it might

not be sufficient to investigate NE release vitro to prove NETformation and usually
microscopic analysis, preferably live eéalaging has been considered a necessary means to
illustrate the formation obona fideNETS.

11



Introduction

A remaining open question @sothe source of DNA found in NETSs. Yousefi and Simon showed
that DNA in NETs is not exclusively nuclear chromatin but can also originate from mitochondria
(Yousefi and Simon 2016)nterestingly, mitochondrial NETs and &Randuction were
associated with autoinflammation in SLE. There, mitochondrial NETs were sensed by STING
inducing type | IFN in a mouse mo@sabodet al.2016) But, whether miclear or mitochondrial

DNA release via NETSs follows distinct pathways or is induced by distinct stimuli still remains to
be clarified(Boeltzet al.2019)

Hence,the mode of action for NEflelease how to distinguishNETosiglearly from other
forms of cell death anthe sourceof DNA in NETis still under current investigatiorgJorch
and Kubes 201{Boeltzet al.2019)(Nestleet al.2009)The three different types of NEihat

have been describesb farare (1)rapid TLRinduced nuclear DNNETS, (2) PMixduced slow
nuclear DNANETSs and (3) mitochondrial DM Trelease(Figurel.2).

Nucleus rounds up Nuclear envelope No nucleus but L ,
LPS Uniformly condensed degradation chromatin in cell 'l '
TLR4 chromatin center; vesicles packed \ ' ‘. ———
platelet O with chromatin near \ ’
@ | | plasma membrane
PMA - 6\:‘:smu a;‘NET release
min after
. . activation O I“-“\.‘O
S . .
.' @ ‘l _’ “ “
I 1 1
\ i
Bacteria l 9%%
<
Histones
(3) NET
release by ' ® Proteases
mitechondrial
DNA
Nuclear envelope Rupture of plasma
‘ degradation; PAD4 - membrane; ‘
mediated citrullination NET release and

of histones; chromatin cell lysis
decondensation

Figurel.2: Different types of NETosis

Differentmechanisms of NET releasave been described. NETS can be released in response to inftidR4

mediated activatiorof platelets and subsequent interaction with and activation of PMN®& nucleus rounds up

and uniformly condensedhromatin is foundn the cell center The nuclear envelope breaks down and DNA is
packed into small vesicles. These vesicles eventually fuse with the plasma membrane and NETSs are released to
trap bacteria. This process is very fast and occurs approxiynd®@80 min after stimulation of the cell. NETs

are also released by cell lysis, where the nuclear membrane is degraded. Chromatin decondensation is mediated
by PAD4nduced citrullination of histones. This mechanism is usually induced by PMA and 8etlrsifter
stimulation.  NET release by mitochondnigas also observed but not very much is known akitmitnode of

action. Adapted from Phillipson & Kubes, 20Phillipson and Kubes 2011)
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1.3.4.NETs in disease and autoinflammation

NET formation is necessary for a fully functional and effective host defense while dysregulated
NET induction can lead to severe health problems. Patients suffering from chronic
granulomatous disease (CGD) are not able to mount efficient host responge theelack of

ROS induction. As ROS was shown to play a role in NET formation, PMNs from CGD patients
also fail to induce NETosis, when infected wAdpergilluga fungus which can form hyphae,

thus beingd 22 fF NAS F2NJ LKI 32 Gptd deqritti infection ke&ds thdl G A Sy
severe and lifehreatening inflammation(Brinkmann and Zychlinsky 201Z)n the other

hand, an overshooting NE®riation can lead to severe tissue damage, as seen in sepsis
(O'Brienet al. 2017) Usually in a healthy individual unwanted NETs are digested by DNases
andthusremoved. Interestingly, in patients with thrombosis less DNase | was found to clear
NETsIn deep vein thrombosis, NET formation is indude to activation of platelets and
endothelium involving plateletlerived high mobility group protein B1 (HMGBL1).
(Papayannopoulos 2018)urthermore, m atherosclerosis, cholesterol crystals induce
NETosis whitin turn activate other immune cells, direct them to infiltrate the tissue #mn

lead to a sterile (pathogefree) inflammation(Warnatschet al. 2015)

Autoimmunity in the context of NETs was first described for SLE. In SLE, B cells produce anti
neutrophil-cytoplasmic antibodies (ANCAs) and NETs were suspected as source for ANCA
production (Yu and Su 2013Meanwhile, Gestermann et al. showed that NET contents
actively induce the production of antieutrophil antibodies in B cells from SLE patients
(Gestermanret al. 2018)

In another auteimmune disease, rheumatoid arthritis (RA), patients suffer from inflamed
joints. Interestingly, in an experimental mouse model i mice deficient for PAD#@hich

are not able to induce NETosigidhless inflammation in their joints. Of note, the synovial fluid

of RA patients contains large numbers of citrullinated proteins which even serve as diagnostic
markers for RABranzk and Papayannopoulos 2Q1l1B)psoriasis (described in meodetail in

M®Pp ®O LI GASY(HaQ bo9c¢a ¢S NBluetd 20ycRandANET coritedit® R | Y F
canstimulate pDCs to produce type | IRiNandeet al.2011) These examples show that tight
regulagion of NET formation and degradation is cructal maintain homeostasisand
dysregulation has the potential to induce overshooting immune reactions and is associated
with autoimmune diseasesmportantly, the possibility oRNAinstead of DNAas a potential

NET content and its contribution to the development of autoinflammatmas so far not
appreciated.
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1.4. Platelets

Megakaryocytes found in the bone marrow are the origin of platelets, also called
thrombocytes, that are absolutely crucial forobd coagulation. Platelets are small,
anucleated cells and by far more abundant in human blood than leukocytes, counting over
one trillion circulatingcellsin an adult human being. Besides the wailbwn and central role

of platelets in coagulation, thegre now also appreciated to be important players in immune
responseqHabetset al. 2013) Platelets release inflammatory mediatqiGolebiewska and
Poole 2015pnd attract other cells to the site of inflammatidreeramkumaet al. 2014)
(Zuchtriegekt al.2016) Also, there is a potential link between platelets or platdéetkocyte
aggregates and autoimmune diseases like rheumatoid arthritis, or skin diseases like atopic
dermatitis or psoriasi§TamagawaVlineoka 2015)

1.4.1. Therole of platelets in coagulation

The coagulation system is a&llvknown cascade of tightly regulated factors and generally two
individual pathways are distinguished: the extrinsic, also known as tfsster pathway and

the intrinsic or contact pathway. The tissue factor pathway is triggered by the cell surface
protSAY aiA&dadzS FlLOG2NI 6¢Cuésx gKSNBIFa GKS O2yld
XIl. Both pathways culminate in prothrombin cleavage into active thrombin which in turn
converts fibrinogen to fibrin and additionally activates plate&Gmithet al. 2015) In Fgure

1.3 an overview of all factors initiating blood coagulation is shown.

Platelets have so far mostly been appreciated for their role in blood coagulation. In a healthy
individual, platelets usuallgirculate in close proximity to the blood vessel walls. In an intact
endothelial barrier platelet activation is inhibited by the secretion of nitric oxide (NO) or
prostacyclin (PGI2) from the endotheliu®olebiewska and Poole 2013phjury induces
thrombus formationfastin a hierarchical manner. During the first phase (initiation) platelets
are recruited to the site of injury by the von Willebrand factor (vWf) which binds to collagen
fibers in the blood vessel wall. Usually, vWf circulates in an inactive form in the sieam
(secreted by endothelial cellfiRuggeri 2007)Injury induces exposure of collagen fibers and
exposed collagen fibers accumulateumd vWf. The vWf bindingf surface antigen CD42b
mediates recruitment of plateletsHowever, his weak binding of vWf to CD42b is not
sufficient for robust platelet attachment anitherefore subsequent conformational changes

in surface integrins enhancestachment of platelets. Also, platelet activation is mediated by
intrinsic activation pathways and e.g. generation of thrombin from the extravascular tissue
(Tomaiuoloet al. 2017) After tight platelet adhesion and activation, the second phase
(extension) follows, in which more platelets are recruited to form platplatelet aggregates.

This pocess is mainly mediated by platelet binding to the plasma protein fibrinogen. This
mechanism is induced by platelet dense granule contents e.g. aderdigihsophate (ADP)

or by thromboxane Areleased from already adherent platele(§olebiewska and Poole
2015) In the third phase (stalilation) the thrombus plug is stabilized and protected from
shear forces of the blood. Thrombin, besides activating platelets, also converts fibrinogen to
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fibrin which forms strong fibers. Additionally, platelets release soluble agonists and interact
with endothelial cells at the site of injury which functions as a positive feedback loop and
further strengthens the thrombus plug omauolo et al.2017)(Golebiewska and Poole 2015)

Contact (Intrinsic)

Pathway
Xl Xlla/kallikrein/
Tissue-Factor \4: - HK
(Extrinsic) Xla
Pathway X
-V\‘
—
TF:Vila IXa .
Final Common
X ’,+Vllla th
TE:Viia == =4 pathway

Xa

prothrombin ——» thrombin

¥ ooX
fibrin activated
clot platelets

Fgure1.3: Blood coagulation cascade

Overview of the blood coagulation cascade. Two different pathways have to be distinguished: the Tissue Factor
(TF) Pathway (extrinsic) or the Contact Pathway (intrinsic). The TF pathway is inducedunyazslcomplex of

TF and factor Vlla (TF:Vlla)eThF:Vlla complex proteolytically activates factor IX and factor X. The contact
pathway is induced when factor XllI, gkallikrein (PK) and HiHighmolecularweight kininogen)form
aggregates on a surface or polymé&hese aggregates mediate activationfa€tor XII to factor Xlla and Xlla
processes PK to kallikrein. Factor Xlla in turn activates factor XI to Xla which converts factors IX to factor IXa. Both
pathways induce the production of active factor Which in turninduces the final step by generag thrombin
leadingto the transformation of fibrinogen to fibrin. Fibrin itself forms clots and mediates the activation of
platelets. Adapted from Smith et al. 20{Smithet al. 2015)

1.4.2.Selected plateletelated diseases

There is a vast variety of different diseases associated with dysfunctional hemostasis classified
as either thrombocytopathies or thrombocytopenias which can cause severe bleeding in the
patients. The class of thrombocyathies includes plateletelated diseases which have a
defect in either adhesion, activation, secretion or aggregation of plat¢@t¥ndreaet al.

2009) Thrombocytopathies are usually very rare diseases. One of the most eminent defects
is Glazmann thrombasteniahich affects the megakaryocyte linage. Patients v\dlazmann
thrombasteniaexpress functional deficient v 3 (CD41CD61 complexjntegrin whch is
important for binding of fibrinogen or vVWf. The autosomal recessive inherited disease causes
bleeding that ranges from mild to severe and the onset of the disease varies from early age to
later in life(D'Andreaet al. 2009) Congenital thrombocytopenias were formerly considered

as very rare but are now more frequently diagnosed by routine blood analysis. However, still
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some cases are mistaken for an acquired thrombocytopenia eopathicthrombocytopenic
purpura, a low platelet count of an unknown caud&ayalet al. 2014) Congenital
thrombocytopenias are commonly divided into three groups: diseases with normal, increased
or reduced platelet size. Patients with thrombocytopenia also sufifem rather mild to
severe tendency to blee(D'Andreaet al. 2009)

Better understood and characterizede the socalledHaemophiliadike Haemophilia Aand

B. These xXXhromosomelinked diseases almost exclusively affect men. Patients suffering from
Haemophilia Ausually have a deletion in Factor VIII gene that causes a mild to severe
phenotype.Haemophilia Bs characterized by deletion of Factor IX of thegrdation cascade.

As the name of the disease already suggests: here patients also suffer from a higher tendency
to bleed(Emilienet al. 2000)

Enhanced bleeding is not the only complication of platelet dysfunction: When platelet
aggregation is increased, thiarcalso cause thrombosis amdher cardiovascular diseases
(CVDs) like stroke or heart attadkealthy platelets inhibit thrombus formation by releasing
NO (Golebiewska and Poole 201%his system is usually dysfunctional during thrombosis
(Koupenoveaet al. 2017) Major risk factors for thrombosisr other CVDsare coagulation
factor mutations (e.g. Factor V Leidélusher 2010) smoking, hypertensioand high levels

of cholesterol but interestingly autoimmune diseases e.g. SystemicsliEgythematosus have
alsobeen implicated Koupenoveet al.2017)

As platelets are now considered to @t only important for blood coagulation but also
emerging new players imimune activation, the question arises whether platelet dysfunction

is also involved in autoimmunity. The role of platelets as immune cells and in autoimmunity is
the topic of the following two paragraphs.

1.4.3. The role of platelets in immunity

Interestingly, former findings already indicate that plateletse able todirect leukocytes to
sides of inflammation(Sreeramkumaret al. 2014) (Zuchtriegelet al. 2016) Leukocyte
attraction was mainlynduced byaggregate formation and platelet activation. Platelatso
decorate bacteriatagging themfor PMNmediated phagocytosigGaertneret al. 2017)
Additionally, plateletan alsanduce neutrophil adhesion and recruitment of monocytes to
the endothelium(Golebiewska and Poole 201Bgsides these rather passive mechanisms of
plateletinduced immuneeactions it is possible thétey, although being anucleated, actively
act as immune cellsspecially in innate immunity

Indeed, n 2002, Tang et al. showdor examplethat thrombin-activated plateletsare able to
releaseseven different antimicrobial peptides, all of them being active against at least two
pathogenic strains, mostly of bacterial and not of fungal orianget al.2002) Additionally,
plateletsalsoexpress a variety d?RRs like TERTLR1, 2, 4, 6, 8 and @/orrell et al. 2014)
andalsoNLRP3 and NOD2, both belonging to the same family ofiN®Beceptors. Signaling
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via these receptors activates alitacterial responses in pldits. TLR4 activatiofor example

leadsto thesheddingofimi  O2y G F Ay Ay 3 YAONRLI NIAOfS&E FTNRY
other cells (Brown and Mcintyre 2011)Hence platelets also actively secrete pre
inflammatory cytokines such asnNL (Morrell et al. 2014)and are alsamportant producers

of the chemokine BRCL4 (PF4) which activates monocytéslebiewska and Poole 2015)
However, vihether platelets aralsoable to induce interferons as antiral responsehas not

been shown ye{Hottzet al. 2018)

Plateletsnot only affect innate immune cellgléosee 1.4.5pr display innate immuneell
functions but alsoinfluence adaptive immunity (Hottz et al. 2018) For exampleplatelet-
derived CXCL4indsto CXCR3 receptor which is highly expeessn activated Ticellsand
inducesT cell traffickindMuelleret al. 2008) Additionally, platelets are the major producers

of CD40LEA G 2 NB R Jgrdnuléd KnSthe Nilinfan  body CD40Lreleasedfrom platelets
enhances T cells response to viral stimuli and is important for dendritic cell maturation and B
cell isotype switcli{Elzeyet al. 2003)(Morrell et al.2014)

1.4.4. Plateletsand their rolein autoimmunity

As outlined above, platelets accomplish functions in innate and adaptive immunity.
Consequently, it is conceivable to assume that dysregulated platelet function is involved in
development ofautoimmune diseasesiowever, onlyittle is known about platelet and their
impact onautoinflammation Still, thereare indications that platelets affect the pathogenesis

of numerous autoinflammatory diseases e.g. rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE), systemic sclerosis, multiple sclerosis @#ic dermatitis (AD),
allergic contact dermatitis and possibly psoria@igbetset al. 2013) (TamagawaVlineoka
2015)

In RA for example, platelets are activated by fibrin accumulations in the joint and this in turn
attracts PMNs to the sites of inflammation where they get trapped in therfiplatelet
network andinduceinflammation(Habetset al. 2013) SLE patients show enhanced platelet
activation and increased serum levels of soluble CD40L which mainly originates from platelets
(DesaiMehta et al. 1996) and also systemic sclerosis patients show increased levels of
plateletR S NA @SR Y 2 f Shibdabo§lébdin (PoatletiEvaite and Chiang 2007)
Moreover, increased platelet countare al® found in peripheral blood of MS patients
(Sheremateaet al.2008)(Habetset al. 2013)

Still, platelet functions are only poorly studied in autoinflammatory skin diseases, especially
in psoriasis. Nevertheless, there are indications from analysher skinrelated dis@ases
which indicate thatplatelets and platelet-PMN interactionsmight also be important in
psoriasigTamagawaVineoka 2015)Habetset al.2013) For example, in AD, plateleterived
chemokines like CXCL4 are strongly upregulatel LJ- ( A §TAmagdawaviinéoRa2tRl.

2008) Furthermore, in a murine mouse model for AD, increased Plilet aggregate
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formation is observed in the blodd@amagawaviineoka 2015)PlateletPMN interactions are
discussed in further detail in the next paragraph.

1.4.5. PMNplatelet aggregation or interaction

More thanfour decades ago, it was shown that platelets and leukocjoes aggregates,
especially when plateletare activated(Chanarat and Chiewsilp 1978)ungiet al. 1986)(de
BruijneAdmiraalet al. 1992) It is also well established that platelets are important mediators
in innate immunity and in inflammatory diseases, e.g. in seff3mwitte et al. 2017)
Consequently, platelets are likely to interact with other celish as PMNs which are initially
recruited to sites of inflammation and induce further immune responses. Indeed, platelets do
interact with PMNSs: FSelectin on platelets binds todelectin glycoprotein ligand 1 (PSGL

on PMNgLisman 2018)interaction is also achieved via CR&4ihding to CD4@Zuchtriegel

et al.2016) Stable PMMplatelet aggregates commonly enclose activated plateletisher in
circulation or when platelets bind to activated endotheliymsman 2018)

In the last couple of years, it has been increasingly appreciated that platelet activation might
be the first response in innate immity. In this scenario platelets guide leukocytes to the sites
of inflammation (Ludwiget al. 2004) (Sreeramkumaet al. 2014) (Zuchtriegelet al. 2016)
Ludwig et al. showed that the interactions ofsBlectin and PSGL on platelets and
neutrophils respectively are responsible for rolling along skin micro vefsetsviget al.
2004) Later, it was reported that PMN&hen recruited to injured tissyescan the area for
activated platelets and the interactions ofselectin and PS@ELis indispensable for PMNs to
extravasée or to form NET{Sreeramkumaet al. 2014) However, Zuchtriegel et al. later
postulated that platelets navigate leukocytes to extravasate and infiltrate tissues. In these
studies platelets adhered at junctions in thedethelium and captured neutrophils D40
CD40L interactions. The recruitment accumulated cells at the site of inflammation and the
celkcell crosstalk induced a conformational change in integrins to subsequently mediate
extravasation(Zuchtriegekt al. 2016)

Furthermore PMNplatelet interactions have also been described in injury andriiosis. In

a transfusion associated mouse model of lung injury, platelets induced NETosis in PMNs which
caused severe tissue damage and deg@hudrillieret al. 2012) Another important interplay
between platelets and PMNs was observed in the pathogenesis of thrombosis. In various
mouse models a key role of PMNs in the induction of thrombus formation was stiaswran

2018) Interestingly, human thrombi even contain NEBavchenkeet al. 2014) and NET
components are elevated in patienssiffering fromthrombosis(van Montfoortet al. 2013)

This shows an important rationale between platelet dPBIN activation in plateletrelated
complicatiorsin viva

It is also accepted that plateleteukocyte interactions ar@éot only important in platelet
related diseases, injury and immunity but also potentially cause autoinflammadionever,
for inflammatory skin diseases, very little is known about Rdttelet interactions. In a
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mouse model of allergic contact dermatitis platelMN aggregats are found adherent on
vessel wallsvith PMNs whichnternalized platelets. The authors interpreted these findings by
assuming thatPMNswhich initially attempted to clear platelet aggregatesbsequently
extravasated from blood vessgBaito et al. 2014) Moreover, n a mouse model foatopic
dermatitis plateletleukocytecomplexes were increasingly found in blogdwhile in
thrombocytopenic conditions, the chronic inflammation was redu€EaimagawaViineokaet

al. 2009) Importantly, in psoriasis, platelet aggregates werevgh a long time ag(Berrettini

et al. 1985) and aggregatdormation isreduced after amelioration of skimflammation
Nevertheless, the indicated contribution of plateleMN aggregates to theaphology of
psoriasis awaits further confirmation in patient derived samples.

1.5. Psoriasis
1.5.1. General featuresf psoriasis

Psoriasis is an autoinflammatory disease of the skin with an incidence of up to 3% of adults in
the Western population. Its major characteristics are epidermal hyperplasia due to increase
in keratinocyte proliferation, angiogenesis accompanied with blegdf the dermis and
immune cell infiltration, mostly PMNs in the dern{iSriffiths and Barker 2007)he most
comman form of psoriasis (90% of cases), is thealtedpsoriasis vulgarier plaque psoriasis
(histological picture of skin biopsgeeFigure 1.4 Another major characteristic oplaque
psoriasisis the dKoebner phenomenadd) where new lesions develop at sites of trauma or
pressure e.g. on elbows, knees or the sd@pffiths and Barker 200. In children, an acute

form of psoriasis, callegsoriasis guttata can occumhich is triggered by a streptococcal
infection of the throat. Another, but quite rare form of psoriasis is thecatled pustular
psoriasiswhich is characterized by smatiterile pustules on the ski(Griffiths and Barker
2007) The severity of psoriasis it scored by the Psoriams-Severitylndex (PASI) that
includes parameters such &se affected area of the skin, the severity of inflammation and
sometimes even the personal wdleing of the patientsThe PASI can reach values of up to
72 in very severe cases; a moderate to sevease is defined by a PASI higher than 10
(Fredriksson and Pettersson 19 {8abreraet al. 2015) Since 1971 the treatment of choice

for most patients is the FD#ood and Drug Administratio@pproved systemic therapy with
methotrexate, especially for patients that do not resgbto topical treatments with steroids

or phototherapy (Menter and Griffiths 200 | 2 6 SOSNE &2 OFff SR &0/
antibodies or small molecule inhibitors that block signaling of certain cytokengsTNF or 1L

17, are currently tested in clinical studies or have already been approved as drugs for the
treatment of psoriasigEberleet al. 2016)

Studies aimed to identify genetic predisposition for the development of psoriasis have shown
limited success. Until nowxclusivelythe presence of the HL-Ew6 allele shows a good
correlation with familial inherited eartpnset psoriasigNairet al.2006) Additionally several
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psoriasisassociatedsusceptibilityloci (Tsoiet al. 2012) have been described. However, the
main trigger for the development of psoriasis is still unknown.

Figure 14: Skin biospy of lesional
A skin in psoriasis

Histological appearance of psorie
Hyperkeratosis lesions  with  hyperkeratosis
epidermal thickening and leukocy
infiltration of the dermis (picture

Epidermal provided by Kamran Ghoreschi)

thickening

Leukocyte infiltration
(dermis)

1.5.2. Innate immune responses (especially of PMNS) in psoriasis

Adaptive immune responses have been extensively studied in psoriasis. Basgese
studies it is generally believed that psoriasis, certainly in its chronic state, is adfivesl
disease. Thus, innate immune responses were largely neglected and are just beginning to gain
interest in recent years.

Especially the work of Laadkt al. initiated a shift in the paradigm ofc€ll driven psoriasis by
showing that complexes of seterived DNA and the antimicrobial peptide LL37 which is
overexpressed in psoriatic lesions, induce type | IFN release from pDCs via endosomal TLR
signaing (Landeet al.2007) In their work the authors explain the high type | IFN levels found

in psoriatic lesions and how type | IFN in turn can activate other aptisinduce T cell
differentiation.

In addition toMAMPs, secalled Heatshockproteins (HSPs) and S100 proteinsickh have
antibacterial properties, serve as endogenous ligands for TLRs. Finally, because HSPs and S100
proteins are frequently expressed isqriatic skin, the binding of HSPs to TLRs in turn induces
pro-inflammatory cytokingoroductionin psoriasigTsan and Gao 200@3weeneet al.2011)
(Holzingeret al. 2018) Importantly, keratinocytes can also initiate immune reactions of the

skin and in psoriasis keratinocytes express higher levels of TLRs (TLR1 and TLR2) as compared
to healthy skin. The enhaad expression of TLRs in psoriatic keratinocytes potentially also
drives preinflammatory immune activatiofSweeneet al.2011)
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About the role of innate immune cells, different from DCs, only very little is known in psoriasis.
Langerhans cells, i.e. dendritic cells that reside in the epidgivaiadeau and Saeland 2005)

are dysregulated in psorias(Sweeneyet al. 2011) Macrophageswhich are professional
phagocytes, infiltrate psoriatiesionsand were proposed as the main producers of the-pro
inflammatory cytokine TNF (Marble et al. 2007) The role of TNF - Ay G KS LI GK23S
psoriasis is incompletely understood but FNRntagonists are used for the treatment of

psoriasis and ameliorate the skin patholddyst and Gudjonsson 2009)

Although infiltration of PMNSs into psoriatic lesions is a hallmark of psoriasis, the causative role
of PMNs and their contribution to the pathogesis of psoriasis is only poorly studied and
therefore still incompletely defined(Schonet al. 2017) PMNs release various pro
inflammatory cytokines and chemokines which could drive proliferation and activation of
keratinocytes but also attract further PMNs to the site ofaniimation and activate them
(Tecchicet al.2014)(Teruiet al.2001) Furthermore, PMNs are the main producers of LL37 in
the human bodySorenseret al. 1997) which could explain excessive amounts of LL37 found
in psoriatic skin. Interestingly, PMNs from psoriasis patients are more prone to &rtiaauid

more sensitive to induction of NETosis in blood, also NETs are found in psoriatic lesions. The
number of NETting neutrophils even correlates with disease sevfttyet al. 2016)
Additionally, signaling by TLRs expressed by P(Nsceet al. 2011)can induce very fast
immune responses by release of grdlammatory cytdines or induction of NETosis.

The cytokine H17 is mainly produced by T heldef (Th17) cells and Th17 cells are considered
as the major driver of inflammation in psoriagidi Cesareet al. 2009) An IL17 specific
antibody is approved for the treatment of psoriagiEberleet al. 2016) (Hueberet al. 2010)
Due to the psoriasis associated role eiliLand the abundance of PMNSs in psoriatic lesions it
is speculated that PMNs are a potential source efdland could be targetd by the same
treatment as T cell§Schonet al. 2017) This would link innate (PMNs) and adaptive (Th17
cells) immunity in psoriasis.

The central importance of PMNs in the pathbysiology of psoriasis fisrther highlighted by
the fact that depletion of neutrophils in a psasis mouse mod€iSumidaet al. 2014)and in
patients strongly ameliorates inflammation of the skikedaet al. 2013)

1.5.3. Adaptive immune responses in psoriasis

Research on pathogenic mechanisms in psoriasis generally is focused on T cells. Both, CD4
and CDS8T cells are found in the epidermis of psoriasis patié@iaspari 2006)Alsq T cells in
psoriatic skin are mostly mature and activated memory T cells. However, the trigger for T cell
homing to the skin has not yet been conclusively reported although it is known thaf LL37
which is overexpressed in psoriatic skin, acts as an dl#36l1 autoantigen that is recognized

by T cells in psoriagisandeet al.2014) There are also indications thaiolecular mimicry a

strong reaction to microbes involving immunodominant epitopes that cresst with self
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antigens- can occur in psoriasi&hristen and von Herrath 2004)his mechanisncould
explain the onset opsoriasis gutattgsee above).

An important feature of memory T cells found in psoriatic skin is the expression of CLA
(cutaneous lymphocyte associated antigen) and CCR10 (chemokine receptor type 10), both
being almost exclusiWedetected in autoimmune diseases of the siftinz 2003)Once they

have infiltrated the skin, -Tells secrete cytokines (e.g. FNTGH , IL-6 etc.) thatinduce
proliferation of keratinocyte leading to the commonly observed skin thicke(®tgngeet al.

1993)

Intriguingly, it was only @ently described that in psoriasis patients, polymorphisms are found
in genes that are associated with Th17 immune signaling. Th17 cells are the major producers
of 117 (Eberleet al. 2016)and I=:17A induces proliferation and impaired differentiation of
keratinocytes. H17A induces weakening of the skiarrier and amplifies inflammation by
promoting the release of prinflammatory cytokines and chemokines from keratinocytes.
Additionally,IL-17A induces migration of leukocytes and in combination with TNF a3, IL
IL-17A upregulates the production of-ILfamily cytokinegBrembillaet al. 2018) Finally,
geneically engineered mice that overexpressLiIA in keratinocytes spontaneously develop
psoriasidike skin disease within a short period of tiffiarbactet al.2014) In line, antilL-17
antibodies significatly ameliorate skin pathology in psoriasis patie(ittieberet al. 2010)
(Eberleet al.2016) Hence, psoriasis is considered to be a Thil77 driven diseasalthough

it is unclear how Th17 cells are triggered to produeg(Brembillaet al.2018)

In contrast to numerous studies focusing on the role and functionra#lE in psoriasis,-Bells

have only rarely been studied and, in line, autobaties have not been identified. Recently

a correlation of B cell blood counts and severity of psoriasis was rep(rted al.2016) The
authors suggest that elevated B cell blood counts indicate enhanced activation of B cells in
psoriasis patients. Also, the relative number e1@producing egulatory B cells is decreased

in psoriasis as compared to healthy individuals, indicating impaired B cell regulation in
psoriasis patient§Hayashet al. 2016)

1.5.4. Cardiovasdar comorbidities in psoriasis

Psoriasis is often associated with additional autoinflammatory diseases like arthritis or even
with cancer. In regard to cancer, however, it is not clear whether psoriasis or its treatment is
the major causdGriffiths and Barker 2007The most noticeable comorbidity is the risk to
develop cardiovascular diseases (C\idsgh was already described in 19{NcDonald and
Calabresi 1973)Q/Ds affect the heart or blood vessels and rising numbers of CVDs are an
increasing problem worldwide. In 2016, the WHf@ference seeTable 61 and 6.3.1)
published an alarming chart of leading causes of death, where the top 2 were ischemia heart
disease and stroke, i.e. two severe CVDs. The treatment of CVDs, in order to prevent death,
costs the US several hundred billion dollars a yéadal and Jindal 2018)
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Besides the fact that CVDs are a general and worldwide problem of modern society, it was
first suggested that psoriasis is an independent risk factor of CVD development by Gelfand et
al. in 2006. The authors analyzed a general practitioner (GP) database from 1987 to 2002 and
found an elevated risk of myocardial infarction for patients with sevemipsis(Gelfandet

al. 2006) Later, Ludwig et al. described psoriasis as an independent risk factor for CVDs
(Ludwiget al. 2007) (Caiazzcet al. 2018) Mehta et al. postulated in 2011, that patients
suffering from severe psoriasis not only have a higher risk to develop any CVD in general but
that psoriasis is a risk factor garience major cardiac even{Mehtaet al. 2011)(Boehncke

2018)

It has been suggested that hyperactive platelets are causing the enhanced risk of CVD in
psoriasis. Psoriatic hyperactive platelets would cause excessive aggregation that in turn favors
the development of CVDs. This proposed mechanism links cardiovastséase and
inflammatory skin disease psoriagimmagawaMineoka 2015)The causal nature pkoriatic
hyperactive platelets is in line with the observed increased amounts of platelet aggregates in
blood samples from psoriasis patients. Furthermdreyitro observed platelet aggregates
GSNBE adNRy3afte NBRdAzOSR I T SNbnditori(BeRetiSi¥tRly & 2 F
1985) Only recently antagonistic antibodies directed toward$74, a driver of inflammation

in psoriasis, were reported to effectively amebte (Eberleet al.2016)(Schon and Erpenbeck
2018) not only skin inflammationbut also CVDgSchuleret al. 2018) This shows that
dysregulated platelet activation is strongly associated with psoriasis and likely causing CVDs
of various kinds.

1.5.5. PMNsand platelets in psoriasis

Infiltration of PMNs in the skin is a central hallmark of psoriéSidfiths and Barker 2007)
Besides, the impacof PMNs on the pathogenesis and inflammatory status in psoriasis is
insufficiently understood. In recent years it became evident that PMNs might provide
important inflammatory mediators such as ROS and -oytchemokines which induce the
commonly observe hyperproliferation of keratinocytes and immunologic activation of
endothelial and additional immune ce([Beruiet al.2001)(Tecchicet al.2014) Furthermore,

in autoinflammation,activation of immune cellsanresult from NEJprovided seHantigens
originating from PMN§Landeet al.2011) Interestingly, PMNs have been suggested as source
of IL17 whichis a key mediator of psoriatic inflammation, anelll_release occurs via NETs
(Linet al.2011) PMNmediatedrelease of NETs and1lZ cantherefore potentially linkinnate

and adaptive immune responses in psoriasis.

Platelets are recognized as drivers of cardiovascular comorbidities in psoriasis. Also, the role
of platelets as immune mediators/oaulators is increasingly appreciated. Increased platelet
mass index and mean platelet volunfgnal 2016)(Canpolatet al. 2010) as well as the
identification of activated platelets in patient sampl@sidwiget al. 2004)corroborate their

role in psoriasis. Finally, platelet activation reportedly correlates with diseases severity
(TamagawaMineokaet al.2010)and platelets from psoriasis patients show a lower threshold
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for activation andaggregate formationn vitro (Tamagawaviineoka 2015which indicatesa
dysregulated platelet function in psoriasis patients. Interestingly, cardiovascular comorbidities
are dso linked to 1117, as IE17 isnot only a major driver for psoriatic inflammation but also
for cardiovascular diseasé@<arbactet al.2014)and by inhibiting K17 both inflammation and
cardiovascular comorbiditiesanbe ameliorated Schuleret al. 2018)

Comparativelyonly scarce knowledge exists about plateR#MN interplay in psoriasis and its
impact on inflammation or cardiovascular comorbidities. Two studies from Turkey and Korea
showed that neutrophito-lymphocyte and plateleto lymphocyte ratios a elevated in
psoriasis patients and correlate with disease sevdftglatet al. 2017) (Kimet al. 2016)
However, an explanation of skin infiltration, platedetelping PMNs to extravasate and the
impact of plateletPMN aggregates on disease severity remains elusive.

1.6. NucleicacidLL37 complexes

LL37belongs to the family of cathelicidins, i.e. peptides with antimicrobial activity. The active
LL37 is a 37 amino adahg, amphipathicandpositively charged peptideith two N-terminal
leucine residuegDurr et al. 2006) The major producers of LL37 in the human systai@
PMNswhich store LL3Th their specific granule€Sorenseret al. 1997) The active LL37 is
generated from its precursor hCAP18 (human Cationic Antimicrobial Peptide 18 kDa) by
proteolytic processing. The processing proteasarsongst others theneutrophitderived
proteinase3 (PR3). PR8leaves hCAP18 after the signal sequence and catkdgimain to
release the activ€-terminal part LL3TSorenseret al.2001) Thus, rutrophils provideboth,

the mature LL3Andthe enzymespecfically processinghe precursor. In healthy individuzl
LL37 is upregulated upon infection and displays efficient-mitrobial activities to most
grampositive and granmegative bacteria but also to fun@iurneret al. 1998)

Because of its positive chargél 37tends to form complexes with negatively charged
molecules, such aBNA or RNADNALL37complexesare delivered inside of cedlby some
form of endocytosigZhanget al.2010)and endosomal TLR recognition of DNA or RNA induces
robust immune activatior{Landeet al. 2007) (Gangulyet al. 2009) Hence,LL37 especially
protects fragileRNAfrom rapid degradation by RNaseGangulyet al. 2009) Of note,
complexesof human LL37 witimucleic acidsre more potent in inducing immune activation
compared tocomplexes of nucleic acids withe mouse ortholog RAMP (cathelin related
antimicrobial peptide)Galloet al. 1997) (Singhet al. 2013) Moreover, similar toLL37 ) -
defensins 2 and,3which belong to a second ctasfantimicrobial peptidesnaturally form
complexeswith DNA anduel activaion ofimmune cell{Tewaryet al.2013)

In addition toendosomal TLBRinding DNAor RNA in nucleic acidL37 complexesight also
be recognized by otherintracellular nucleic sensing receptor@.g. RIG, or even
inflammasomes(Loo and Gale 2011, Xiao 20116y LL37itself can potentiallybind to a
recepbr to induce immune stimulationin keratinocytesfor example,IFNi  production is
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induced by RNAL37 complexes that bind ttytosolic RNA receptors like RI@hanget al.
2016) Confusngly, complexing of dsDNA by L@&4s reported tgporevent stimulation of the
dsDNA sensing AlIMabsent in melanoma 2hflammasome in keratinocytesuggesting an
anti-inflammatory effect of LL3{Dombrowsket al.2011)

Furthermore LL3Avas reported taact as a ligand for formydeptide receptor 2 (FPR&hang

et al. 2009)which is also expressed on innate imneucells likee.g. PMNSsIn ling the group

of Richard Gallo postulated that LL&nhables selRNA recognition vidL37binding by
scavenger receptay inducing endocytosis of RNA and subsequent nucleic acid recognition of
PRRs(Takahashiet al. 2018) These dicrepant publications showthat recognition and
signaling of nucleic acidL37 complexess incompletely understood andeeds further
investigation.

A majorcharacteristioof psoriasis is the overexpression of LL37 in lesional @mplexes of
nucleic @ids with LL37 activate pD@hich inducesstrong IFN' release(Landeet al. 2007)
(Gangulyet al. 2009) These studies also repgpDC infiltrationof psoriatic lesiongLandeet
al. 2007) In both studies LL37 promoted uptake of DNA or RBA cellsand thus fueled
recognitionby endosomal TLRs, TLR7 for RNA and fAtRINA in pDC&angulyet al.2009)
(Landeet al.2007) The authors claimed, that nucleic adil37mediated activation of pDCs
might fuel an early iflammatory responsein psoriasis whichn turn can lead to T cell
activation and chronification of the disea@@e major findings are shown Figurel.5).

Furthermore in autoinflammation of SLEpntents released by NETting neutrophile. DNA

and LL3Yinduce robust activatiomot onlyof pDCgLandeet al.2011)but also of B celland
nucleicacidsensing of endosomal TLRs is indispensable for immune activation. These
activated Bcells furtherproduce autoantibodies against DNA and L[{Géstermanret al.

2018) However, atoantibodies have not been identified for psoriasis. Assumedly, a similar
mechanism aseen forSLEppliesto chronic inflammation in psoriasigntriguingly LL37 itself

also actsas anMHC class Hutoantigen presented to T cellm psoriasiy(Landeet al. 2014)
Thiswould connect innate immune responseBNINs,pDCs) and adaptive immunity §&hd B

cellg providing a possible mechanism fotminant and chrorg inflammationin psoriasis
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= - : ¢ . Figurel.5: Complexes of sedliNA and LL37 induce activatio

: ‘_7.” e S pDCs in psoriasis
- ’ ' ‘ ' Environmental triggers like stress or injury induce
. -, ’ 4 formation of psoriatic lesions in individuals with a backgrc
Blowe: ' ‘ . ' ‘ ' of genetic susceptibility for psoriasis. In the beginr

stressed keratinocytes release sBINA which formr

complexes with LL37, oveqpressed in psoriatic sk

. ‘ . . Plasmacytoid dendritic cells (pDCG8E activatedto produce
W\/ interferon-h  (IFN'). Keratinocytes are also activated ¢
e T — releaseinterleukinli (IL-1 ), -6 and tumour necrosis fact
(TNF)pDGderived IFN and the preinflammatory cytokine

| /NONA released from keratinocytesctivates dermal DCs.Thest
sat-ona AONA by activated dermal DCs migrat® the skindraining lympl
ws? NN | ™~ nodes to present an antigerof( self or microbial originto

= naive T cellsThis in turn promotetheir differentiation into 1

/”VV\? helper 1 Th1) and/or Th17 cells.(not shown: Th17 cells &

> SRl 4 activated and release {17 which leads to keratinocy

2 /INYA # hyperproliferation and weakening of the skin barrier. A

' the production of preinflammatory cytokines is induced

v other immune cells, leading to more inflammation i
permaipc  further immune infiltration of the skinAdaped from Nestl
et al. (Nestleet al.2009)

Activated dermal
DCand T cell
IL-12 IL-23

Skin-draining
lymph node
Thicell Thi7cell

1.7. Hypothesis and aims of part |

Plasmacytoid dendritic cells (pDCs) and their ability to respond to complexes of ragitisc

and the antimicrobial peptide LL37 were intensely studied. The group of Michel Gilliet could
show that pDCs induced high levels of type | IFN when stimulatedDMA or RNA complexed

to LL37Landeet al.2007)(Gangulyet al.2009)in the context of psoriasis. Furthermore, they
showedthat NET contents were immustimulatory for pDCs, suggesting that nucleic acid
LL37 complexesrefound in NETéLandeet al. 2011)

However, PMNskin infiltration is a hallmark of psoriasBMNsnot only outnumber pDCs in
human blood and skin of psoriasis patierttseey arefurthermore the first cells recruited to
the sites of inflammation angroduceconsiderable amounts gdro-inflammatory cytokines
like IL-8 or TNFE Therefore,it was assumed that PMNs play an important role in immune
responses in psoriasislost importantly,it is still uncertainwhich cells might provide LL37 or
nucleic acids, as Itlo cannot be readily released by pDCs.
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It washypothesized that PMNsvhich are major producers of LL37 in the human body and
can also easily extrude nucleic acids by a term called NETosis, can provide the first triggers for
inflammation in psoriasis.

The aim of this study was to investigate whether PMixsable to induce cytokine release or
NETosis in response to nucleic acid and LL37 complexes and if those NETs contain further
nucleic acids and LL37. If tieshe case, thosee novogenerated nucleiacidLL37 complexes

could potentially induce further immune reactions in PMM#&ich might fuela self
propagating inflammatory loopossibly explainingarly inflammatory events in psoriagsee
Figurel.6).

Host-derived?
Bacterial?

© | Self-propagating
inflammatory loop

Infiltration & Activation
of additional leukocytes

@ Pro-

Inflammatory
cytokines

Figurel.6: PMN activation might fuel a selfnplifying inflammatory loop ipsoriasis

LL37 forms complexeand shuttlesnucleic acids (DNA and RNA)o endosomal compartments oPMNSs.
Endosomal TLRecognizethese nucleic acids and induce cytokirexd NETreleasefrom PMNs These NETs
contain further nucleic acids and LL37 which in turn activate more PMNartti@r endosomal TLR signaling.
Proinflammatory cytokines released by PMNs upon stimulation with nucleicldc3@ complexes induce the
infiltration and activation ofadditionalleukocytes. This mechanism might explain an early inflammatory event
of TLRdependern activation of PMNSs in psoriasis.
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1.8. Hypothesis and aims of part Il

Psoriasis is an autoinflammataositin diseasgwhere a variety of immune cells from the blood
infiltrate the skinlesions The trigger for immune cells to infiltrate the skin in psoriasis remains
elusive. To identify surface antigens whigte differentially expressedn immune cellof
psoriasis patients and healthy controls, a surface antigen songenperformed The majo
goal wagto better understand skin homing of immune cells, especially BNNdto give a
glimpse on the potential mechanism undgng skin infiltration in psoriasiseeFigurel.7).

Skin infiltration of ” Blood cells stay in blood ”
blood cells vessels

Monocyte T cell Monocyte Teell

D Surface antigen in different colors = differential expression on PsorP vs. HD

PsorP = Psoriasis patient
HD = Healthy donor

Figurel.7: Differential expression of surface antigens might explain skin homing of blood cells in psoriasis

Blood leukocytesf psoriasis patientdifferentially express surface antigeosmpared to healthy controlsThis
might explainthe tendencyof immune cellgo infiltrate psoriatic lesions
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2. Materials andMethods

2.1. Materials

2.2.1. Reagents and Chemicals

Table2.1: Reagents and Chemicals

Reagent/Chemical Company Product no.
RPMI SigmaAldrich R8758
VLERPMI Merck-Biochrom FG1415
FCS THGeyer 11682258
Pen./Strep. Gibco 15140122
L-Glutamine Gibco 25030081
Sodium pyruvate Gibco 11360070
HEPES SigmaAldrich HO0887
PBS Thermo Fisher 14190169
RNase/DNase free water Thermo Fisher 10977049
Ampuwa Fresenius Kabi 1833
Ficoll/Biocoll Biochrom ab211650
I - estradiol SigmaAldrich E2758
Ammonium chloride (NkCI) Roth 5470.1
Potassium bicdionate (KHC§) Fluka 60220
EDTA pH=8 ThermoFisher 15575020
(Téiza';rgfit;ai(;'hydrate Carl Roth 4088.1
Citric acidGsHsO) Carl Roth X863.2
Fixation buffer BioLegend 420801
Cellstaining buffer BioLegend 420201

t NEBOA&AA2Y [ 2dzy G d BioLegend 424902
Pooled human serum Transfusion medicine Tubingen| -

Saponin Applichem, A4518.0100
ProLong Diamond Antifade ThermoFisher P36965
RNase A ThermoFisher ENO0531
Roti Histol Carl Roth 6640.1
Immersion oil OLYMPUS 81012
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2.1.2. TLR ligands and inhibitors

Table2.2: TLR ligands and inhibitors

Component company Product no.
LLY InvivoGen tirl-137
TL8506 InvivoGen tIrl-tI8506
LPSEK (ultrapure) InvivoGen tirl-pekips
R848 (Resiquimod) InvivoGen tlrl-r8485
Chloroquine InvivoGen tirl-chq
PMA InvivoGen tirl-pma
HK S. pyogenes Tatjana Eigenbrod | -

HK E.coli Tatjana Eigenbrod | -

2.1.3. RNA/DNA anthhibitors

Table2.3: SynthetidcRNA/DNA and inhibitors

Component Sequence company

CpG2006 pQ¢a/ abacta/abactacacacabacal/| TIBMOLBIOL

x

ssRNA40 (unconjugate

conjugated with AF647 o p QDa/ a/ a/ aba, a/ a} aba) a| a Da || IBA Lifescience
AF488) *

SssDNAGO pQ! /241 /o TIB MOLBIOL
IRS661 pQ¢aba/acacaba/ al al! aba/ ac¢ a ¢ TIBMOLBIOL
IRS954 pQ¢cabDa/ acal/al/ acababa! ababDa O TIBMOLBIOL

* phosphorothioatebackbone
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2.1.4. Antibodies and recombinant proteins

Table2.4: Antibodies and recombinant proteins

Item fluorophore species isotype dilution company Product no.
Isotype control PE mouse IgG1¢ 1:100 eBioscience 12471442
Isotype control FITC mouse IgM¢ 1:80 BioLegend 401605
Isotype control APC mouse 1gG1° 1:100 BD Bioscience 550854
Isotype control BVv421 mouse IgG1* 1:100 BioLegend 400157
Isotype control AF488 mouse lgG2& 1:200 BioLegend 400233
Isotype control FITC mouse lgG2b° 1:200 BioLegend 401206
Isotype control AF488 mouse IgG1¢ 1:100 BioLegend 400134
Isotype control AF647 mouse IgM¢ 1:100 BioLegend 401618
Isotype control PECy7 mouse IgG1¢ 1:500 BioLegend 400126
Anti-hCD15 PE mouse IgG1® 1:100 BioLegend 323006
Anti-hCD66b FITC mouse IgG1¢ 1:80 BioLegend 305103
Anti-hCD62L BvV421 mouse lgG1° 1:100 BioLegend 30482
Anti-hCD14 PE mouse IgG1¢ 1:100 ImmunoTools 21620144
Anti-hCD3 AF488 mouse IgG2d 1:200 BioLegend 317310
Anti-hCD4 PE mouse 1gG1° 1:200 BioLegend 300508
Anti-hCD11b APC mouse IgG1¢ 1:100 BioLegend 301310
Anti-hCD19 Bv421 mouse 1gG1¢ 1:500 BioLegend 302234
Anti-hCD8 APC mouse lgG1° 1:200 ImmunoTools 21810086
Anti-hHLADR FITC mouse 1gG2b* 1:200 BioLegend 327006
Anti-hCD15 PECy7 mouse IgG1¢ 1:500 BioLegend 323030
Zombie yellow fixable dye - - - 1:200 BioLegend 423103
Anti-hCD41 PE mouse IgG1¢ 1:60-200 BioLegend 303706
Anti-hCD61 PE mouse 1gG1¢ 1:60-200 BioLegend 336406
Anti-hCD66b AF647 mouse IgM ¢ 1:100 BioLegend 305109
Anti-hCD62P AF488 mouse 1gG1° 1:100 BioLegend 304916
anti-mLy6C VioBlue rat lgG2& 1:100 Miltenyi 130-102-929
Anti-mCDA45 APCVio770 rat IgG2b* 1:100 Miltenyi 130118687
Anti-mCD41 FITC rat IgG1¢ 1:100 Miltenyi 130105929
Anti-mLy6G PE rat IgG1°© 1:100 Miltenyi 130-102-895
Anti-mCD11b APC rat lgG2k* 1:100 Miltenyi 130113793
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Propidium iodide n/a - - 1:100 Miltenyi 130-:093-233
TruStain fcX - - - 1:25 BioLegend 422302
Recombinant hMIf i - - - 1:3.3x16 or 1:0.6x16 ImmunoTools 11343223
Recombinant hH16 - - - 1:3.3x16 or 1:0.6x16 ImmunoTools 11340163
Recombinant hSDi# " - - - 1:1000 ImmunoTools 11343363
Recombinant hH3 - - - 1:1000 Peprotech 20003
Recombinant hMCSF - - - 1:1000 Peprotech 300-25
SYTO RNAselect n/a - - 1:10 000 ThermoFisher S32703
Hoechst33342 n/a - - 1:10 000 SigmaAldrich B2261
Anti-hLL37 unconjugated | rabbit IgG 1:80:500 LSBio LSB6696500
Anti-- | unconjugated | mouse IgG1 1:200500 MBL MBL:D3473
Anti-hNeutrophil Elastase (NE) | unconjugated | mouse lgG1 1:100500 Novus Biologicals MAB91671100
Anti-hCD41 unconjugated | rabbit 1gG 1:100 Abcam ah63983
Anti-hCD42b unconjugated | goat IgG 1:100 Santa Cruz s¢7070
Anti-mCD41 unconjugated | rat IgGL 1:100 GeneTex GTX76011
Anti-h/mMPO unconjugated | goat IgG 1:200 R&D systems AF3667
Anti-mCD42b unconjugated | rat 1gG 4 ug/g or 2 ug/g Emfret Analytics R300
Isotype control unconjugated | rat IgG 4 pg/g or 2 ug/g Emfret Analytics R301
Anti-rabbit 1IgG AF647 chicken IgY 1:500 ThermoFisher A-21443
Anti-mouse 1gG AF594 chicken IgY 1:500 ThermoFisher A-21201
Anti-mouse 1gG AF488 chicken IgY 1:500 ThermoFisher A-21200
Anti-mouse IgG AF647 chicken IgY 1:500 ThermoFisher A-21463
Anti-rat 1gG AF488 chicken IgY 1:500 ThermoFisher A-21470
Anti-goat 1gG AF488 chicken IgY 1:500 ThermoFisher A-21467
Anti-goat 1gG AF594 chicken IgY 1:500 ThermoFisher A-21468
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2.1.5.Special equipment and Softwares

Table2.5: Special equipment and software

Plates/equipment Company Product no./Version
QlAcube QIAGEN 9002840
Nikon Ti2 eclipse brigkteld .

: Nikon -
fluorescence microscope
CQ-Oz controller Okolab -
Revolve ECHO FJSD2001
MACSQuant VYB Miltenyi 130-096-116
FACS Canto Il BD Bioscience -
ImageStream X MKII MerckMillipore -
Polycarbonate inserts, 24 Well'plates, Corning 2341570
3 um poregfor transwell experiments
¥ Area flat bottom ELISA plates Greiner 675061
U-bottom 96 well plates Greiner 650101
V-bottom 96 well plates Greiner 651101
p-insert 4well dish Ibidi 80406
PolyL-Lysine coated coverskp Corning 7341005
SuperFrost® Plus microscopy slides | VWR 631-9483
heparinized capillary tubes ThermoFisher 22-362566
6 mm Acu punch Acuderm P650
Prism GraphPad V68
Excel Windows Office V2010 and V201
FlowJo FlowJd.LC V10
FACSDiva BD V6
Fiji/imageJ - win64
NIS Elements Nikon Il
FCAP Array BD Bioscience V3
INSPIRE instrument controller softwa Amnis V2
IDEAS Amnis V4

2.1.6. Kits
Table2.6: Kits used in this study

Kit Company Product no.
RNeasy Mini Kit QIAGEN 74104
QlAamp DNA Blood Mini Kit QIAGEN 51106
Human I8 ELISA MAX Deluxe Kit BioLegend 431505
Human TN# ELISA MAX Deluxe Kit BioLegend 430205
HumanMIPmi  5dz2{ S&G 9[ L{! YA |R&D systems DY27105
Human IL16 ELISPuoSetELISA Kit R&D systems DY316
Human LL37 ELISA Kit HycultBiotec HK32102
Mouse TNP  9[ L{! a! 5Sf dzE S BioLegend 430902
Cytometric bead array Human Inflammatory Cytokine K BD Bioscience 551811
Mouse Neutrophil Isolation Kit Miltenyi Biotec 130-097-658
MACSxpress Whole Blood Neutrophil Isolation Kit Miltenyi Biotec 130-104-434
NETosis Assay Kit Cayman Chemical 601010
[ 9D9b5{ ONBSyYyul dzYly t 9 YA I( BioLegend 700001
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2.1.7. Buffers and media

Table2.7: Buffers and media

Buffer/Media Name

PBS
2% FCS (heat inactivated) FACS buffer
1 mM EDTA, pH=8

0.1 M GHsN&Or -2 HO Citrate buffer
pH adjusted to ® with 0.1 M GHsOy;

RPMI
10% FCS

1% Pen./Strep. PBMC culture medium

1% LGlutamine

VLERPMI

10% FCS (heat inactivated)
1% Pen./Strep.

1% Sodium pyruvate

1% HEPES

10 ng/ml hIL3

10 ng/ml MCSF

M p 1 3ésiradiol

BLaER1 transdifferentation medium
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2.2. Cell biology methods
2.2.1. Complex formation

For stimulation of human cells, 5.8 uM ssRNA40 (final concentration 34.4. pg/ml, sequence
Table 2.3, AF647 or AF488 labeled where indicated) was mixed withug LL37 (final
concentration 20 pg/ml, sequencEable2.3, Atto-488 where indicated) and left at RT for

hour.

Where indicated, 1 uM ssDNA (final centration 20 pg/ml, sequence sdable2.3), genomic

DNA (final concentration 20 pg/ml, isolated from whole blood using a QlIAamp DNA Blood Mini
Kit), totd human mRNA (final concentration 20 pug/ml, isolated from HEK293T cells using the
RNeasy kit on a QlAcube) or bacterial RNA (final concentration 10 pg/ml,.Srauareus
USA300 JERas isolated as described below) was also mixed together with 10 ug LL37 and
left at RT forl hour.

For experiments with BMPMNSs, 5 pg bacterial RNA was complexed with 10 pg LL37 and used
for four mice (final concentration: 10 pg/ml bacterial RNA anqu@Onl LL37). For the RNA
only or LL3%bnly conditions, the same amounts and volumes as for the complexes were used
by adding sterile, endotoxifree HO to the same final volume.

2.2.2. Isolation of bacterial RNA

BacterialRNAisolaton was performed by &talya Korn from AG Wolz, Tibingen. For all
experiments RNAfrom S. aureus USA300 JE&s usedOnthe first day,the bacterial culture
wasinoculated in suitable mediunugingantibioticsif needed. The next day, the culture was
diluted (1:100) and the OD was measured with 600 nm absorbartoen the culturewas
further diluted until OD=0.05, incubated while shaking at 37°C wedithing an OD of 0.5

5 ml of the culturevasharvestal and spun dow at5000 x g for 5 min at 4°C. The supernatant
was discarded and the pellet was resuspended in 1 ml Trizol (Invitra§88602% on ice and
pipetted into freezing cups, containing zirconia silicon globules (R¢®35.). Then, he
suspension was put aa shaker for 20 sec. at3®0 rpm before freezing a80°C.

The next day RNA isolation waerformed. Thesamples were thawn at RT, 200 ul chloroform
was added and mixed for 30 sec. After 3 min of incubation at RT, the samples were
centrifuged at 12 000 x g for 15 min at 4°C. Therea&@0 pl isopropanol was pipetted into

1.5 ml RNase free Eppendorf tudband the supernatant of the afore centrifuged samples
(approximately 600 pl liquid phase) was addedrte isopropanol. After mixing, and 10 min
incubation at RT, the suspension was centrifuged at 12 000 x g for 30 min at 4°C. The
supernatant waghen removed by pipetting, using filter tipgndthe pellet was washed with

500 plof 70% ethanol and centrifuged again at 7 500 x g for 5 min at 4°C. The supernatant was
removed with filter tips, leaving the pellet to drin the end,50 pl of sodium citrate (1 M,
pH=6.4 Ambio, AM7000 was added, incubated for 10 min at 55°C on a heating block (the
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samples werghoroughlyvortexed every 31 min) and frozen a80°C. The RNA concentration
was determined with a nanodrop (ng/pl) before using for experiments.

2.23. Study participants and sample acquisition

All blood and skin donors (psoriasis patients and healthy donors) provided their written
informed consent before participation in the study. Approval for use of their biomaterials was
obtained by the local ethics committees at the University Hospitals ddfingen and
Heidelberg, in agreement with the principles written down in the Declaration of Helsinki as

well as respective laws and regulations. All blood or skin samples obtained from psoriasis
LI GASyGas KEFER | t! {L &OEZipk4s.3nfFiguess, whSet@eS LI T 2
PASIscorewasn ®y 02 | YSRALFY 3S 2F nmoy &SIFNHE YR
or skin samplingThe samplesvere obtained at the University Hospital Tubimger in
Heidelberg lfoth Department of Dermatology) and processed together with samples from at

least one healthy donor (ageand sexmatched)which were recruited at the University of
Tldbingen, Department of Immunology. Skin sections wassessedrom 12 patients with

psoriasis vulgariand 1 patient withpsoriasis guttata Platelet counts were deterimed in the

course of clinical routines at the time of study blood sampling.

2.24. Isolationof bonemarrow derived PMNs (BMMNS)

Unc93b293d (Tabeta et al. 20069r TIr13/- (Li and Chen 2012kindly provided by Tatjana
Eigenbrod from Heidelberg (both C57BL/6 background) and WT C57BL/6 mice (own breeding)
between 8 and 20 weeks of age were used for this study. The mice were mainfaliogdng

local institutional guidelines for animal experiments and hygiene monitoring. They were
sacrificed using COfollowed by cervical dislocation.

Bonemarrow-derived (BM}PMNs were isolated by magnetic separation (MACS separation)
following the mamz¥ I O i dzZNB NX &ee Rayfla26NHaO (BHORMNE isolation, bone
marrow of femur and tibia from all four legs was used to obtain a higher cell number. The cells
were resuspended in neutrophil culture medium (Seeble2.7) and seeded by using 3 x°10
cells/ml (in 24 well plate, 250 ul per well and 96 well plate, 125 ul per well, the same
concentration of cells for all experiments). After resting for 30 min, PMN stimulation was
performed fa 5 hoursat 37 °C and 5% GO hereaftersupernatants were harvested and used

for ELISA. For microscqplye cells were seeded on PédlyLysine coated coverslipsgeTable

2.5,in a 24well plate) stimulated for 16 dursand stained subsequently.

2.25. Human PMN isolatioand stimulation

Whole blood (EDT-Anticoagulated) from healthy donors or psoriagaients was diluted in
PBS (1:2) and carefully loaded on 20 ml Ficoll (1.077, gsmlg a 50 ml falcgnThen, density
separation centrifugation was performed for 25 min at9%0g and 21°C (without brake).
Thereatfter, all layers were discarded (if theMR& were not used from the same donor)
except for the erythrocytggranulocyte pellet. Then, erythrocyte lysis (usihgerythrocyte
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lysis buffer, se@able2.7) was performed for 20 min at 4°C on a roller shgltez falcontube

was filled until 50 ml with erythrocyte lysis buffeAfter centrifugation for 10 min (without
brake), another erythrocyte lysis step was performed for 10 min at(#f&falcontube was

filled until 25 ml) After another 5 min of centrifugation (without brake), the remaining cell
pellet was carefully resuspended in neutrophil culture medium ($able2.7). 1.6 x 16
cells/ml were seeded (24 well plate, 500 pl per well or 96 well plate, 125 pl per well). After
resting for 30 min at 37°C, 5% £e cells were préreated with inhibitors (where indicated)

for 30 min and sulkequently stimulated with the indicated agonists for duns (for ELISA) or

for 30 min to 3 lours(for FACS analysis or microscopy).

2.26. Generation of NET contents

PMNs from healthy donors were isolated as described above. They were seeded in 10 cm
dishes at a cell density of 5 x®Xlls/ml at 37°C and 5% &@fter resting for 30 min, the cells

were stimulated with RNAL37 complex, LL37 alone, PMA (600 nM) or left unstimulated for

4 hours. Supernatants were removed carefully and the adherents8elETs werecarefully
washed three time with PBS. Then the cells and NETs were scraped off the bottom of the dish
and frozen in neutrophil culture medium e80°C.

2.27. HumanPBMC isolation

Whole blood (EDTA anticoagulant) was diluted in PBS. After density gradient separation using
Ficoll (described above), the PBMC layer was carefully transferred into a new reaction tube
and diluted in PBS (1:1). The cell suspension was spun down at 64dr 38 gnin. Then,
erythrocyte lysis was performed using dsythrocyte lysiduffer (seeTable2.7) for 5 min at

RT. The cells were then washed twice mor€BS and spun down with decreasing speed (448

X g and 241 x g) for 8 min each. Then the cells were resuspended in PBMC culture medium
(seeTable2.7) and seeded atell densityl.6 x 16cells/ml.

2.28. BLaER1 cells culture, transdifferentiation and stimulation

BLaER1 cells (WT and TLRBindly provided by Tim Vierbuchen and Holger Heine from
Borstel, GermanyVierbuchenet al. 2017) were cultured in BLaER1 culture medium (see
Table2.7) at 37°C and 5% GOAfter reaching a cell concentration not higher than 2 & 10

celldml, the cells were seeded in a 6 well platés5(x 1& cells/ml, 2 ml per we)l and
transdifferentiated in BLaER1 transdifferentiation medium (Bable2.7) for 6 days including

2 medium changes (on day 2 and 5). The cells becddé& SNBy i | Y RARIKIZDISRdE a
morphology. On day 7 the adherent cells weletached by pipetting ande-seeded (96 well

plate, 4 x 1® cellgml, 125 ul per wellusing BLaER1 culture medium (Seble2.7) and left

to rest for 1 lour. Subsequently, they were stimulated with TLR ligands foral8dand the
supernatants were harvested and collected for ELISA measurements. The transdifferentiation
efficiency was verified by FACS analysis, using CD19, CD14 and CD11b as cell surface markers
as previously described (CDCD11b and CD19cells are consfENSR (G2 0SS ayY2y:
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/macrophagef A { SawhedBFZ ff a2 6 Ay 3 GKA A& LINR G2 O2 f)(Ghidt LIdzZNR { ¢
et al.2018)

2.29. Live cell imaging bimanPMNs

Human neutrophils were isolated by magnetic separation using MACSxpress whole blood
neutrophil isolation kit (se@able2.6) and were seeded into a-ipsert 4 well dish (7 ul cell
suspension per insert). After resting for 20 min at 37°C, 5% @l Hoechst3334Zifal
concentrationl pg/ml) and 1 pl SYTO RNAselect Green fluorescent dye (final concentration
50 uM) wereadded and the cells were incubated for another 20 min at 37°C and 2%.1€©

cell imaging was performed usirgNikon Ti2 eclipse microscope (4fhagnification,no
immersion oi) including a C£0O, controller. After adjustment of microscepand livecell
imaging chamber, the cells were stimulated with TLR ligéhdgs per well, using 34.4 ug/mi
ssRNA and 20 wgd LL37for complex formation and 600 nM PMA as contraid
measurements were started immediately after adding of stimuli. Hapse analysis v&a
performed by taking pictures every 3 min for at least 2 hours. Image analysis was performed
using NIS Elements and Fiji analysis software.

2.3. Immunochemical methods
2.3.1. Flow cytometry of PMNsurity and preactivation assessment)

After PMN isolation and stimulation, the purity and activation statuBMiNswas determined

by flow cytometry. 200 ul of the cell suspension was transferred into a 96 well platieafht)

and spun down for 5 min at 448 »agd4°C(all centrifugation steps were performed using the
al'YS &ALISSR YR (AYS I yREBlodBy oRNBEHINERWag 2 | &
performedusing50 plpooled human serum diluted 1:10 in FACS buffer {sd®e2.7) for 15

min at 4°C. After washinthe samples were stainedith 50 pl antibody, diluted in FACS buffer
(antibodies and respective dilutions séable2.4) for 30 min at 4°C in the darkfter further

washing fixation buffer (seélable 2.) was added to the cell pellets for 10 min at RT in the
dark. After washing, the cells were permeabilizethvd.05% Saponin diluted in PBS ($able

2.7) for 15 min at RT in the dark. After an additional washing step, the cell pellets were
resuspended in 150 pl FACS buffer. Measurements were performed on a FACS Canto Il and
analysis was performed using FlowJoMID153CD66 and CD14cells were considered as
PMNs.! aAy3 GKS | F2NBYSYUA2YySR Aaz2tl GA2Fre YSHK2F
activation was measured by staining of CD62L. When activated, the cells lost CD62L expression
ontheir surface

2.3.2. FACS analysis dlmbrescencenicroscopy of fixe@®MNs

The cells werésolated as previously described (see above) seedded in a 96 well plate at
1.6 x 16 cells/ml, 125 pl per well. Subsequently they were stimulated WRNALL37
complexes for 30 min and lobr using RNAAF647/AF488 and/or unlabeled LL37 or 1-L37

38



Materials and Methods

Atto488 (vhere indicated, if the cells were not stimulated, this step was not performed). FCR
block, staining, fixation and permeabilization were performed as for Flow cytometry (see
above). Nuclei were stained with Hoechst333#@al concentrationl pg/ml)for 5min at RT

in the dark. After a final washing step, the cell pellets were resuspended-10&Ql FACS
buffer. 40 pl of the cell suspension was pipetted on a fdlysine coated coverslip and the
cells were left to attach for 1durin the dark. ProLongi@mond Antifade (se@able 2.1as

used to mount the coverslips on uncoated microscopy slides. The slides were left to dry
overnight at RT in the dark and stored at 4°C prior to analysis. The measurements were
conducted with a Nikon Ti2 eclipse (100@agnfication, using immersion giand the analysis

was performed using Fiji analysis software.

2.3.3. Fluorescenaaicroscopy of fixed NETingutrophils(human and mouse)

For NET analysis, PMNs (1.6 &cHlis/ml for human cells and 3 x€¢ells/ml for mouse cells)

were seeded in 24 well plates, containing Piolyysine coated coverslips and stimulated with
RNALL37 complexes (for mouse celcterialRNALL37 complexes were used) or PMA (600
nM) for 3 hours. NETs were fixed and stained using the protocol from Brinkmann et
al.(Brinkmann et al. 2010Where indicated, 100 ug/ml RNase A (DNase, protéase see

Table 2.) was added after fixation and incubated overnifggpproximatelyl2 hours)t 37°C.
Blocking was performed using pooled human serum (1:10 in PBS) for 15 min at RT. After three
washes with PB& min each)LL37 and PMNs were visualized using an unconjugated rabbit
anti-LL37 antibody oan unconjugated mouse antileutrophil elastase (NE) antibody (for 1

hour at RT) (sedable2.4) with subsequent staining with an AF6d@njugated antrabbit or

an AF594&onjugated antimouse secondary antibody, for 30 min at RT in the dark respectively
(seeTable2.4). After washing, RNA was stained using SYTO RNAselect Green fluorescent dye
(seeTable2.4, final concentration50 uM) for 20 min oan unconjugated antlyY U antibody
(seeTable2.4) for 1 hourat RT in the dark and subsequently adding an Afee®jugated ant

mouse secondary antibody for 30 min at RT also in the dark. In the end, nuclear DNA was
stained using Hoechst33342eeTable2.4, final concentrationl pg/ml) for 5 min at RT in the

dark. For mouse cells, only SYTO RNAselect Green fluorescent dye and 383&¢hsere

used to visualize RNA and DNA.

The coverslips were finallyounted with ProLong Diamond Antifade mounting solution (see
Table 2.}, were left to dry overnight at RT in the dark and were then stored at 4°C before
analysis. Secondary antibodies alone did not yield any significant stainingieBseirements
were conducted with a Nikon Ti2 eclipse (100x magnificatimmng immersion giland the
analysis was performed using Fiji analysis software.

2.3.4. Transwell experiments

Transwell inserts were loaded with 100 pl of PBMC suspen8i8ix (L cells/insert). In the
lower chamber500 plmedia containing TLR stimuli (2 pg/ml R848, RNA, LL37LRNA

complex seeTable2.2) or500 plmedia containing only MH® i 6on FyYyR-1&@B0D LJAk Y
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and 1500 pg/ml) or SBEh 6 LI2 AA A DS O2y G NRBf I wurstheyelx Y 0
in the lower compartment werdnarvested and FACS staining was performed as described
above. The total number of migrated cells was acquired using counting beadEa(siee?.1)

on a FACS CantoAhalysis was performed using FlowJo analysis software.

2.3.5. ImageStream analysis

ImageStream analysis was used to apalynternalization of RNAL37 complexes using
spotcounts and tracking single cells. The cells were first seeded in a 96 well plate at a cell
density of 8 x 19cells/ml, 125 pl neutrophil culture medium per weBubsequently, they

were stimulated for 1 bur with RNAAF647 (se€lable2.3) and/or LL37Atto488 (kindly
provided by Hubert Kalbacher, University of Tiglgn). FCR block and surface staining (here
CD15 PE) was performed as described above. After fixation, the cells were permeabilized with
permeabilization buffer (se€able2.7) for 15 min at RT in the dark. After washing, nuclei were
stained with Hoechst33342iifal concentrationl pg/ml) for 5 min at RT in the dark. After a

last washing step, the cells were resuspended in 50 pyl FACS buffeilgbé=2.7) and
transferred into a 1.5nl Eppendorf tube. The measurement was performwath the help of
Simone Pdschel. At least 10.000 cells were acquired for each sample with 40x magnification
using an ImageStream X MKII with the INSPIRE instrument controller software. Data were
analyzedusing the IDEAS Image analysis software. All samples were gated on single cells in
focus.

2.3.6 Luminex cytokine multiplex analysis

Luminex measurements and analysis were performed by Nicole Schneiddidraa and
Thomas Knorpp at the NMI Reutlingen. All samples were stored-@a0°C until testing. The
samples were thawn at room temperature, vortexed, spun ad@8 x g for 1 min to remove
debris and the required sample volumes were removed for multiplex analysis according to the

manufacturddDd NB O2YYSYyRI GA2yad ¢KS al YL Sa 6SNB a

microspheres, a multiplexed cocktail of biotinylated, reporter antibodies, and a streptavidin
phycoerythrin (PE) solution. Analysis was performed on a Luminex 100/200 instrament
the resulting data were interpreted using proprietary data analysis software (Myriad RBM).
Analyte concentrations were determined using 4 and 5 paramgteeighted and non
weighted curve fitting algorithms included in the data analysis package.

2.3.7. Cytometric bead array

I O@02YSUNRO O6SIFIR IINNI& ¢4l a LISNF2NN¥SR dzAy3
Table260 | YR F2ff 2 ¢ A Y Instiudi®. 25 il 9f dafpled andzdtddardsiwere

added to 25 pl of the capturing bead mixture. Additionally, 25 pl of PE detection reagent was
pipetted to all tubes and incubated for barsat RT in the dark. Thereafter, 1 ml of wash

buffer was added to each tube and centrifuged at 200 x g for 5 min. The supernatant was
carefully removed and the pellets were resuspended in 300 ul wash buffer each.
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Measurements were performed with the FAC®1Gdl. Analysis was performed with Soft Flow
FCAP Array v3 analysis software.

2.3.8. ELISA

To ensure that the supernatants were cell free, cell culture plates were spun down for 5 min

at 796 x g. Subsequently, the supernatants were harvested and stor88°&€ prior to use. In

order to save antibodie$2 Aea plates were used (s@@ble2.5, usingduplicatesor triplicates

of each sample The absorbance was measured with a standard plate reader at 450 nm. The
Fadled 6SNB LISNF2NX¥SR [ OO0O2NRAYy3 (2 GKS YI ydzF
study are listed inTable 2.6), using appropriate dilutions of the supernatants. For LL37
determination a kit from HycultBiotech (s€kable 2.6) with precoated plates was used
F2f{t26Ay3 GKS YIydzZFlF OldzZNENRE AyadNHOGAZYad

2.3.9. Neutrophil elastase NETosis assay

Neutrophil extracellular trap formation was determined using the colorimetric NETosis Assay

Kit (seeTable2.6) based on the enzymatic activity of N&S®ciated neutrophil elastase.

PMNs from various healthy donors were isolated as described above and stimulated with RNA

LL37 complex, or PMA (100 nM, provided by the kit) and a calcium ionoph@®18X, 25

UM, provided by the kit) as positive controls fbrto 3 hours. The assay was performed
F2ft26Ay3 GKS YIydzZFl O dzZNBENRA Ay asubshzieirhe2ya od
absorbance was then measured at 405 nm using a standard plate reader.

2.3.10. Fluorescenauicroscopy of tissue samples than and mouse)

{1AY &l YL Sa FTNRBY LIEAZ2NAI AaAAa LI GASyaithetimeh G K |
of skin samplinghealthy skin samplemnd mouse earw/ere paraffirembedded according to
standard procedurefCaneneAdams 2013)The paraih blocks were cut in slicéthickness =

3 um)and mounted on SuperFrost® Plus microscopy slides (this was done by Lukas Freund at
the Dermatology Department in Heidelberg or by Sybille Kohler at the Dermatology
Department Tubingen).

Thereafter, the tissue samples were deparaffinized (2 times for 10 min) with Roti Histol
solution(seeTable 2.}and rehydrated using decreasing concentrations of ethanol (100% two
changes, 95%, 80% and 70% every step 5 min). After rinsing ¥ ddhtiggen retrieval was
performed by boiling for 120 min in citrate buffer (se@able2.7). The skin tissue was then
washed 3 times for 5 min with PBS. Blocking was performed using pooled human serum (1:10
in PBS) for 30 min at RT. The primary antibody (antibody [Eate2.4) was added either
overnight at 4°C or for 1dur at RT. After 3 washes, the samples were incubated with
secondary antibody for 30 min at RT in the dark. Afteother 3 washes, SYTO RNAselect
Green fluorescent dydigal concentration50 pM) was added for 40 min at RT in the dark.
Thereafter, the samples were washed again and DNA was stained with HoechstB8842 (
concentrationl pg/ml) for 5 min. Then 3 lagvashes were performed before using ProLong
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Diamond Antifade and uncoated coverslips for mounting. The samples were left to dry
overnight at RT in the dark before being used for microscopy or stored at 4°C. The specimens
were analyzed on a Nikon Ti2 eskpmicroscope (10&80x magnificationusing immersion oil

for 40x and 60x magnificatigrand the analysis was performed using Fiji analysis software.

l dzG 2 Ff dz2NBAOSYyOS Ay Ydzf GALX S OKIyySta GeLAO
Blood vesselswere 6 St SR gA0GK d. £ @

2.3.11. Cell surfacntigenexpression screening in whole blood samples

I OStf &adz2NFIOS FyGAaSy &ONBSYy A yThbled.6).aVhadS NF 2 NI
blood (EDTA anticoagulated) was drawn friwe LJA 2 NA I aAa LI GASyda o6t ! {
therapy at the time of blood drawing) anfive sex and agematched healthy controls.
Erythrocye lysis was performed for 5 min at 4°C on a roller shaker usiegyihxocyte lysis

buffer (seeTable2.7). After a short spin of 5 min at 8& g without brake, FCR block was
performed using pooled human serufdiluted 1:10in PB$for 15 min at 4°C, also on a roller

shaker Thereafter, the cellavere stained in 1 ml volume per tube with a@D3 (T
lymphocytes), CD15 (PMNs) and CD19 (B lymphocytes), excluding dead cells using Zombie
Yellow (respective antibodies, fluorophores and dilutions Bakle2.4) for 30 min at 4°C on

a roller shaker. Subsequently, each tube was filled with 12 ml PBS and the stained cells were
aliquoted into 4 x 96 well plates {{bttom), eachwell containing 5 pl of PEbelked antibody

directed against one of 332 surface antigens, and 10 isotype controls all labeled in PE (all PE
O2yedzar SR !'0a 6SNBE LINPOARSR o0& GKS (1Ad0® Cdz
instructions, except that one kit was divided for the aserement of4 donors. FACS
measurements were performed using a MACSQuant analy#erSchindler, Tubingeahd
subsequently FlowJo V10 was used to analyze the data. T cells, PMNs andvBregjited

according to the Abs in the master mix. The gating strategy is depictdeigure 6.5.

Monocytes were gated bywize and granularityand not additiondly labeled with CD14.

However, in the well containing ar@iD14PE atibody, all gated events were CDpébsitive.

2.3.12.FACS analyss$whole blood samples

200 pl of the cell suspension prepared as in section 2.3.11. was transferred into a 96 well U
bottom plate and spun down for 5 min at 448 x g at 4°C. FcR block was performed using pooled
human serum diluted 1:10 in FACS buffer for 15 min at 4°C. After washing, the samples were
stained for 30 min at 4°C in the dark (antibodies and respective dilutioméisted inTable

2.4). Thereatfter, fixation buffer was added to the cell pellets and incubated for 10 min at RT
in the dark. After an additional washing step, the cell pellets were resuspended in 100 pl FACS
buffer. Measurements were performed on a MACSQuant analyzer. Analysis was performed
using FlowJo V10.

2.3.13. Fluorescenauicroscopy of fixed whole blood cells

Short erythrocyte lysis was performed as described abo{@ #111). 200 pl of cell suspension
was aliquoted per well (96 well plate, -bottom). FcR block, staining, fixation and
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permeabilization were performed as for flow cytometry (described abowe3.1. and2.3.12,
antibodies and respective dilutions are listedTiable2.4). Nuclear DNA was stained using
Hoechst33342 fihal concentration 1 pg/ml) as described aboveCell pellets were
resuspended in 5200 pl FACS buffer. 40 ul of the cell suspension was pipetted on-&-Poly
Lysine coated coverslip (s@able2.5) ard the cells were left to attach for lolrin the dark.
ProLong Diamond Antifade was used to mount the coverslips on uncoated microscopy slides.
The slides were left to dry overnight at RT in the dark and were then stored at 4°C before
microscopy. Measureents were conducted with a Nikon Ti2 eclipse (100x magnification
using immersion ojland the analysis was performed using Fiji analysis software.

2.3.14 FACS amdicroscopy settings

Table2.8: FACS Canto Il Settings

Colordye Laser Wavelength(nm)
BVvV421 violet 450/50
FITC/AF488 blue 530/30
PE blue 585/42
APC/AF647 red 660/20

Table2.9: MACSQuant FACS Settings

Colordye Laser Wavelength(nm)
Bv421 violet 450/50
Zombie Yellow violet 525/50
AF488 blue 525/50
PE yellow 586/15
PECy7 yellow 750/LP

Table2.10: Nikon Ti2 eclipse Settings

Color/dye Filter Wavelength (nm)
Hoechst 33342 QuadDAPI 390
SYTO RNAselect Green fluorescent, ARAISE; | QuadFITC 475
PE QuadCy3 549
AF549 QuadmCherry 575
AF647 QuadCy5 632

2.4.1n vivomouse model
2.4.1. Mice

In vivo mouse experiments were performed by Nate Archer (group of Lloyd Miller in Baltimore
USA. In brief, C57BI/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME). The
mice were bred and maintained under specific pathoge® conditions at an American
Association for the Accreditation of Laboratory Animal Care (AAAdE@dited aimal

facility at Johns Hopkins University. They were handled according to procedures described in

43



Materials and Methods

GKS DdzARS F2NJ GKS /FNB FYyR ''aS 2F [Fo0o2NI (2NJ

policies and procedures as set forth in the Johns Hopkins Uriwésimal Care and Use
Training Manual, and all animal experiments were approved by the Johns Hopkins University
Animal Care and Use Committee. Sand agematched 68-week old mice were used for each
experiment.

2.4.2. Platelet depletion protocol

For plaelet depletion in mice, 4 ug/g of an€D42b (se&able2.4) or rat IgG isotype control
(seeTable2.4) diluted in sterile PBS was injected intravenously (i.v.) one day before, and 2
Hg/g intraperitoneally (i.p.) 3 days after the first imiquimod treatment.

2.4.3. Imiquimod model of psoriatic skiflammation

Mice were anesthetized (2% isoflurane) and 62.5 mg of 5% imiquimigliimodcreme Tora
Pharmaceuticalswas applied topically with a sterile cotton swab to the ventral and dorsal
sides of the mouse ear. This was done daily for a total tof&ments. Prior to imiquimod
application, ear thickness was measured with a manual caliper. A day before and at the end
of imiquimod treatment, blood was collected retarbitally with heparinized capillaries for
FACS analysis. In addition, ear thickneas terminally analyzed taking a 6mm punch for
immunohistochemistry (IHC, in this case H&#&ining and immunofluorescence (IF).

2.4.4. Histology and epidermal thickness measurements

6-mm punch biopsy specimens were placed in 10% formalin and paesftiedded using
standardized procedures. Skin cressctions thickness=n  >Y0 ¢SNX Odzi | yR
SuperFrost® Plus microscopy slides and left to dry overnight. The staining with hematoxylin
eosin (H&E) was performed by the Johns Hopkins Referenceddigtiodboratory according

to clinical specimen guidelines, or utilized for immunofluorescent staining (as described
above). To measure epidermal thickness, at least 10 measurements per mouse were averaged
from images taken at 20x magnification (Revolve ascopy from ECHQ,able2.5) using
ImageJ/Fiji software.

2.4.5. Flow cytometry

For FACS analysis, retstbital blood samples were collected on day 0 and dayf BMQ-
treatment, diluted in 300 pITBS (Trisbuffered salie) containing 5 U/ml Heparin and
subsequently further diluted with 500 pl PBS. #tbtk was performed using TruStain fcX (see
Table2.4) for 10 min at RT. Subsequent staining was performed using-@8G, antCD45,
anti-CD41, antLy6G, antCD11b, propidium iodide (all antibodies with respective dilutions
are listed inTable2.4) for 30 min at 4°C. FACS measurements were performed using a
MACSQuarand subsequently analyzed withACSQuantify softwar€ell types were defined

by flow cytometry according to the following gating strategigatelets were identified from

the CD41population from live cells, and myeloid cells were gated on the COddgulation
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from live cells. PMNs and monocytes were identified as Miyg&® and Ly6®GLYy6¢ cells,
respectively. PlatelePMN and plateletnonocyte aggregates were identified first by gating
on the CD41CD11bpopulation and then on Ly8@&y6® and Ly6BLy6C' cells, respectively.

2.5. Statistical analysi
2.5.1.General statistics

Experimental data was analyzed using Excel 20 2019(Microsoft) and/or GraphPad Prism

6, 7 or 8. Microscopy data were analyzed with NIS Elements from Nikon and with ImageJ/Fiji.
Flow cytometry data were evaluated with FlowJo V10rdfwé values, outliers were identified

using the ROUT method at high (0.5%) strictness. For each experiment, normal distribution
was evaluated using thé'AgostinePearsonor ShapireWilk test to choose either a

LI N} YSGNR O 6! Hestkor onpéranmitRcS /gl Fiddman, Maahitney U or
Wilcoxon) test for validation of significance@pl f dzSa& 6hTnodnpov H6SNB (K
correction for multiple comparison wasgdormed in Prism, which is always indicated in the
Figure legends. Values < 0.05 were considered as statistically significant and indicated by *
even if the calculated palues weregreatly lower than 0.05. Multiple comparisons were
performed, typically omparing all values to the unstimulated control unlesslicated
otherwise. Wherever this was done;values were adjusted for multiple testing.

2.5.2. Differential expression analysis of surface marker screening data

Statistical analysis of the LEGENIBS y 1 NJ (fneaa flibrescence intensitygata was

performed by Marius Codrea and Simon Heumos at QBIC in Tubingen.

The goal was to identify surface antigens which were significantly different between patients

and healthy donors withispecificcell popuétions (ona surfaceantigen’protein expression

level). This relationship was formulated as MFI ~ health_status + cell_type, where the mean
fluorescence intensity (MFI) depended on the two main factors: hesltus and celtype.

All cellpopulations were measured simultaneously in one FACS screen per subject (patient or
healthy donor) and the resulting intrinsic (withgubject) variance (across all populations) was
calculated by extending MFI ~ health_status + cell_type + subject/cedl. byghis notation,
OStfydellS ¢la aySaidSReé gAGKAY aadzoeSOieéd !yl
linear mixed models using the R package nlme (versiorl3111)] (Pinheiro 2000, Bates

2015) The fitted models were subject to pasbc analysis with Ukey's "Honest Significant
Difference" test to compute adjusted pawise differences among the cell typ@retz 2011)

The Ismeans (version 2.-51) (Lenth 2016 R package implementation was used in order to
O2YLzi S GKS | Ra2adzadGYSyGad f avYS!l ywsdcondkstioNE & S N.
patientsversus healthy don@by the given cell_type. Theyalues and the fold changes of all

surface antigens were extracted from all contrastsabblifferent cell_type levels. Thiken

provides multiplecomparison adjusted palues and fold chages between patients versus

healthy donors for each ceflopulation For the generation of therinciple component
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analysis PCA plots, the R package ggplot2 (version 2.2.1) was used (Herster et al,,i2019
revision.
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3. Resultyart |

3. Neutrophil extracellular trapassociated RNA (naRNA) and Ld@Wplexesenable
seltamplifying inflammation in psoriasis

3.1.LL37 induces uptake of RNA and PMN activation by endosomal TLRs

The group of Michel GilliglL,andeet al. 2007) (Gangulyet al. 2009) previously showed that

pDCs internalized DNA or RNA, when complexed to LL37, which in turn induced strong type |
interferon release. In order to investigate whether PMale also able to be activated by
nucleic acids complexed to LL37, experiments with PMNs isolated from healthy deerers
performedfirst.

3.1.1 PMNs only respond to RNIA37 and not to DNIBL37 complexes

It was previously shown that human PMNs respond to RNA and DNA with cytokine release
after stimulation for over 12 hours. However, the cytokine levels were for both much lower
compared to stimulation with the commercially available TLR7/8 agonist, B&#8&eet al.
2009)(Lindauet al. 2013) In this study, these previous findings wereevaluatel but using

only shorttime period (e.g. 4 hors) forstimulation, taking into account that isolated PMNs

are short lived in culture and to avoid dgrget effects by apoptotic cells (after 4 hours in
culture, a cell viability of at least 95#@s observedseeFigure6.10).

tabad 6SNBE LIHZNAFASR da RSAONAOGSR Ay OKIF LI SNJI
very fragile and can potentially be activated during the process of isolation, @umitypre

activation status were always assessed by FACS prior to performing an experiment. For purity,
cells which were CD16D66B were considered as PMNSs; for paetivation, CD62L shedding

was used as a sensitive and early activation maggenonet al. 1995) Here the purity was
always>95% and cells were not practivated if handled very gentlgdeFigure6.1A and B.

PMNsfrom healthy donorswere found toreadily respond to stimulation with known TLR

ligands e.g. R848 (TLR 7/8 agonist), LPS (TLR4 agonist) and CpG (TLR9 agonist) with cytokine
release and CD62L shedding (R848 did not induce CD62L she@diadjigure 3.1A).

However, in contrast to pD@kandeet al.2007) in PMNs neitherssDNA (sequence sé&able

2.3) nor human genomic DNiduceddetectable L3 releaseor CD62L shedding, regardless

of DNA being in complex with LL37 or reigure3.1B). However, when using sSRNA40 (from

now on further referredto I @ & wdnueacE sedable2.3), thisinduced a robust release

of 1.-8 and moderate CD62L shedding but only in complex with LEi8dré3.1C). These

results indicate that neither RNA nor DNA alare able to induce immune activation in

primary PMNs. Only for RNA, but not for DNA, LL37 prosuak activation.
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C Figure3.1: PMNs react to RNAL37 complexes with-8
release and CD62L shedding
6004  * w
° * PMNs from healthy donors wemsgimulated with (A) LF
£ 400- ﬁoLI i, (200 ng/ml), R848 (2 pg/ml), CpG (1 uM) or left untre:
= ° ] for 4 h for ELISA and for 2 h for FACS analysis7(n#¢
o s ns * (B) PMNs were stimulated with ssDNA or genomic
= 2004 8 (both 20 pg/ml and equimolar to CpG used in
; setting), eitrer in complex with 10 pg LL37 or alone fi
0- CcD62L h for ELISA and for 2 h for FACS analysis (n=5). In
R \;?-\i{,\ A .- lIsotype same setup was used as in (B) but using 5.8 uM ssR
& L Q“Yg\’ Ao — Unstim. (equimolar to R848 used in this setting), either in com
& _ Emﬂm? with 10 pg LL37 or alone (n<d%). A-C represer
LL37 combined data (mean+SD), each dot represents

donor. * p<0.05 according to ongsay ANOVA wil
5dzy ySiiQa O2NNBOiGA2y O2
otherwise indicated(AC).

3.1.2. LL37 promotes RNA uptake in huifditiNs

To further investigate if LL37 helps to promote RNA uptake, AlexaFluor (ARRb&ded RNA
was purchasedrom IBA Lifescience. In FACS analysis more than 20% of PMNs were AF647
positive for RNA.L37 complexreated PMNs compared to under 5% for RNéna (igure
3.2A) upon stimulationfor 1 hour. ImageStream brigHield cytometry confirmed that RNA
did not only bind to the surface of the cell but wagernalized and therefore found in
intracellular compartmentsHigure3.2B). Additionally, after labeling LL37 with Atto488 (kindly
provided by Hubert Kalbacher, Tubingdh)prescence microscopyot only shovedthat RNA
was detectablan intracellular compartments but also docalized with LL37F{gure3.2C).
These findings show that LLi3Able to shuttle RNA into intracellular compartments (probably
endosomeswhere nucleic acid sensing TLRs res{Bergeret al. 2012) and that complex
formation in vitro works, whichis in good agreement with previous studiperformed with
pDCqGangulyet al.2009)
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3.1.3. Synthetic, human and bacterial RNAn complexs with LL37and induce cytokine

release via endosomal TLRs in PMNs

Next, it was investigated whether RNAL37 uptake was specific for the synthetic RNA
(sequence sed@able2.3) which wasused for pervious experiments or whether the RNA
sequence had no impact on complex formation with and uptake by LL37. Therefore, total
human mRNA isolated frorHEK293Tcells and barial RNA, isolated fron$. aureusas
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previously described by Eigenbrod et(&ligenbrocet al.2015)was usedAs expectedhuman
(Figure3.3A) and, interestingly, bacterial RNA (from now further referred to as bRNA)
(Figure 3.3B) induced cytokine release more potently when being complexed with LL37.
However, it has to be acknowledged that human PMNSs in general reacted better to synthetic
compared to bacterial RNA.

In order to testwhetherthis observedcytokine releasénducedby RNALL37 complexes was
dependent on endosomal TLRZhloroquine (CQyas usedo block endosomal TLR signaling
(Kuzniket al. 2011) CQinhibits endosomal acidification which is crucial for endosomal TLR
activation.And indeed CQ was able to inhibit-B.release by PMNs induced through CpG (a
known TLR9 agonist, positive control) and RMA7 complexes-{gure3.3CandD). This was
not due to a cytotoxic effectHigure6.1D). As chloroquine also @s not affect cytosolic RNA
sensing e.g. by RIGMatsukuraet al. 2007) it was assumethat RNALL37 signaling occurs
due to endosomal TLR sensing and is independent of the RNA sequence.

A B Figure 3.3: RNALL37 complex:
Human RNA Bacterial RNA induce cytokine release by P\
2004 60+ via endosomal TLRs attids is

*
150 * @ ns independent of RNA sequence
40 ns . ,
(A) PMNs were stimulated wi

o © complexes of total human mRI
20+ isolated from HEK293T cells :
LL37 for 4 h (n=8). (B) Bacterit
0- 0- RNA (isolated fromS. areug
was complexed with LL37 &
PMNs were stimulated with tf
Cos -4+ complex for 4 h (n=4). (C) PV
were preincubated with 10 pb
CQ (30 min) and subsequent
C D stimulated with CpG (1 uM a
1500 - 500 = * 500 nM) for 4 h (n=7). (D) T
o same setup as inC but
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D represent combined da
2004 ns 1 ns OYSEFYyb{50 TN
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3.2. PMNs releasgytokines and chemokines in response to fRN2Y complexes which
in turn induce migration of other immune cells

3.2.1. RNAL37 complexes induce the release of multiple cytokines and chemokines by human

PMNSs

Next,it wasinvestigated whether PMNs only release8lin response to RNBL37 complexes
or also other prenflammatory cytokines and chemokines. Therefa@pernatants from two
healthy donors weracreened in Luminex analysis (timeasurementsvere kindly performel

by Nicole SchneiderhaMarra and Thomas Knorpgt the NMI in Reutlingen The analysis
was performed as previously describ@rockmanret al. 2016) As a resultit was observed
that not only IL-:8 was released byNPNs in response to RNIAL37 complexes but also other
pro-inflammatory cytokines such as TNFX -6 Brid Ikm i Figore6.2A). Interestingly, the
screen also revealed that PMNs released morg6lland MIPMi Ay NB a L-Iz3rasS (2
complexes Kigure6.2B). 16, previously known as lymphocyte chertoactant factor or
LCF, was described as a chemoattractant for'@GPdphocytes a long time ag&enter and
Cruikshank 1982)However not much is known about {16 release by PMNs. There are
indications that its release might be related to cell de@&othet al. 2015) which canbe
excluded herdFigure6.10), at least for the unstimulated samples. MiPI  béttdidknown as
CCL4 (€€ Motive Chemokine Ligand 4) is a strong chemoattractant for atyaf immune
cells (Menten et al. 2002) For PMNSs, there is only one study showing that migrating
neutrophils secreted MH® i % Kduce& the migration of dendritic cells in tu(Ghibaet

al. 2004) Next, the results of theuminex screermwere re-evaluatedwith supernatants from
more donorsusingCytometric bead array (CBA) or ELISA. As expéatteds confirmed that
PMNSs release more TNFZ-6 anfl Ikmi Ay NB a L3y éoBpledeFigureB 4A-C).
Furthermore,IL-16 release was already induced by stimulation with LL37 &idyike3.4D),
whereasthe induction of MIPvi g & a4 NPy 3 e-LLEStidtIgtiarFiguie 2y wk
3.4E). Tresedata show that PMNare able to release not only 48 but also other cytokines
and chemokines in response to RNIR37 which consequently coyddtentially attract other
cells to the g& of inflammation.

Although the amounts of cytokineseleased from RNAL37stimulated PMNSs irnin vitro
experimentswere comparatively lowthey might still have a great impaan immune
responses. Furthermore, high concentrations of cytokines might well be elicited due to fast
cytokine releasewithin 4 hours of stimulationandthe high numbeof PMNSs in human blood

or psoriatic skin lesions.
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3.2.2. Low concentrations of MIP and 1116 induce the migration of other immune cells

As previously described, PMNs respond to RINA7 stimulation with the release of a variety

of pro-inflammatory cytokines and chemokines. To study whether these/cytemokines (in

low concentrations, as released by PMNs) are able to induce cell migration, transwell
migration assaywere performed It was especially expected that16 and MIPv i a& known
chemoattractants for a variety of cel{€enter and Cruikshank 198@Jlenten et al. 2002)

would inducecell migration. In the lower compartments-16 (300 pg/ml and 1500 pg/ml)
andMIPMi  60on LIAKYE Fy-RhmpaOBBYXNVRENRRBSRS5TEF OG 2 NJ
used as migration control) were pipetted in RPMI medium. In the upperpartmentPBMCs

from the healthy donors were inserted. After 4 hours, the migrated cells in the lower wells
were harvested, stained with antibodies against respective surface antigens and measured by
flow cytometry. To assess the total number of migrated cells, countagl®¥ were used.

With SDAuh | & (y 26y a0NRy3 OKSY2!| ((BieNkt@il99g)it T2 NJ ¢
wasconfirmedthat the transwell experimenitselfworked Figure6.3A-C). As shown iRigure

3.5 A-C, CDXD4 helper Tcells, CDXDS8 cytotoxic Tcells and CDA*HLADR monocytes

migrated towards the cytokines, even more prominently towards the lower concentrations
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used in this experiment. Due to dontw-donor variations, only a nesignificant effect could

be observed.Unexpectedly, wheradding RNALL37 complexes and other TLR stimuli to

medium in the lower compartment (intended as a negative control),”CD& lymphocyte
migration towards the RNAL37 complexesas observedFigure3.5D). Of course, it remains

to be established whether this effect only applies to T cells within PBMCs, i.e. an indirect

effect, or if RNALL37 works directly on CD# cells, a possibility that could be easily cleeck
usingisolated CD#4T cellsin the future. Thesecurrent data show that HL6 and MIPw iare
able to attract a vast variety of immune cells and that even RNV servesas a
chemoattractant for CD4T cells
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Figure3.5: Immune cells migrate towardgtokines and chemokines released by PMNesponse to RNAL3'
complexes

Totalcell countsguantified by flow cytometry after transwell migration assay (after AMigratingCD3CD4 T
cells A), CD3CDS8 T cellsB) and CD1HLADR monocytes Q) towardseither MIRM i 6on | yR In
16 (300 and 1500 pg/mére shown(n=6-7, p>0.05 for treatments vs. medidjotal migrating CD4A cell count
(D) towards R848 (2 pg/ml), RNA, RNA7 complexes or LL37 are shown {fAx3-Drepresent combined da
OYSEFYb{50 ¥FNBY cdiey @aclodbtzeprasans@neidondt)S*@€0205 according to Friedmar
GAGK 5dzyy QaC)@aneNBO ARy 10! gAGK 5dzyySiaidQa DO2NNBEO
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3.2.3. PMNs from psoriasis patients secrete more cytokines in response-tkd BNéomplexes

Activation of pDCsby RNALL37 complexetas been reported, however, differences in
response of pDCs from healthy individuals and psoriasis patients were not investigated
(Gangulyet al.2009) To elucidatevhether PMNSs of psoriasis patierdad healthy individuals
differentially react to RNALL37 complexesPMNs from peripheral bloodfrom psoriasis
patients and healthy controlsiere isolated andsubsequentlystimulated with RNALL37
complexes. At the same time, at least one-aexl agematched control wasnalyed. As
shown inFigure3.6 A and B, PMNs from psoriasis jgatis released more 18 when stimulated

with the complex, whereas other TLR agonists like LPS or R848 (not shown) did not display
differences in cytokine levels between patients and healthy controls. This was even more
obvious for MIPv i Figare3.6C and D). There, psoriasis PMNSs released significantly more MIP
Mi 2y f @ Ay NB-aLBRcgmpkx congparédKoShealthly tontrols. Interestinigly,
was olservedthat the 11-8 baseline for RNA alone was higher for psoriasis patients (relatively
to the unstimulated control), whereas the levels of8llfor the healthy controls were not
considerably different from the unstimulated sample. As previously shoN# Bptake was

very dependent on LL37 complex formati(hgure3.1C) PMNs are the major producers of
LL37 in the human body, therefor# was speculated whether psoriasis PMNs might
constitutively secrete more LL37. If this was the case, readily releasedcauf@7in turn
complex with added RNA and start the stimulation of other PMNs independently of
exogenously added LL37. For this reason, LL37 lexerls measuredin supernatants of
unstimulated PMNs from psoriasis patients and healthy controls and indegiteh LL37
baseline levelsvere foundfor patients compared to healthy donor&igure3.6E). These
resultsindicate that psoriasis PMNs are more prone to RNA7 stimulation, potentially due

to a higher constitutive secretion of PMikerived LL37.
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Figure3.6: Psoriasis PMNse more prone to RNAL37 stimulation

In (A) ELISA of-8.secreted fronpsoriasis PMNs or PMNs from saxd agematched healthy donors after 4 h
stimulation with RNA.L37 complexes or (B) with 200 ng/ml li®Shown (C)the samesetting as in (A) bt
measuring MIRv iby ELISA. (D) the same 4gi as (B) but measuring MIP ©® 690 [[ oT 9]
PMNs from psoriasis patients or from saxd agematched healthy donors (for all n=Bpatients, chequere
bars,n=7-10 healthy donors). ® NBLINBaSyid O2Yo6AYSR RI Gl 6 \sGhckdo
represents one donor). * p<0.05 accordingtooger @ ! bhx! GgAGK 5dzyySiiaQa

C,E)orKruska@l I f f A4 G(GS&ad 6A0GK 5dzyyQa O2NNBOGAZ2Y o. %

3.3. RNALL37 complexes trigger the release of RNA LL3<€ontaining NETs

Thisstudy so far showed that RNA and LL37 complexes imdlpece-inflammatory cytokine
release which could potentially contribute to inflammation in psoriatic lesions. Also,
neutrophitmediated chemokine release could trigger the infiltration of other immurksde
sites of inflammation. This response to RNA7 complexes would be séthiting, unless
RNALL37 would trigger the release of further RNA and LL37 e.g. by NEWas previously
shown that Neutrophil extracellular traps (NETs) contain nualgits (DNA(Brinkmanret al.
2010)and that this DNAwhen complexed to LL3Landeet al.2011) can activate pDCs. As
shown here, PMNswere not able to induce immuoe reaction in response to DNA.37.
Therefore it wasinvestigatedwhether RNA could be a new, unknown N&ntent involved

in NETmediated propagation via the DMN#aresponsive PMNsFurther studies were
performed to reveailvhether RNALL37 complexesere able to induce NETosis and whether
these NETsam in turncontain LL37 and more importantly RNA.

3.3.1 RNA.L37 complexes induce NETosis

The first hint that RNAL37complexeswere able to induce NET formation were obtained
from EM (electron microscopy) pictures taken by Jirgen Berger at the MPI (Tubingen). Here
fiber-like structureswere observedn close proximity to PMNghich had been stimulated

with RNALL37 complexes$-igure3.7A). ThereforeNET formation waanalyzed by detection

of Neutrophil elastasgNE)release fromPMNs (supernatant$ usingan enzymatic reaction

0 ab9 ¢ 2 fvikengatehali2b1B) Interegingly, Neutrophil elastase wasot onlyreleased

in response to RNAL37 but also to LL37 alonéidqure3.7B) (PMA was used as a positive
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control). Since it is under debatehether NEis really necessary for the induction of NETosis
(Martinod et al. 2016) further investigations of NET formationwere performed by
fluorescence microscopyience DNA, RNA and LL®%re labeledand NETelease by PMNs

in response to RNAL37 complexewas evaluatedTo show RNA in NETSs, a dye called SYTO
RNAselect which was previously described to be-Bdé&ific(Liet al. 2006) was used

Importantly, RNALL37 complexes induced NETosis in human PMNs which contained not only
DNA (blue) and LL37 (red) but also considerable amounts of RNA (¢fepng8.7C). This
was quite exclusive for stimulation with RNLA37 complex (and PMA as positive control),
because RNA or LL37 alone did resultin NETrelease(RNA alonés not shown). Next, the
behavior of PMNs to stimulation with RNA37 inlive-cellimaging in order to exclude
staining artefacts in fixed cellsvas investigated The cells were therefore labeledith
Hoechst (nucleus) and SYTO RNAselect (RWWoh revealedthat the complex first
accumulated on the cell membrane, then entdrine cell and was finally released with further
endogenous RNAnd DNAfrom the rupturing cell This was in general a very fast process
(Figure3.7D, quantified in E)In summarythese datademonstrate, that RNAL37 complexes
induce NETosis and that these NETs in turn contain DNA, RNA and LL37.

.
.
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5
R

Unstim. RNA RNA+LL37
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Figure3.7: PMNSs respond to stimulation with RNIE37 complex with NET formation

(A) EM pictures from PMNSs stimulated with RNAB7 for 3 h (rk), taken by Jurgen Berger at the MPI, Tubin
(B)Neutrophil elastase (NE) releasftom PMNSs stimulated for 3 h. 100 nM PMA was used as a positive ¢
(n=8, each dot represents one donor). (C) Fluorescence microscopy of PMNSs, stimulated wdth 3
complexes or 600 nM PMA for 3 h. Aftfixation, the cells were subsequently stained with Hoe@3&4:
(nucleus depicted in blug antiLL37 (unconjugated, rabbit, secondary antibody A647 lahelledicted in re}
and SYTO RNAselect (RMApicted in greeh (n=6, scale bar = 10 ungP) Livecell imagig of PMNsstainec
with HoechsB83342(nucleus) and SYTO RNAselect (RNA) and subsequently stimulated as indicated (r
bar = 20 um)Pictures of 30 min and 60 min after stimulation are shogi#).Quantification olive-cellimaging
Band NS LINB &Sy i O2YO6AYSR RIGEFE O0YSFEYB{50 FNRBRY W¥YyQ

2T Wy Q NBLX AOIFGSa 2N R2y 2NAE | NBontaiing BIFTS (ClandNDP ¥ gl
according to onavay ANOVA (B), twway ANOVAED 6 A (K 5dzyySiidQa O2NNBOi

3.3.2. RNA.L37 complexes induce release of d&SociateeRNA (naRNA)

This studypreviously showd that RNALL37 induced NETosis and that those NETS in turn
contained RNA and LL37. Poove the specificity of SYTO RNAselect, RNasea#\ used
(Sharmaet al. 1993)for RNA digestvhichyielded insignificantly reducedRNA signalSYTO
RNAselect), leaving thENA signal (Hoechst) unaffectefigqure3.8A and B)Fluorescence
microscopy using AF647 labeled RNA complexed with unlabeled LL37 as stimulus and
subsequent staining with SYTO RNAselect revealed that the dye not just stained the synthetic
RNAwhich wasadded to the cells but rather showed the total RNAhg tells or released in
NETs Kigure 3.8C). Additionally, PMNs at the verge of NETosis or degranulatene
observed where the SYTO RNAselect dye wasiaulating in granuldike vesiclesKigure
3.8D).It was assumethat RNA igpotentially stored in granules of PMNSs, as it was previously
reported for eogophils(Behzacet al. 2010)

Although the specificity of SYTO RNAselect was already proven by I(L egtedl. 2006)and

also in this studywith previous experimentgFigure 3.8A-C) further confirmationwas
accomplisheddza Ay 3 'y | yiAo2Re 4 DIQNiga flequedd BideRBINIZA R A y
modification exclusively found in RNZhao and He 2015nd would thus also allow to
RAAOGAY3IdZAAK AaGAYdzZ Fyld wb! 0 ¢ K-W)Gwd clldar RNy (0 KS
When inducing NETosisby RNA ot o0o0dzi | f a2 o A-U-positiveRNAiIha | O
extracellular, fibeilike structureswvas clearly observedVhen using RNase A, this RNA signal

could be completely erasetshereas the DNA signsiayedunaffected Figure3.8E). Finally,

when PMNs were stimulateavith AF488abeled synthetic RNA complexed with unlabeled

LL37 and subsequdgtstained ¢ A (i KU-antibody (AF594abeled secondary antibody)
ssRNA4AF488could beRSLIA OG SR Ay RSTFAYSR OelizlweaskAiO O2
found spead over the whole cell or over the NET fibers rather than being accumulated in
puncta(Figure3.8F). These findings confirm the abundance of RNA in NETs which might serve

as a new immunogenic stimulus. Since RNA has never before been reported as a component

2T b9¢asx GdsHciatedl £ a RNS i Kigphfosedifgr Future teférence.
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Stimulus RNA40* Cellular/native RNA

+Unlabeled LL37
+RNA40-AF488*
(High magnification)

+Unlabeled LL37
+RNA40-AF488*

* does not contain YU
Figure3.8: RNALL37 complexes induce the release of-BiEsSbciatecdRNA (naRNA)

(A, B) Fixed Neutrophils, were treated with RNase A (100 pg/ml) or buffer control overnight at 3°
subsequently stained with Hoechst33342 or SYTO &B&gn=4). Quantification of pixel values of nuclee
extracellular NET events scored by an independent and unbiased observer in the RNA (A) or DNA cha
shown for one representative experiment. (C) Shows fixed PMNSs, stimulated wittAR88X(red) complexe
to unstained LL37 for 1 h and subsequently stained with SYTO RNAselect (green) (n=2, scale bar = :
Shows SYTRN/Aelect(green) staining accumulation in granules, observed for every experiment (n = 1(
bar = 10 um). (E) PMNvere stimulated for 3 h with RNA.37 complexes (or PMA not shown here), treated
RNase A (100 pg/ml) or buffer control overnight at 37°C and subsequently stained with-drhAF594 labele
secondary antibody, red) (n= 3, scale bar = 10 um). {Ruk&tion as in (C) but using RM#488 (green) at
unlabeled LL37 for stimulation and subsequent staining with-arfti 6! Cpdn 1 06Sf SR
(n=2, scale bar = 10 unfytrowheads indicate RNéontaining NETs (Bh AF one representativeé T Wy Q

is shown. * p<0.05 according to omeay ANOVA with Holsh A R 1 Qa 02 NNB Oniafi2tgst witt
5dzyy Qd O2NNBOGAZ2Y o0.0 (G2 FR2dzald F2NJ Ydzt GALX S

3.3.3. RNA.L37 complexes are found in psoriatic skin lesions

It was previously shown that increased levels of NETs were present in stizde\of blood
derived PMNSs but also in skin of psoriasis pati€hiset al. 2016) Thepresence of naRNA

had obviously not been analyzeli.was therefore of interest to investigatwhether more

RNA and LL3Fan be detected ipsoriatic lesions, potentially released by NETting PMNs. As
expected, high abundance of LL.30t only in the epidermis of the patient samples but also

in the infiltrating PMNs (here additionally stained with aNfE antibody)) was observed
Interestingly when using SYTO RNAselesbre RNAcan be foundthroughout the whole
epidermis of the patient skinF{gure3.9A) compared to healthy controls but alsaalto the
infiltrating cells which likewise contained RNA. When taking a closer look, RNA and LL37
appeared to beco-localized especially where PMNs infiltrateligure 3.9B). Also, SYTO

RNAselect specificity for skin sampleas confirmedusing antia | ¥ 020K aA3ayl f a

overlapped Figure3.9C). It cartherefore be assumed that the RNA signal is attributable to
naRNA. As RNA and LL37 are found in large quantities in psoriatic lesi@sshypothesized
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that RNALL37 complexes might have a physiological relevance in inflammation in psoriatic
skin.
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Figure3.9: RNALL37 complexes are found in psoriatic skin lesions

(A,B) Skin sections frohealthy skin and psoriatic lesiofis=12 patients and 3 healthy controls, scale bar
XKYOS FNRY LI GASYyGa 6AGK t! {L &O02 NBskinkiopsy collegfidRwent
stained with antiLL37(red), antrNE(yellow)(with subsequent secondary antibodies ardbbit-AF647 and am
mouseAF594) and SYTO RNAse{goten) (B) Cdocalizationof RNA and LL37 is indicated by arrowheads
SYTO RNAselefgreen) staining strongly overlaps with anti | (red) (and subsequent amtinouseAF594
staining in psoriatic skisamples (n=12 patientscale bar = 20 um). AF = autofluorescenigéA representativ
al YLX Sa 2F WyQ NBLIX AOLFIGSa 2NJ R2y2NB FNBE aKz2gyd

3.3.4. NET contents (naRINA37 complexes) indubHETosis in further PMNs

Based on previous resulis wasassumed that NETs induced by RNA7 complexes (which
contained naRNA and LL37) could trigger further NET formation in more. FMN®petitive
release of naRNA and LLA@NETosisn turn could lead to a selpropagating inflammatory
loop.

In fact, whenusing those NEJcontents (from cells which nicely released NETs upon
stimulation with RNALL37 complexes and PMA, as showhRigure3.10A) to stimulatenaive
PMNs,those PMNs were prompt todNEE (release) and NETmntained DNA, naRNA and
LL37ZLY O2yiNYadx GKS aY201¢ boc¢ O2yiSyda FTNRY
any NET formation in naive PMNsgure 3.10B, and quantified inFigure 3.10C). Taken

together, this experiment showed that NETs relahy RNA_L37hasthe ability to induce

NET formation imaivePMNs and their NETs contdirther DNA, naRNA and LL37. Although

it awaits confirmatiorin vivq the selfpropagating mechanism that could be envisagaght

be applicable to psoriatic skin as an early inflammatory stimulus (ndRRAcomplexes)nd

upstream event of pDC and T cell activation.

A

f Stimuli > primary PMNs 1
Hoechst SYTO RNAselect anti-YU anti-LL37

Unstim.

*synthetic RNA40 (no WU)
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Figure3.10: naRNALL37 complexes induce NETosis in further PMNs

(A) PMNs were stimulated with RNA_37 complex, LL37 alone or PMA (600 nM) for 4 h (n=4, scale bar =
After fixation cells were stained with antiL37 (yellow) (amiabbit-AF647 secondary antibody), anti| o}
(anti-mouseAF594 secondary antibody), SYTO RNAselect (green) and Hoechst33342 (blue). These NE
were harvested and (B) subsequently transferred &ve PMNs (n=6, scale bar = 10 um) for 4 h. Then,
fixation the cells were stained with arti 37 (yellow) (antiabbit-AF647 secondary antibody), amnti 0
(anti-mouseAF594 secondary antibody), SYTO RNAselect (green) and Hoechst33342 (lugnii@dation o
6!'0 YR 6.0 0& &aK2gAy3ad LIAESE O fdzS&a LISNI 802NBR
NELIX AOFGSad LYy ! FYR . NBLNBaSyalrdiAaAgdS ar YL Sa -
Wallistesi A GK 5dzyyQa O2NNBOGAZ2Y 0O/ 0d

3.4. RNA.L37 complexes and NETSs activate PMNs via TLR8 (humarangnouse)

Previouslyit wasobserved that cytokine release from PMNs induced by RN3Y complexes
could be inhibited by blocking endosomal TLR signaling via chlorodumed3.3D). As CQ
had no effect on cytosolic RNA sens@vtatsukuraet al. 2007) the followingexperiments
further focusedon endosomal TLR signaling. Althottgh now appreciated that PMNs survive
a couple of days vivo(Krugeret al.2015) in vitrothe cells are only veryhsrt-lived and are
postmitotic (Mayadaset al. 2014) Therefore, it is impossible to genetically modify them in
culture e.g. via transfection or viral maduction. As a result, mouse BRMNswere usedio
study receptordependency. Firsprevious resultgFigure3.3D)were re-evaluatedwith BM-
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PMNs fromUnc93bldeficient micewhich lack functional endosomal TLR signaling because of
asoOl f f SR & N (ThbStaebad. 2006itiat slipprésges theritical chaperone
function of IN®3B1 forendosomal TLREigenbrocet al.2012) For moue BM-PMNs, bRNA
together with (human) LL3Was used for stimulationas this yielded the highest BRIMN
activation: bRNA.L37 complexes were more potent in mouRkEINsto stimulate cytokine
release compared to synthetic sSRNA40 (data not shown); and adll{iphuman LL37 was
already showrto be morepotent in binding DNA compared to the mouse ortholog CRAMP
(Singhet al.2013)(Galloet al. 1997) The same effectsveretherefore assumedior RNA.

When stimulating BMPMNs fromUnc93bldeficient mice,it was observed thatytokine
release inducd by bRNALL37 was completely dependent on endosomal TLR signaling. CpG,
a known TLR9 agonigHemmi et al. 2000) served as contrplcytokine releaseupon
stimulation with CpG was also completely abolishedBN-PMNs fromUnc93bldeficient

mice Figure3.11A). Of note,LPS or heakilled E.coli (TLR4 ligan@Bpltoraket al. 1998) were
actually more potent irdnc93bdeficient mice compared to WT mice

As human PMNs were shown to functionally express endosomal TLRs but ndHalRshi
et al. 2003)and TLR{Jankeet al. 2009)(Bergeret al. 2012) it was assumedthat TLR8 could
be the RNA sensing receptor responsible for activation by-RIN& complexes dfuman
PMNs. Hencetesting of BM-PMNs fromTirl3-deficient mice was consideredecause of
TLR13 being the murine equivalent for TLR8 in the hurtiasd Chen 2012nd TLR8 being
non-functional in micg(Hemmiet al. 2002)(Heilet al. 2004) Indeed, when stimulating BM
PMNs isolated fronTlrl3-deficient mice with bRNA.L37 complexes cytokine release was
abolished. Conversely, stimulation with LPS or Hélédd E.coli stayed unaffectedrifure
3.11A). Afer this very promising resulit wasinvestigatednext whether BMPMNs from WT
mice were able to induce NETosis in response to BRNX stimulation and whether this was
endosomal TLHor even TLRXdependent. When stimulating BMRMNs from WTUnc93b1
deficient orTIrl3-deficientmice with PMA, a chemical, Firklependent NEThducer(van der
Lindenet al. 2017) (AFKhafajiet al. 2016) BM-PMNs fromall mouse strains were able to
induce NETosis. However, in response to blRNZV complexes only BRMNs from WT mice
potently induced NET formatioand BM-PMNs from Unc93b (Figure 3.11B) or TIr1l3-
deficient mice Figure3.11C)failed to do so

Finallyto undoubtedly pinpoinfTLR&sreceptor for RNALL37 complexes biological model
system was used that closest resembles hunmarate immuneresponsesTherefore, sice

human PMNs cannot be engineered, BLaER1 cells (WT and’jR8e used. BLaER1 cells

are leukemic B cells that can be transdifferentiatied monocyte/macrophagelike cells
(Vierbucheret al. 2017)andthus display a good model to study immune reactions in innate
immune cell§Gaidtet al. 2018) With these cellst could beobserval that cytokine release

by RNALL37 complexes was completely dependent on TLR8 in the human system. As a control
for TLR8 signaling 686 (by Invivogenh selective TLR8 agon(suet al. 2012) was used
(Figure3.11D). These findings thuslearly show that RNAL37 complexeare dependent on

TLR8 (human) and TLR13 (mouse) to indalbastcytokine and NEfelease in PMNSs.
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Figure3.11: Cytokine and NET release induced by-RINBY complexes is dependent on TLR8 (human) and
(mouse)

(A) BM-PMNs from WT, Unc938# and Tr13’- mice were isolated and stimulated for 5 h with bRNA, L
bRNALL37 complexes, 1 uM CpG, 200 nM LPS andkilkat E. coli MOI = 1 (provided by Tatjana Eigen!
Heidelberg) (n=4 TIr¥3 n=5 Unc93b¥"34, n=8 WT). (B) BMMNs were stimulated for 16ds in (A), additional
using 600 nM PMA as a positive control and fixed. Subsequently fluorescence microscopy was pedsint
Hoechst33342(DNA, blueind SYTO RNAsele@NA, greergtained cells (n=5 Unc93%*#<, n=8 WT; scale b
= 10 um). (Cas in (B) but using WT anttT3’- BM-PMNs (n=4 [f13’-, n=8 WT;, scale bar = 20 um). R
CRISPRdited BLaER1 cells were stimulated with RNA, LL37-LRBIAcomplex, heat killed E. coli MOI = 1
100 ng/ml TL&O06 for 18 h and 1B ELISA was maa®d (n=7). The values were normalized to E. coli = 1
Arrowheads indicate released NETs (Band C).r YR 5 NBLINBaSyid O2YoAySR
NELIX AOFGSad LYy . FyR / 2yS NBLINBA&SYyY I tiplcgtés). 2pk0.0
according to tonewvay ANOVA with Sidak correction (A, D).

3.5. NET and cytokine release induced by-RN8X complexes can be blocked by iODNs

After identifying TLR8 for being a receptor for RINA7Zinduced immune reactionst was
further analyzedwhether receptor bindingcould be potentially blockedvith so-called
inhibitory oligodeoxynucleotides (iODN&PDNs were previously characterizednice and

are directed towards TLR7 (IRS661) or TLR7/9 (IRS954) to blockrigdiated activation
(Pawaret al.2007) Both of the inhibitors used here were already proposed as treatrfem
another autoimmune disease, namely Systemic Lupus Erythematosu$B&ir&iet al.2005)
(Barrat and Coffman 2008Because of the similarities found in endosomal TCRbk et al.

2014) it was assumedhat the TLR7 antagonists might also block TLR8 signaling. Based on
previous results obtained by a former member of the lab, David Eisel, PMNs from healthy
donorswere preincubatedfor 30 min with very low amounts of iODNs (IRS661 1 nM and
IRS954 50 nWnot toxic for PMNs shown iRigure6.4) and subsequently stimulated with
RNALL37 complexes for 4 hours. And indeed, not ord§ #nd MIPm i Figdre 312A, B)
release from PMNs induced by RNIR37 complexesould be inhibitedbut this was also
specific for TLR8 signaling, becauseibB&ced cytokines we not affected Figure 312C).
Importantly,iODNs could also inhibit NETosis induced by-RINSX complexes-igure 312D

and quantification in E), again at very low concentrations (IRS661 50 nM). These results are in
agreement with previous findings on TL&Sendent inhibition of NETosis induced by HIV
infection (Saitohet al.2012) Based on these results, it can be conclutieat iODNs might be
useful to block TLR&@ediated binding of RNAL37 complexes and hence atherapeutic
intervention in psoriasisBlocking of TLR8 signalipgtentially inhibis cytokine and NET
release induced by RNAL37 complexesand can potentially intervene withan early
inflammatory event in psoriasis
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Figure 312 NET andatytokine release induced by RINB37 complexesanbe inhibited by iODNs

(A) PMNs were prreated with IRS661 (1 nM) or IRS954 (50 nM) for 30 min and then subsequently stimulated

with RNALL37 complexes for 4 h (n=6)8lkelease was measured by ELISAtH{B same asA) but measuring

MPmi  6DX yI'n0od® 6/ 0 & 6! 0 0 dz). (DRMNS Bereipresatey Villtk IR$661] t { | &
(50 nM) for 30 min and subsequently stimulated for 3 h with RN37 complexes. After fixatipfluorescence

microscopy was performeavith Hoechs83342 (nuleus, blue)and antiY U- (RNA,red) (ant-mouseAF594

secondary antibody) stained PMNs (n=3, scale bar = 10 um). (E) Quantification of D by showing pixel values per
counted extracellular events-@, and Erepresei 02 YO0 AY SR RIGF O0YSEFYyB{50 FTNRY W
dot represents one donor or valueArrowheads indicate released NETs {f3<0.05 according to onway

ANOVA with Sidak correction (A and C) or Friedmann test with Dunn correction (B), and\W#ney test (E).
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4. Results part I
4. PlateletPMN aggregates promote skin pathology in psoriasis
4.1. Circulating PMNSs in psoriasis have a distinct platelet signature

In psoriasis, a variety of different immune cells infiltrate the sKiowever,the majortrigger

for immune cells to infiltrate the skin in psoriasis remains elusineorder to find surface
antigensdifferentially expressed on cells from whdiod of psoriasis patientsvhich might

contribute to skin homing, thes®@ | £t £t SR [ 9 D9 b 5 { ONX& YerforfedPhi¥ . A 2 [ ¢
kit contains 332 antibodies against different surface antigens EHhdorresponding isotype

controls, all labeled with P&nhd are pre-aliquoted in individual wells in a total dfx96-well

plates (Figure6.5A). Combined with the antibodies against CD15, CD3, CD19 and Zombie
yellow (as a master mix added to each wehjs further allowedto phenotype PMNST cells

and B cells(excludingdead cell} respectively from different psoriasis patients and healthy

donors for 332 unique surface antigens, in order to identify thdi$ierentially expressed in

patients vs. contral Whole blood sampleBom fiveLJr G A Syda A GK | t! {L &c
systemic therapy at the time of blood sampling dne sex and agematched controlsvas

analyzed

4.1.1. Surfaceantigensare differentially expressedn blood cell populations of psoriasis

patients

Whole bloodfrom five patients andfive healthy controlswas usedand, as aforementioned,
additionally stained with CD1PMN9, CD3 (T cells), CD19 (B cells) and Zombie yellow (dead
cells). Subsequentl it KS [ 9 D9 bvdad peNdsniey This was based on an already
published approach investigating T céBaesseét al.2015) The monocyte population was
afterwards gated by size and granularityowever, CD14 positivity was confirmbég the

antibody provided byhe kit (PElabeled antibodykit conten). In the following paragraph the
GSNY avY2y20eiSaé¢ NBFSNB (2 OSThe gene@knorkilovD i S NA 1
and gating strategy of the experiment are showrFigure6.5A and BDifferences based on
MFI(mean fluorescence intensityaw datafor each surface antigen and isotypentrol from

each of the gated populations werlculatedby Marius Codrea and SimoHeumos from

QBIC (Quantitative Biology Center, Tubing&onceptually, they first analyzed significant
differences in surfacantigenexpression between the two grouddefined byp<0.1 (nominal

by twogl € ! bhzt! F2f{ft26SR 08 ¢ dxrSdidR)adiffevedriali A LI S
expression oaintigensfor PMNSs, T cells, B cells and monocytesnparing psoriasis patients

and healthy controls) were identifiedh total, 30antigenswere identified to besignificantly

different on blood cells over several populations between psoriasis patients and healthy
controls.
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Figure4.1A-E shows significantly different surfaantigensfor PMNs and inrable4.1 and
Figure6.6 all significantdifferences in surface antigen expressiwith short explanation are
listed or box plots are shown. Most affected were monocytes as a whole, with 12 surface
antigers being sigrficantly different between psoriasis patients and healthy controls.

With this experiment it was confirmedhat therearesignificant differences in surfaeatigen
expressioron circulating blood cellsef psoriasigpatientsand healthy controls. PMNs #se
cells of interestwere analyzed in further detabut selectedantigens will nevertheless be
discussedelow (see paragrapf.2.1).

Table4.1: Significantly different surfaemtigenexpressior{psoriasis patientes.healthycontrolg

up/down

surface antigen | name* cell type . :
9 yp In patients

short explanation

Plays a role in B cells
differentiation into
Plasma cellé¢vale and
Schroeder 2010)
Complement C3d receptor Has been shown to
(C3dR), complement Monocytes up interact with CD19 on B
receptor 2 (CR2), Epstein cells
Barr virus receptor (Bradburyet al. 1992)
Belongs to SIGLEC fami
and is expressed on
mature B cells
(Crockeret al. 1998)
Expressed on a variety @
different blood cells,
Integrinh X subunit, CR4, potential role in
CDllc p150, ITGAX B cells down phagocyosis and antigen
presentation
(Sadhuet al.2007)
(Collinet al.2013)
Expressed on
granulocytes, myeloid
progenitors and involved
in processing of
cytokines
(Proostet al.2007)
Expressed on NK and N
CD56 Leu19, NKH1 Monocytes up T cells
(Almehmadiet al.2014)
Forms complexes with
CD61. CDA41 is required
for platelet adhesion and
aggregation
(Andersoret al. 1991)
(Mateo et al. 1996)
CD61 LYdS3INRY | oX|Monocytes up See CD41
Binds to Pselectin
Monocytes up (CD62P); rolling
(Xuet al.2007)
GHI/61, M130, RM3/1, Monocytes up Upregulation happens in
p155, macrophages when it

CD20 B1 or Bp35 Monocytes up

CD21

BL-CAM, Sigle€, Lyb8

CD22 Monocytes up

Aminopeptidase N, APN,
CD13 gpl50 Monocytes up

gpllb, CD41a

CD41 Monocytes up

PSGH1, pselectin

CD162 glycoprotein liganell

CD163
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Hemoglobin/Haptoglobin
Complex Receptor,
macrophageassociated
antigen

switches to pre
inflammation

(Etzerodt and Moestrup
2013)

CD40L, gp39, TRAPBAM,

Expressed on activated
cells and induces class

CD154 TNFSF5 Monocytes up switch in B cells
(Ledermaret al. 1994)
Expressed on
CoOnw neutrophils, and
CD89 Monocytes up monocytes/macrophage
(Morton and Brandtzaeg
2001)
Mostly responsible for
cD124 ILn NB OSLJi 2 NJ 5 cells - Th2 responses
(Gilmour and Lavender
2008)
Dendritic CellSpecific Isa me”?ber Of. the C
Intercellular adhesion type lectin family and
CD209 PMNs down can bind and transmit
molecgle3 (ICAI\A3)-. HIV
Grabbing Nonintegrin (Geijtenbeelet al. 2000)
angiotensin | and
ACE, kininase Il, dipeptidy bradykinin, acting as a
CD143 dipeptidase 1, pgptidase P PMNs down bIooq pressure regulator
carboxycathepsin and is expressed on
endothelial cells
(lwaiet al.1987)
Binds IE15 in high
CD215 :;‘-elfeiﬁ)’ H!iiﬁ]ur::;ls B cells down affinity
(Giriet al. 1994)
V28, GPR13, Chemokine ( Mediates both leukocyte
CX3CR1 X3C receptor 1 T cells down adhesion and migration
(Imaiet al. 1997)
Delta Opioid | OPRD, DQRDOR Mainly expressed in the
receptor B cells down brain
(Erbset al.2015)
Member of TNFR
TRAIER1, Ape2, CD261, superfamily induces
cD261 TNFRSF10A FEEls up apoptosis
(Dufouret al.2017)
expressed on red blood
CD235ab Glycophorin A/B, GPA/GP| PMNs up cell membrane, and
erythroid precursors
(Bruceet al. 1994)
Cainhibitory receptor
BTLA, B and T lymphocyte comparable to e.g. PD
CD272 attenuator Monocytes up Induction ofperipheral
tolerance in vivo
(Liuet al. 2009)
NKp30, NCR3, Activating .
NK receptor NKp30, naturg Expressed on resting an
CD337 cytotoxicity triggerin,g PMNs down activated NK cells
(Warrenet al.2005)
receptor 3
Ligation of CD244
CD244 2B4, NAIL, SLAMF4 T cells down induces enhanced NK

cytotoxicity
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(Stark and Watzl 2006)
TNFRSF13B, CD267, Important for humoral
CD267 Transmembrane Activator | B cells down Irr:g;llj;[?r/,or;?ig\lllg
and CAML Interactor (TAC (Sakurakt al. 2007)
Expressed on variety of
COs wL h high affinity IgE receptor Monocytes up inflammatory ceII_s
Plays a key role in allerg
(Fiebigeret al. 1996)
Costimulation of B cells
TNFRSF13C, BARF

CD268 Monocytes up See also CD267
BAFFR, BR3, BAFF Recey (Sakurakt al. 2007)

Ig delta chain C region Expressed in naive B ce

gD Monocytes up (Noviskiet al. 2018)
Sialic aciebinding Iglike Expressed mainly on

. lectin 8 (Sigle®), Siglec8L, : :

Siglee8 : . ) Monocytes down eosinophils
Sialoadhesin family (Bochner 2009)
member 2 (SAF2)

Expressed on human
embryonic stem cells,

TRA1-60-R Podocalyxin, TRA PMNs down downregulated when cel

differentiates

(Peraet al. 2000)
Mesenchymal Stem Cells Expressed by bone
(MSC), Sushi domain marrow mesenchymal

MSC (W5C5) . B cells up stem cells
containing 2 (SUSD2) : .

(Sivasubramaniyaet al.
2013)

* names were downloaded from the data sheet provided by the LEGENDsetdeom BioLegend

0.89 PMNs 2009PMNs 0.89PMNs 0.89 PMN 1.09PMNs
* —
_ T . - m 84
e 0.6 LEL 150 o 0.6 S 0.6- o 0.8
E * = E * o = 0.6
0.4+ % 100 4 0.4+ 2 0.4+ * ] *
o 0 fatd © U <
I i) o : ; ) ]
8 0 S s 8 02 3 = 3T =
24 o 501 : © 0.2 0.2-
0.0 +——prm-m--rp— Q- 0.0 T T 0.0 T T 0.0 =——
L L QO Q L I Y K Y] ‘2
® ® 8 L4 E S ® S

Figure4.1: In PMNs from psoriasis patients, certain surface antigens are differentially expressed compare:
from healthy controls

(A-E) Surface antigens (CD209, CD235ab, CD3371-8®R and CD143 s@able4.1 and Figure6.6 for further
information) with significant differences in MFIs between healthy donors (HDs) and psoriasis patients {
n=5 each. # NBLINB&aSyidi O02Y0AYySR RI{Gl 06YSI yb{abanalyJdis\g
performed by Marius Codrea and Simon Heumos from QBIC. * p<0.1 nominal fwagw&NOVA followed |
¢dzl SeQa Ydzf GALX S O2YLI NAaz2ya O2NNBOGAZYy ®
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4.1.2. Circulating PMNs from psoriasis patients display a distinct pkitgiature

Although differences in individual surface antigen expression wie@ly detected, psoriatic

and healthy cell populations supposedly differ more significantly in combined expression of
specific surface antigens. In orderadequately distingh patients from healthy donorby
combinations of surface antigens (later referred I & & a A Jay ¢lobhalzNdBdiple
component analysis (PCA) was perform@ather information is provided in the section
Gal GSNRI f a [ISyrftisinglfeSpkciiR @réPNs, the psoriasis patients strongly
clustered together Kigure4.2), indicating that PMNs of psoriasis patients can strictly be
defined andare different from PMNs from healthy controls. For the other cell types, the
variance was much larger and therefore the clusters were not so promikegure6.7A-C).

Mappingof those antigenswhichmostly contributeto the separation of the groupshowed

that for PMNs mainly five differergntigers, namelyCD6, CD11€ D41, CD6and CD235ab

GSNBE NBalLlRyaiaoftS F2N G4KS RihdréulatiorORbr mbrody@s/ | (1 dzNBS
there wasa much larger group of surface antigens contributing to the separation of groups.

Also, B and T cells from patients or healthy controls only clustered weagly€6.7A-C).

Interestingly,CD6 has previously been shown to be important for T cell activédiarrascet

al. 2017)and binds to the ligands CD1@owenet al. 1995)and CD38 (EnyindakAsonyeet

al. 2017)on epithelial cells like keratinocytes. CD11c is a knamtigenfound on a variety of
blood cells in humans.g.classicaDCs, monocytes but also to a lower extend on PMNs and
B cellgBoltjes and van Wijk 2014nhdwasconsidered to be importanfior phagocytosis and

for DC antigen presentatiofbadhuet al.2007)(Collinet al.2013) CD235ab, however, was
expressed onterminally differentiated erythrocytes (Bruce et al. 1994) (some of these
antigens are further discussed in section 5.2.Myhen taking a closer look on the
aforementionedantigensthat contribute to the psoriasis PMNgmature,it wasappreciated

that two antigensare knownplateletantigers, in particular CD41 and CD61. CD41, also known
Fda AYOUSANARY hHO S6KAOK Ad dzadzrtftée aaz2OAl SR
adhesion and aggregatiqiMateoet al. 1996)(Andersoret al. 1991)

Collectively these data show that a group of five surface antigezen clearlydiscriminate
between psoriasis patients and healthy controlsiith platelet antigens as major
representatives in the psoriasis PMN signature.
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P M N s B control [l patient
¢ o Figure4.2: The PMN signature of psori
il M patients is defined byve surfaceantigen:
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4.2. Circulating PMNSs directly interact with platelets in psoriasis

4.2.1. PlatelePMN aggregates are found in blood from psoriasis patients

Asshownbefore, PCA revealed thahe signature of circulating psoriasis PMNs waainly
dependent on five surfacantigens namelyCD6, CD11€D41, CD6and CD235abAs PMN
infiltration of the skin is a hallmark of psoriasiswas believed thabne or more of those
antigenscould potentidly explain PMN skin homing. Firgte main focus was o@D41 and
CD61(as known platelet antigensurface expression of psoriasis PMNs

According to the literaturgplatelet (PLFeukocyte aggregatéormation is often observeth

an inflammatory backgund (Habetset al. 2013) They also seerto play a role in various
experimental in vivo models for inflammatory skin disease@.g. Atopic dermatitis (AD)
(TamagawaMineoka 2015) PMNPLT aggregateme additionallyfrequently shown to form

in whole bbodwhich was also used for this study. Chanarat andv@iiefurthermore found

that PMNPLPT aggregatesrtbe diminished by Ficoll density separatig@hanarat and
Chiewsilp 1975)To investigate whether PMNs of psoriasis patieletsiovoexpressed platelet
surface antigensor whether platelets bound to PMNs, whole blood deriveshd Ficol
separated PMNs and PBMCs from additional psoriasis patients and healthy coverels
analyzed InFigure4.3A, the initial MFIs fromthg 9 D9 b 5 { @&&Bo¥yagain Therg it

was observal that CD41 and CD61 expression was higher on psoriasis PMNs compared to
PMNs from healthy controls, but this did not reach statistical significance. When investigating
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CD41 and CD61 levels on more patients and healthyrals in unmanipulated whole blood,

it was further observedhat more PMNSs in the patient cohort were positive for CD41 and
CD61 compared t€MNs fromhealthy controls Eigure4.3B). Interestingly, theamounts of
CD41 and CD61 positive PMNs in the psoriasis cohort after Ficoll sepavatmdecreased,
resultingin comparableantigenlevelsas observed fohealthy controls Figure4.3C). Similar
results were obtained when investigating monocytegy(ire6.8A-C).

These results indicate that the platelahtigen signature previously observedin the
[ 9 D9 b 5 { GNiteSyincreasedplateletPMN aggregate formationin the blood of
psoriasigatients, rather tharde novoexpression of plateleantigensby psoriasiPMNs.
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Figure4.3: Platelets cover the surfacepgoriatic PMNs in whole blood
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4.2.2 PMNplatelet aggregatéormation can be confirmed juorescence microscomndis

observedn blood of IM@&reated mice

Next, PMNplatelet aggregate formation was further confirmedusing fluorescence
microscopy.Whole blood from psoriasis patient&/as usedand PMNsand platelets were
labeledwith CD66b andCD41respectively Indeed, small anucleated CD4&lls adjacent to
the surface of CDBE@PMNs Figure 44A) were frequently observedinterestingly, most of
those CD41cells on the surface of CDE@PMNSs also expressed the platelet activation marker
CD62P (Belectin,Figure 44B). This observation is in good agreement with previous studies
(Sreeramkurar et al. 2014) where PMNs interacted with activated CD6PRatelets at the
sites of inflammation. This findinfyirther confirmsthat the platekt-signature of psoriasis
taba F2dzyR @Al (GKS [ 9D9b5{ ONB& vggregatésshichr dzS
formed more prominentlybetween PMNs and activated platelets in the blood of patients.
Unfortunately, this analysis does not allow for establishvagisality, i.e. answer whether
psoriasiform disease activity and PMALT aggregation were linked or merely coincidental. To
probe for a direct linkn vivg the relationship between PMIRLT aggregates and psdica
inflammationwas investigatedn an Imiquimod (IMQ} induced model of psoriasiform skin
inflammationin mice(with the help of Nate Archegroup ofLloyd Miller, Baltimore, USAN

this model, application of the TLR7 agonist IMQ induces skin inflammation with PMN
infiltration mimicking the human diseag&illietet al. 2004)

Interestingly,similarresults could be obtaineth the in vivomouse model as in the human
system: Even though inflammation was primarily induced in the skin, more-ptdlet and
more monocyteplatelet aggregates were found in the circulation of INM@ated mice
compared to mockreated controls (Figure 44C and D). This suggests, that aggregates of
PMNs and platelets in the blood of both psoriasis patients and psocagsisted mice could

be a result of a feedbadkop of inflammation in the skin

A

PsorPwhole blood
anti-CD66b

Hoechst

PsorPwhole blood
anti-CD66b

Hoechst
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Figure 44: PMNplatelet aggregates can be found in blood from psoriasis patients and in IMQ treated mice

(A) Fluorescence microscopy of PMNs in a PsorP whole blood sample stained as indicated (scale bat
using CD66BF64 red)to label PMNs and CD41 Rffeen)for platelets.(B)as in (A) buadditional staining wit
CD62P AF48@reen, and CD41 PE depicted in yellag)platelet activation marker is shown. The nucleus
stained in both piatres using Hoehst33342(blue). (C and D) Mean number of PMifatelet (© or monocyte
platelet ©) aggregates comparing naive (day 0) and {ix@ted (day 5) mice (h=10 each). @daD represer
O2Y0AYSR RFGlI 6YSIyb{50 FTNRY WyQ o6A2ft23A0If
NBLINSBaSYyillGAGS R2y2NJ Ad &aK2gy d p-tesLIC,nDP/Thén UivoOrapRsk
experimentswere performed by Nate Fcher.

4.3. Plateletarefound in psoriatic lesions

Previous experiments already showttht more PMNplatelet aggregates are found in the
blood of psoriasis patientdNext, it was investigated ibtal platelet counts in general were
elevated in psoriasis patients. Indeed and in keeping with literaflueal 2016) more
platelets in general in the blood of patients (62% more than for the healtmgrols, Figure
4.5A)were found This increased number of PLTs might thus facilitate the formation of PMN
PLTaggregates in the blood. Furthérwas peviously reported thaplateletscanhelp PMNs

to infiltrate sites of inflammatior(Sreeramkumaet al. 2014)(for psoriasis this would be the
skin) Therefore,it was further investigatedvhether platelets mayeven be detectable in
psoriatic lesions and potentially in proximity with PMBEinsections of psoriasis patients and
healthy controlswere stainedfor PMNs usin@n anti-neutrophil elastase (NE) antibp@nd

for platelets with antiCD41 andCD42b (ol CD42b shown) antibodies. Surprisingly, platelet
aggregatesvere foundin psoriatic lesionsHigure4.5B, quantified in D). In samples with high
numbers of PMNs, platelets could additionally be found in close proximity to PMiisré
4.5C, quantified in E). Conversely, neither PMNs nor platelets were found in healthy skin
samples Figure4.5B andC).

Based on these findingg, was hypothesizedhat platelets infiltrate lesional skin, mainly
together with PMNs. Additionally, appearedconceivable that PMNs reqgeithe help of
platelets. These resuligre in good agreement with previous findings, where PMNs needed
plateletsto infiltrate inflamed venles via interaction of felectin(CD62Ppn platelets and
P-selectin glycoprotein ligand 1 (PSGLon PMNgSreeramkumaet al.2014)
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BF Hoechst anti-CD42b anti-NE Overlay

Psor P

Psor P

Figure4.5: Platelet aggregates can be found in psoriatic lesions

(A) shows total platelet countsn HDs and PsosfA, n=52 vs 53). (B) Fluorescence microscopy analysis of skin

sections stainewvith anti-NE (PMNSs, red) (subsequent staining with-antiuse AF594 secondary antibody), anti

CD42b (platelets, green) (subseqtiestaining with antigoat AF488 secondary antibody) and Hoechst33342

(nucleus, blue)from healthyskinor psoriatic lesiongn=12 patients and 3 healthy controls, scale bar = 20 pm)

and quantified in©. (D) performed likeB but showind®MNs and plateletin close proximitin psoriatic lesions,

quantified in (E). AF = autofluorescence, BV = blood vésselvheadsndicate platelet and PMN elocalization

BandCL X / FyYR 9 NBLINBaSyid O2YoAySR RIGIF 0 YyBsenfstofe5 0 FNERB Y
donorormouse). INBam@NB LINS a Sy (i G6A@Sa 2F WyQ oA2f23A0Ft NBLX AOI
FOO2NRAY3A (2 | y-tesizgA)dr MaN@BVRitndy testz@B.y (i Qa

4.4. Depletion of platelets vivoameliorates skin pathology

In order to get a better understanding of PMN and platelet infiltration of the skin and whether
both cell populations are needed for psoriabi®e skin inflammation, collabotian partners
performed PMN or platelet depletion ithe IMQinducedmouse modebf psoriasiform skin
inflammation Final analysis and evaluations were further performed in our laboratory.

4.4.1. Platelet depletion reduces ear swelling and epidermal thickness

First, previous findings of Sumida et@umidaet al. 2014)were re-evaluated They shoved

that systemic depletion of PMNsing aranti-Ly6G antibody reduced ear swelling in the IMQ
inducedmouse modebf psoriasiform skin inflammatiorAs expected, significantly reduced
ear swelling was observed in the PMispletedand IMQ-treated mice compared to isotype
treated control mice(Figure4.6A). These results show that PMNs are relevant for the skin
pathology in the IM@nduced mouse modethich resembles findings in the human situation
(where PMN depletion ameliorates skin inflamioa) (lkedaet al. 2013) Next circulating
platelets were depleted using an ar@@iD42b antibodyElzeyet al. 2003)one day before first
IMQ applicationand on day 4 of IMQ treatment. Unexpected)year swelling was greatly
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reduced in the Pl-@lepleted mice, even t@ greater extent tharseen forPMN depletion
(Figure4.6B). In H&E staining of IMiQotype treated skin samples, infiltration of leukocytes
in the dermis of the mice, as well as epidermal thickenimgs observed However, when
investigating the skin of anCD42b treated mice, epidermal thickening was strongly reduced,
almost resemblingpaive skinKigure4.6C, quantification in D).

These results suggest that platelets are indeed of great importance for the psoriatic
phenotype in IM@nduced psoriasiform skin inflammation, because systemic platelet
depletion resulted in strong amelioration of skin pathology.
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Figure 4.6: Platelet depletion decreases eamvelling and epiderm
thickening in an IMQ mouse model of psofaai skin inflammation

(A-B) IMQ induced psoriasiform skin inflammation BL/6 mice Ear
thickness (mm x 0.00yasmeasuredafter PMN depletion by ariy6(
(A) or platelet depletion byanti-CD42b (B) or respective cont
antibodies(n=5 in each group)C) H&E stainingf skin from mice treate
with either anti-CD4£2b or isotype control (antCD42b n=4, isoty}
control n=5, scale ba= 180 un). Quantification is shown in.A, B, |
NBLINBaSyid O2YoAySR RFEGEF 6YSIEyt
R20G NBLINB&aSyia 2yS Y2dzaSuvoe Ly
replicates (mouse biopsies) is shown * p<0.05 according toviey
' bhx+! 0! T .03 dzfdsit (HNBWRIn \ivo drbus
experiments were performed by Nate Archer.

4.4.2. Platelet depletion diminishes PMiatelet aggregates in blood andhibits PMN

infiltration of theskin

Finally,it was investigatedvhether platelet depletion could potentially prevent not only
platelets but also PMNSs to infiltrate the inflamed skin. After showing that platelet depletion

in circulation was very efficienE{gure4.7A),it could be confirmedhat concomitantly PMN
platelet aggregates in the blood were strongly reducEjre4.7B). Interestingly, the total
numbers of free PMNs in the blood of plateld#pleted mice were increasedrigure4.7C).

This strengthenedforementionedhypothesis that PMNs and other cells need platelets to

infiltrate the site of inflammation. In this case, the platelets were missing to guide PMNSs to
infiltrate the skin (the site of inflammationy YR G KSNBF2NB taba
accumulated in the bloodF{gure4.7C). To prove thisypothesis skinbiopsies of platelet-

depleted and isotypetreated mice were stainedwith ant-MPO (PMNs) and anrGD41
(platelets) in order to investigate whether PMN skin infiltration was affected by systemic

platelet depletion. Interestinglyast amounts oplatelet aggregates, often in close proximity

to PMNs in IM@sotype treated maose skin were observed By contrast, in thelatelet
depleted mice, neither platelet aggregates nor PMNs were detectabigufe 4.7D and

quantified inE and F).

Taken together, these findings indicate that PMN skin infiltratextepended on platelets in
an IMQinduced psoriasis mouse model. Platelet depletiohibits PMN-PLT aggregates in
blood andPMN infiltration of theskin and this greatlgmeliorates skin inflammation. Thus, it
could be speculated that in humgninhibition of plateletaggregation in blood can also
ameliorate skin pathologin psoriasis Thismay potentiallybe achieved as easy as the daily

intake of aspirin.
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Figure 4.7: Platelet depletion diminishes PMilatele!
aggregates in blood and skin

(A-O Flow cytometry analysis of total plateleunts or
day5 of IMQ treatment(A), PMNplateletaggregate$B)
and free PMNsQ) of blood fromIMQ-treated animal
with anti-CD42kantibodyor isotype control (n=10 eacl
(D) Representativeimmunofluorescencestaining fron
anti-CD4b and isotypetreated mouseskin @nti-CD42|
n=4and isotype control n&, scale bar = 20 umatainec
with anti-MPO (PMNs, red) (with subsequent agtia
AF594 secondary antibody), aftD41 (platelets, gree
(with subsequent antiat AF488 secondary antibot
and Hoechst3342 (nucleus, blugnd the quantificatio
of platelet aggregates in the skii)(and plateles anc
PMNs in close proximity to each otheff) is showr
Arrowheads indicate close proximity of platelets
PMNsA-C andeFrepresent combined data (mean+¢
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5. Discussion

5.1. Neutrophil extracellular trajpssociated RNA (naRNA) and ld®iplexesnable
seltamplifying inflammation in psoriasis

Poriasis is an autoinflammatory disease of the skin and psoshiticlesions are characterized
by leukocyte infiltration, dominated by PMNs. However, the triggers for inflammation and
immune cell infiltration of the skin are still unknown.

The group of Mihel Gilliet extensively showed that pDCs respond to complexes consisting of
either RNA or DNA and the antimicrobial peptide LL37 with the production of type |
interferons. Whereas protection from nucleases and uptake was promoted by LL37, signaling
depencded on nucleic acidgensing by endosomal TLRs, namely TLR7 for &MIATLRO for
DNALL37 complexe&Gangulyet al.2009)(Landeet al.2007) The authors claimed that these
findings might explain an early inflammatory event in psorigsitbough this mechanism of
immune activation in psoriasis is highly plausible and congruent with the observed IFN
signature in psoriatic skirfYao et al. 2008) this scenario relies on aource of the
immunostimulatory mediatorg DNA, RNA and LL3tat has been unknowrPMNsare the
major producergSorenseret al. 1997)of LL37 and can also release nucleic acids by NETosis
(Brinkmannet al. 2004) Also, PMN skin infiltration is a hallmark of psorig&sffiths and
Barker 2007 and PMNs outnumber pDCs both in human blood and in the psoriatic lesions.
Additionally, PMNs are the first immune cells that respond to insult or inflammation and
produce considerable amounts of pnaflammatory cytokines and chemokines which then
attract further immune cells to the sites of inflammation.

Therefore, it seemed plausibtgout had not been investigatedhat PMNs might be activated

by complexes of ucleicacids and LL37, and subsequently release LL37 and nucleic acids as
parts of NETs as well as cytokingsys providing the prerequisites for progredient immune
infiltration and activation (e.g. including pBCSeveral observations made in tpeocess
warrant further discussion

5.1.1 LL37 is an antimicrobial peptide which can act as a deddésl sword

The antimicrobial peptide LL37 is upregulated upon skin invasion by pathogens and exhibits
antimicrobial activity against a broad spectrumimectious species.g. bacteria, viruses and
fungi(Schauber and Gallo 2007)

LL37 isalsooverexpressed in psoriatic skin and acts as a deabtged sword thereon one
hand it protects matients from superinfectiongMarcinkiewicz and Majewski 2016 the
other hand itcan also induce the uptake of selérived DNA or RNA that in turn cagse
inflammatory responses in immune cgllsandeet al.2007) Complexed by LL37, nucleic acids
are transported into immune cells(Zhanget al. 2010) and bind to nucleicacid sensing
receptors inducing activation aespective immunecélls. Inline, activation of PMNs is not
induced by free RNA or DNA that do not enter PMAigUre3.1 andFigure3.2). This is in good
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agreement with previous results, showing that synthetic endosomal TLR ligands like R848
(TLR7/8 agonist) or CpG (TLR9 agpmesich the endosomes and induce robust immune
stimulation via endosomal TLRs while RNA and DNA d@oahiket al.2011) Notably, RNA

but not DNA complexed to LL37 indusesbstantial cytokine release from PMNSgure3.1).

Interestinglyonly at very high concentrations of LL37 show toxi@itsanget al. 1998) Thus,

it can also be hypothesized that LL37 (in lower concentraticasjunction as a transfection
reagent to deliver (negatively charged) membranmgermeable components into cells.
Indeed, LL37 has been used for transfection and imgsolvansfection efficiency of e.qg.
nanoparticles. In this setup LL37 even had two positive effects: it enhanced gene delivery and
induced an antibacterial effect, thus accelerating wound healjidang et al. 2018)
Interestingly, LL37 was also already used to deliver siRNA into cells. Although, transfection
efficiency was largely dependent on cell type, delivery was successful in a vaigtg et

cells (Yalcinkaya 2013)mportantly, the transfesefficiency is largely sequenakependent
because e.g. CRAMP, the mouse ortholog of [(Galloet al.1997) was less potent in binding

and ddivering of DNA into cellgSinghet al. 2013) TheD-enantiomer of the human LL37
peptide however binds and delivers DNA into cells but does not induce activation of
endosomal DN&ensing TLR&Gestermannet al. 2018) Hence, tansfection by theD-
enantiomeric form of LL37 apparently is favorable to avoid induction of undesired immune
modulation.

Of note, LL37 is also implicated in immune diseases of the skin different from psoriasis e.g.
Atopic Dermatitis (AD) and Rosacea. Dy Bome patients suffer from severe superinfections
with bacteria from different species. In contrast to psoriasis, AD patients show defective
upregulation of several antimicrobial peptides, including LL37, causing insufficient clearance
of bacteria(Renholzet al. 2012) In Rosaceaowever, (affects the centrum of the face, i.e.
cheeks and nose) processing of the precursor hCAP18 into its activate form, LL37, and also
smaller peptides, is elevated due to enhanced activity of cutaneous proteaseprdtkase
activity is increased because MAMPsensing by TLR@& keratinocytes in skin lesions
(Reinholzt al.2012) In skinlesions of Rosacea patierid@modex mites are frequently found.
These mites shed chitin (a polysaccharide) from theiskel@ton(Georgalaet al.2001)which
servesas MAMP for TLRZFuchset al. 2018) and henceinduces increased processing of
hCAP18The interplay of activated keratinocytes withcreased protease activitgausing
fragmentation of hCAP18nd hence the overexpression of LL&8Y TLRmediated immune
reactioncould elicit the pathogenesis of rosacgeinholzt al.2012)

These examples show thiaalanced expression and lytic activity of LL37 is pivotal for efficient
host defense against numerous pathogens, whereas the deregulation of LL37 is crucial for the
pathogenesis of different autoimmendiseasesf the skin
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5.1.2. Bacterial and fungal RNA might serve as inflammatory triggers in psoriasis

This studyshows that not only synthetic RNA but also human (self) RNA and bacterial RNA
bind to LL37 and induce immunesponse oPMNSs (se&igure3.3). Bacterial RN& generally
an underestimated stimulus for immune cel{&igenbrod andalpke 2015)lthough for
certain bacterissuch asStreptococcus pyogenes (S.pyogebasjerialRNA is the major driver
of immuneresponsgEigenbrocet al. 2015)(Eigenbrod and Dalpke 201%jiven the fact that
infections withStreptococc{Griffiths and Barker 200&re associated witlpsoriasis guttata

it can be imagined that in this casensing obacterial RNA mighgven drivenfection-induced
psoriasis, especially because PMNs can provide LL37 for complex formation in ataggrly
of immune defense. Furthermoré,is known thatLL37 lysgebacteria(Kahlenberg and Kaplan
2013)inducing release of bacterial RNvhich in turn could form complexes witH_.L37and
induce immune stimulationHigure3.3B and Figure 51).

Interestingly, psoriasis patients shaitered commensal skimicrobiota(Alekseyenket al.
2013)and the abundance of certaipacteria, includingteptococciis enhancedn psoriatic

skin. The present data show that bacterial RNA in complex with LL37 robustly activates
immune response via endosomal TLRs (TLR8 in humans and TLR13 iRiguies.11).
Similarly, RNA fromirchaeon Methanosphaera stadtmanga member of the human gut
microbiota) induces TLR&pendent immune reactionVierbuchenet al. 2017) These
findings imply that RNA from commensals can also serve as an inflammatory mediator,
especially when the composition of the microbiota is changed or dysregulated e.g. as found in
psoriasis patients.

Also,commensal fungi lik&alasseziare associged with skin diseases like atopic dermatitis

or dandruff(Giotiet al. 2013) Furthermore, RNA frorivlalassezias packed in extracellular
nanovesicles which can in turn induce immune reactions in human keratinocytes and
monocytes(Johanssomt al. 2018) Interestingly, increase@andidacolonization (pathogens

and commensals) is found on the skin of psoriasis patients ardfibre it had been proposed

that fungal infections might trigger psoriatic skin inflammati¢ietrzak et al. 2018)
Consequentlyit would be interestng to investigate whether fungal RN#inds toLL37 and
induces immune reactions in PMNsSt can be hypothesized that also for fungi not only
pathogensbut also commensals in a dysregulated skin microbiome, might provide RNA for
RNALL37 complexation resitig in immune cell activation.

Furthermore, as RNA modificatismodulate immunogenicityEigenbrod and Dalpke 2015)
(Freundet al. 2019)and asthese RNA modifications differ between spec{daffrey 2014)
(Edelheitet al. 2013) and strains it would be highly interesting to investigate RNA from
different bacterial and fungal strains to identify the differendasLL37 binding and their
potential to induce immune activation. Alternatively, the influence of RNA modification on
immunogenicity could also be tested systematically by the use of synthetic RNA with known
modifications. By using synthetic modified RNAwould be possible to quantitatively
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correlate sequence specific effects as well modulatory interplay of different RNA
modifications.

Alternatively, bacterialor fungal RNA might also enter the host in psoriasis via the
compromised barrier function of the skin of psoriasis patiefMset al. 2014) This would
further facilitate the invasion obacteria and fungi (RNAkither from infection orof
commensal origin. First mechanisms to combat the invademght then trigger an
inflammatory feedback loop of PMN activationpsoriasisKigure 51).

5.13. Cytokines released by PMNs in response to-lRISA complexes are associated with
psoriasis and act as cheratiractants

A variety of cytokines and chemokines are upregulated in psoriasis, most importantly INF
type | interferons, 17 and membes of the Ikl cytokine family(Baliwaget al. 2015) A
massive release of type | interferons is induced by complexes of RNA or DNA with LL37 from
pDCqLandeet al. 2007)albeit most experiments to date have investigated this inrawitro
context. As pDCs produce N 6 dzii R2 y 2 i -iN@Erim&tonzcBokiges, .6 NNFLINE
or IL-m iwhichare essential for immune cell infiltration and polarization of T ¢@lsoreschi

et al. 2007) the present study investigated whether RINA37 complexes induce the release

of sich nonlFN cyte and chemokines from PMN&deed, PMNseleasea variety ofpro-
inflammatory cytokines in response to stimulation with RNA7 complexes, namelNF",

IL-6 and IL-m i(Figure3.4). Although the amounts of cytokine release are low, one could argue
that the vast amount of PMNSs in psoriatic lesions might be efficient to accumulate a fulminant
inflammatory reaction and indie activation of other immune cells. Also, it can be
hypothesized thatmmuno-modulatory therapies like anfiNF antibodie¢Eberleet al. 2016)

likely intervene already with a very early inflammatory evéatgeting downstream signaling

of PMNSs.

Interestingly, two addibnal chemokines are released by PMNs in response to-IRNA
complexes: namely 416 and MIPv i @16 lfupctions as a chemoattractant for CD4

lymphocytegCenter and Cruikshank 198 MIRmMi A & | LI GSyid OKSY21 Ay
immune cell{Mentenet al.2002) The release ofiluc I YR alLt mi 0e taba KI
been studiedThis study investigatesthether lov amounts ofi-m ¢ | ¥ R (asirkl¢ased

by PMNs) camattract other immune cells therefore transwell migration assays efe

performed. The transwell experiment showed migration of CDdells, CDd cells and CD14

monocytes Figure3.5), but alsoof B cells, classical DCs (cDCs) and even pDCs (data not shown)
towards k16 and MIPMi @ ¢ KA & NBadz & FAd dhativeP-vLINIE @ONGEd AR
by PMNs caused migration of dendritic ce(Shibaet al. 2004) Interestingly, lower
concentrations of both chemokines more efficiently attract other immune cells to the lower
compartments ofthe transwell chambersFgure3.5). In line a nonlinear relationship for

dose and response is also described for other cytokiAtanasova and Whitty 201.2pf note,

it wasalso observed that RNIBL37 complexes alone act as chemoattractant for'QDeells.

This is in agreenm# with previous findings that show a cherattractive effect of LL37 on
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neutrophils and eosinophiléTjabringaet al. 2006) It would be interesting to investigate in
detail which immune celldirectly respond to RNAL37 as chemate.Here, purifiece.g.CD4

T cellscould be used to investigatevhether they actively migrate towards RNA.L37
complexes or whethethe observed effect was due tactivated cells in the PBMC population
whichreleased chemokindgading tosubsequent migratioof CD4 T cells

One could have expected to detectllZ production by PMNSs in the Luminex scresimcell-

17 was identified as a key driver in the pathogenesis of psoriasis antl-dfititherapies are
clearly beneficial for psorigs patients(Eberleet al. 2016) IL-17 is principally produced by
Th17 cells but it was observed that PMNs containeti7lin the skin of psoriasis patier(isin

et al.2011) Recently, it was shown that human PMNs (stimulated for 20 hours after isolation)
released IL17 upon stimulation of TLR8 by R§F@&massi&t al.2019) However, production

of IL-:17 byhumanPMNs inresponse to RNAL37 complexes or other TLR ligands e.g. LPS or
R848 (Luminex analysis, data not showay not observed in this stud@f note, only PMNs
from healthy donorswhichwere stimulated for 4 hours,were tested,while in other studies
longer eriodsfor cellstimulation were usedqup to 20 hours)Also, 1k17 releasdrom PMNs

in vitro could not be reproduced by the identical group who previously reported7IL
production by PMNs(Tamassiat al. 2018) Therefore, 17 production by human PMNSs is
not proven yet and still remains controversial

Importantly, dood-derived PMNs from psoriasis patienfsompared to healthy donojs
release higher amounts of -8 and MIPw i Ay NBaLkRyasS G2-LLa7d A Ydz |
complexeskigure3.6). However, ithas to be mentioned that only thrgeatient samples were
measuredso farand for further confirmation more patients have to be recruited for this study.
Nevertheless n this experimental setting practivation of PMNs can be excludethich was
investigatedby the absence of CD62L shedd{egample sed-igure6.1). Both, PMNs from
healthy controls and psoriasis patients were not qaaivated (no CD62L shedding) and
cytokine release inesponse to control TLR ligands like LPS was comparable between the two
groups Figure3.6B and D)Hence an unspecificytokine releasgdue to preactivated PMNs

(e.g. due to technical issues) can be excludénk superior response of PMNs from psoriasis
patients to RNA_LL37 complexes could be explained by enhanced expression of endosomal
TLRs which could bind RNA in PMNs from patients. Hence, compasaatalysis of TLR
expression levels in PMNs from healthy and psoriatic individuals is warrahtési could be
achieved by gPCR on a mRNA level or Westerndnica protein level Alternatively, the
enhanced response of PMNs migtiso esult from increased production of LL37 in psoriasis
PMNs which can complex and stimulate further PMBsvated LL37 baseline secretion by
PMNs from psoriasis patientsas found(Figure3.6E). If RNAs alsoreleased by psoriatic
PMNs (faster as compared to healthy controls), e.g. by cell dédEf osisthis would provide

both immunomodulatory stimuli, i.e. LL37 and RNA, resulting in autoactivation o PMN
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5.14. RNALL37 complexes trigger the release of RNALL3€ontaining NETs

The present study shows that LL37 shuttles RNA into cytosolic compartriéguise3.2 and
Figure3.3) and also that RNAL37 complexes induce NET formatibrggre3.7). NETs have
alsobeen detected in blood and skin of psoriasis patightget al. 2016) although it has to
be mentionedthat in tissue sectioma clear demonstration is difficulfhe reason for NET
release, howeverstill remains unidentified. Therefore, RNA37 complexes as potential
triggers for NETs in PMMe&re further investigatedin the context of psoriasis).

This study showshat LL37 alone induceNETosis in a N&pecificsubstrateassay Figure
3.7A).However, it is still debated whether NE is necessary for the induction of NETosis because
PMNs fran mice lacking NE still induce robust NET reldd&rtinod et al. 2016) Therefore,

NET formation was furtheinvestgated by fluorescence microscopyhere, RNALL37
complexesobustly induce NETs which in turn contain more L&a3d surprisingly also RNA
(Figure 3.7 and Figure 3.8). It might be suggestedhat this RNA and LL3de novoform
complexes and induce the activation of further PMNs and the subsequent relefase
proinflammatory cytokines and more RNA and LL37 by NET formation. This might lead to a
vicious cycle of PMidctivation, inflammation and attraction of other immune cells towards
sites of inflammation. Therefore, this inflammatory loop might provide gy \early event in

the formation of psoriatic lesionsee Figurel.6 andFigure 51 and explained below in further
detail).

Importartly, psoriatic lesions conta massive amounts of RN#hich isnot only found in
keratinocytes but alsm skin infiltrating blood cells (sdeigure3.9A-C).The excessive amounts

of RNA could potentially originate from hyperproliferating keratinocytes in psoriatic lesions
(more mRNA is producedinother possible explanation for these largeantities of RNA
might bethat LL37 which is overexpressed in psoriatic lesions, stabibres protecs RNA
from degradationGangulet al.2009) Hence, RNA from dying cells (keratinocytes or immune
cells) might persist in psotia lesions whereas it is quickly degraded in healthy indivatiu

In addition excessive amounts of RNA could potentialsporiginate from NETting PMNs that
infiltrate the inflamed lesiongHu et al. 2016) NETosiss very difficult to detect in the skin
because most PMNs and also NETSs are axelyseen in lesions that developed very recently,
shortly before biopsyAlso, because of limitations in immunofluorescence microscopy (in
terms of magnification and resolution), it was difficult to ascertainDNA or RNAvas
detectableintra-or extracdlularly. Neverthelesspotential NET formation wasbservedby
extracellular NEstainingin some biopsies, but this wamt further analyzeddue to limited
numbers of patient samples arfustone-specific antibodiesto detect NETsSn tissues were
not available in ougroup at the time offore described experimentStaining and subsequent
analysis of NET formation in skiaill be performed as soon as further patient samples are
available.Furthermore,in ongoingin vivo experimens bacterial RNALL37 complexes are
injected intradermallynto ears of micéLiet al.2012)and the skin is analyzed for recruitment
of and NET release by PMNS$hese results Wished light on the releance of the
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aforementioned mechanismMoreover, this mightprove the hypothesis that RNIA.37
complexes are physiologically relevdat driving PMN and NETmediated inflammation in
psoriasis

Importantly, the molecular and immunological relationships d@sed abovealsoprovide an
explanatory approach for thea€bner phenomenonDue to a small injury, e.g. keratinocytes
die or PMNs infiltrate the skin to prevent invasion of bacteria and provide inflammatory
mediators PMN-derived LL3Tyses bacteria which in turn inductree release of bacterial RNA
and subsequent complex formationith LL37 RNALL37 complexes activate PMNs which
release preinflammatory cytokines and chemokines to attract other immune cells to the sites
of initial tissue damageFurthermore,activated PMNsundergo NETosis and NEdmntain
more RNA and LL3Which form complexs and subsequentlystimulate more PMNs.This
mechanismmight induce a vicious cycle of inflammation, subsequent chronification and
development oflesions in places of minor injuries or trauma of the gkeeFigure 51).

5.15. naRNA: NEdssociated RNA as a novel component of NETs

A central premise for this study was the abundamdé RNA in PMAand also RNAL37

induced NETd-{gure3.7 andFigure3.8). The presence of RNA in NETs was evidenced by two
independent methods, i.eusing theRNAspecific dyeSYTCRNAselect and RNAspecific

antibody, Figure3.7 andFigure3.8). This NEJassociated RN#as termedd y' I wb ! ¢ T2 NJ T d
references Intriguingly,the possibility thatRNAcould be a NET componentasso far not
considered,despite of the fact thatmore than 1900 publicationgBoeltzet al. 2019) are

dealing with NETsTo our knowledge, this is the first study that expliciibknowledge RNA
asanewNET component

More importantly, the present studyincoves naRNA as a@reviously unrecognizediew
immunostimulatory mediator Kigure3.8) that triggers inflammation. The fact that isolated
NETs from PMAand RNA_L37 (contaiing further naRNA and LL37) activated PMNs induced
NET release from other PMN&idure3.10) and the abundareof RNA and LL37 in psoriatic
skin Figure3.9) demonstrates gotential physiological role of naRNA in the pathogenesis of
psoriasisAssumedly, hisis a very early inflammatory event in psoriagéee Figure 5.and
described in 5.1.4.In this scenario RNBAL37 complexes atée first element for a spiral of
increasingnflammatoryresponsesBecause of the fact that thigroposed new role of RNA
LL37 in the initiation of psoriatic lesions hast@aching consequences for our understiamg

of psoriasis rigorous testing of the hypothesis with additional control experiments are
mandatory, e.g.n experiments using NET contents from RNA7 or PMA stimulated PMNs
for induction of further PMN responseB the current setting the presencaf the original
stimulus, i.e. PMA or RNA_37 from isolated NETs cannot completely be excluded
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Figure 51: Complexes of naRNA and LL37 might drive-araplifying inflammatory loop in psoriasis

A small injury of the skiweakenghe skin barrier and facilitasthe invasion of bacteria. PMNs infiltrate the
skin to combat the invader. They release the antimicrobial peptide LLiB7esponse to bacterial invasion
LL37 induces lysis of bacteriadasubsequent release of bacterial RNA Bacterial RNA in turn forms
complexes with LL37. These complexs enter PMNs and induce robust TLR8 signaling-irflammatory
cytokines and chemokines released by activated PMNs induce the infiltration of letilescytes. TLRS8
dependent RNA.L37 sensing alsbvives NET release. These NETs contain NEJsociateeRNA (naRNA) and
further LL37 which form complexes and induce the activation of more PMNshighigghts a TLRediated
sensing mechanism for RMA37 complexes in PMNSs, inducing a-petfpagating vicious cycle of inflammation
and NETassociated RNA (naRNA)aakkey driver of inflammation.

Of note, PMNsusuallyproduce only little amounts of RNAecchioet al. 2014)and RNAis
normally easily degraded by RNasHswever two RNAspecific staining methodise using
SYTORNAselect and -W antibody both detected considerable amounts afe novo
synthetized RNA iRMA and RNALL37induced NETd~(gure3.8). When using, RNase A, the
RNAwas robustly erasedbut the DNA staining (Hoechst) stayed unaffectéayyre 3.8).
Controversiallythe group of Klaus T. Preissner (University of Giessen) found that a variety of
different RNases arpresentin NETs (personal communicatidioll et al. 2017) There, the
RNasegRNase 1 and Driginate from PMNs, probably as a mechanism to prevkathost
from overshooting immune reactions by extracellular RNA. Interestingly, RNase 7, a member
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of the RNase A family, iglso secreted by keratinocytes as an antimicrobial peptide.
Additionally, RNas 7 is overexpressed in psoriatic lesiofopfnagelet al. 2018) and
functions similar to LL37t binds DNA and promotes IPN NX t S & Bowever, tHel5 /| & @
mechanism of the antimicrobial activity of RNase 7 is incompletely understood as the
bactericidal function of RNase 7 is independent of its ribonuclease activity; mutants without
functional ribonulease still show effective bacterial killiilgademacheet al. 2016) Also,

RNase 7 isnly secreted on the skin surfaaghich only protectdrom microbial growth but

not from invasion(Simansket al. 2012) Thus, it is likely that setferived RNA or bactal

RNA can still enter the hofdlue to a small injurydnd induce immune responses, even in the
presence of RNase Moreover, it can be suspected thal.37as NET contenprotects naRNA

from degradation by RNasé&angulyet al. 2009) In line, LL37 was shown to protect DNA
from degradation by nucleases derived from bacteria. Hence, NETs containing LL37 are more
robust in trappirg and killing of bacteriNeumannet al. 2014) This potentially also applies

to naRNA.

Furthermore, i would be interesting to investigate the role of naRNA in NETs in general, e.g.
to answer the question whether naRNA patrticipates in antimicrdhiationsas DNA in NETs
(Brinkmannet al. 2004} Bacterial killing assays could be performed witRM\ containing
NETs and investigate whether RNase A treatment impairs bactericidal efisztsit could be
analyzed how naRNA can execli&ctericidal functions, e.g. by trapping of bacteria or by
direct interruption of bacterial functionlt has to be additionally investigatedow the
bactericidalfunction ofnaRNAs modulated by.L37 e.g. due to stoichiometric composition

or naRNA modifiation. Of note, NETs released by lower species like insects contains RNA
rather than DNAAItinciceket al. 2008) It can be therefore argued th&NA releae by NETs
isconserved between specigmesumably acting quicker amtuder than DNA but stjiimilar

to DNAwhichisimportant for trapping and killing of bacteriAlsodata in this studgvidences
accumulatedRNA in granules of PMNSs, ready to be releabéglife3.8D). A similar effect was
also observed for eosinophi({8ehzadet al. 2010) Accumulation of RNA in granules might
therefore be a common feature of granulocytes in genegaiing another indication of guick
mechanism of RNA release.

Interestingly, NET contents are immunostimulatory for pQiGsdeet al. 2011)and B cells
(Gestermanret al. 2018)in psoriasis and SLEespectively. Both studies focused on DNA and
LL37 as mediators for the induction of NETsduld be interesting to analyze the impact of
naRNA on the development afitoinflammatory diseasesther thanpsoriasis Interestingly,

in SLE patients, aARNA antibodies are also frequently fouflancoet al. 1991) Therefore,
naRNA might be a potential source of autoantibodieSitE but also in other autoimmune
diseasesFurthermore, m other NE¥related diseases like atherosclero$@arnatschet al.
2015)(where NETs form because of cholesterol crystai$§§A(Branzk and Papayannopoulos
2013) (where NETs are @md in inflamed joints)the impact of naRNA and potential
dysregulated degradation by RNases might be of interest to elucidate the role of naRNA in
homeostasis and disease.
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5.16. TLR8s akey player in naRNIAL37 inducedignaling in PMNs

Initial experiments showed that cytokine release induced by-RN3Y complexes from PMNs

was inhibited by chloroquineF{gure3.3D). As chloroquine does not affect RSénsing by
cytosolic receptors such as RlGut prevents endosomal acidification atidus activation of
endosomal TLRMatsukuraet al.2007)(Kuzniket al.2011) it was hypohesizedhat for RNA

LL37 sensing endosomal TLRs are instrumental. TLR8 (human) and its equivalent TLR13 in the
mouse were assumedto mediate cytokine release and NETosis, as the -&MA&ing
endosomal TLRisecaus@LR3 and TLR7 are not expresseduman PMNs(Hayashiet al.
2003)(Jankeet al.2009)(Bergeret al.2012)

Although this study showed that RNA37mediated immune reactions where highly
dependent m endosomal TLR signaling, RNA7induced NETosis might nevertheledso
dependon LL3inding to a specific receptoAmong others, the formypeptide receptor 2

(FPR2) (Zhang et al. 2009) was proposed to bind LL37. However, blocking of FPR2 by the
sdective antagonist WRW4 (Bae et al. 2004) did not affect-BN8¥induced NE release
OYSI &dzZNBR (KS aGboc¢2aira (AGE FTNRBY therlyasey /[ KSY
of NETassociated NE (and hence Nigfmation), induced by RNAL37 complexess not
dependent on LL3FPR2 signaling (preliminary data not shown, more donors needed for
statistically relevant resulfdurthermore, these results were also not proven in fluorescence
microscopy. Although other receptors that bind LL37 have been désd;, e.g. members of

the EGFR (epithelial growth factor receptor) family or the human purinergic receptor P2X7
(reviewed in (Verjans et al. 2016)), subsequent experiments focuseshdosomalnucleic
acidsensingeceptorsas potential candidates for RNA_37binding andsignaling.

Interestingly, cytosolic DNA (microbial and sidfived) wasalsoreported to activate the
inflammasome in a TEHRdependent manner(Muruve et al. 2008) Also, two very recent
findings show the relation of NLRP3 inflammasome, more specifically an inflammasome
substrate, Gasdermin D, and NET format{@ovllbergeret al. 2018) (Chenet al. 2018)
Gasdermin D is a pofferming protein and a key player in pyroptosis which is a form of cell
death induced by imacellular LPS via a -salled noncanonical NLRP3 inflammasome
pathway (Liuet al. 2016) Sollberger et al. published that Gasdermin D is activated in PMNs
dying by NETosis and in a chemical screen they found a small molecule inhibitor for Gasdermin
D that not only inhibits pyroptosis but also interferes with NET(&adbergeet al.2018) The

group of Kate Schroeder observed that in PMNs, Gasdermin D forms pores in granules and
nuclear membranes por to permeabilizing the plasma membrane which in turn induced the
releaseof imi | Y RK 6 BB 4 i S NIy § REHerei&lNR18) These data show that
Gasdermin D is not only implicated in pyroptosis but also links in the regulation of NETosis.
Furthermore endosomallLR ligands like R848 alsoknown to prime NLRP3 inflammasome
signaling(Hornung and Latz 201®0) ¢ KSNBEF2NBE X 6S ¢HPYRERBRAEG OB YK
mediated not only by cytosolic LPS but also by RNA which is shuttled by LL37 into endosomal
compartments. Consequently, cytokine release and NET formation B?BNIs from one

NIrp3’- mousewas analyzé in response to RNAL37 complexes. BMMNSs from theNIrp3”
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mouse released TNF and induced NETSs to the same extend-B8/Blg from WT mice (data

not shown, Ikm NEfSIFHasS ¢6la y2aG yrtel SRoOd ! f(iK2dAK
NET inductioby RNALL37 is most likely independent from other innate immune responses

like the NLRP3 inflammasome but strongly depends on endosomal TLR signaling.

As mentioned before, his study provedthat TLR8 and TLR13 are actual receptors that
recognize RNA froRNALL37 complexes and induce immune activation in human and mouse
PMNs Figure3.11). It was shown that PMNs are activated via these endosomatdeNging
receptors to release prinflammatory cytokines and NETosis. These NETSs in turn contained
further RNA and LL37 which might complex again to activate more AntBi®stingly, TLR8
activation of PMNs apparently switches the response from phagocytosis to NELost

2016) This perfectly fits tathe current observation: induction oNETosis by RNA.37
mediated activation of TLRS8, rather than mere phagocytosike@tomplexes. Alsdhe fact

that TLR8mediated NETosis differs from, for example RM@édiated NETosis is illustrated by

the different kinetics for PMAand RNALL37induced NETs: RNA.37 induces NET formation

fast, approximately within 60 mutes post gimulation (seeFigure3.7D and E), while PMA
induced NETosis peaks at 4 hours after stimulation. The specific kinetics indicate different
underlying mechnisms of NET formation. This is in accordance with published results showing
fast induction of NET release whai.R2 bound its ligan8.aureusor by TLR4nediated
platelet activationand subsequent binding to and activationrautrophils(Yippet al. 2012)
(Pilsczelet al.2010)(Clarket al.2007) By this means, only the nuclear membrane is degraded
while the plasma membrane stays intact. In contrast, PMA induced NETosis is slower and leads
to complete cell lysis (cell death is induc@dgstleet al.2009)(also sed-igurel.2). Therefore,

live NETs (mostly induced by TLR signaling) and suicidal NETs (induced by PMA) have to be
clearly distinguished from each oth@oeltzet al.2019) However, liveceltimaging gies the
impression that the whole cell rupturegon activation with RNA_.L37 complexeslespite of

being a TLRependent and fast proces$igure3.7D and E). Tdllustrate the underlying
mechanism of NET induction by RNI37 complexes it would therefore need further
investigation.. & LJX FaYl YSYONIyS tFo6StAy3 dzagahd /[ St f
der Linderet al.2017), one could potentiallglucidatewhether RNALL37 complexes induce

vital or suicidal NET forrtian, preferablyby investigation usinive-cellimaging.

These data indicate that endosomal TLR8 signaling is pivotal fot. RM#nediated immune
reactions. The relevance of endosomal TLR signaling iALRB#nduced skin inflammation
could hence be further elucidated in additionain vivo experiments, e.g. by intradermal
injection of bacterial RNAL37 complexes inttinc93bideficient andTIrl3’- mouse ears.
Absence or reduced ear swelling as compared to control mice, lesssRidMfiltration or
NEB would verify the importance of RNALL37induced activation of endosomallLRs.
Furthermore, therapeutic intervention by e.g. small molecules compounds that BIbB8
bining or signaling by TLR8 in PMidsldthusintervene with early inflammatory reponse in
psoriasis.
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5.1.7. Therapeutic implications

To date, the majority of psoriasis patients in Germany with moderate to severe disease still
receive systemic therapy with methotrexatéhis antimetabolite of folic acidas approved

by the FDA in 1971 for the treatment of psoriaglenter and Griffiths 2007)As an
antimetabolite, methotrexatds also use@sa cytostaticdrug inanti-cancer therapyo treat

a variety of different solid tumorgBrownet al. 2016) (Abolmaaliet al. 2013) although at
considerably higher dosesAs Methotrexate interferes withsynthesis of purines and
pyrimidinesandthuswith DNA synthesi€Czarneck#&®peracz and Sadowskazytocka 2014)

its use represents a rather unspecificerapeutic interventiorand longterm therapyis often
associated withunwanted sideeffects which can range from mitd severe; fronfatigue to
nausea, gastrointestinal problems and also liver dysfunction and infe(Wgnget al.2018)

Due to the unspecific nature and considerable side effects of standard therapy by
methotrexate it is of great importance to develop more specifitetapies for psoriasis
patients.As an akrnative, immunespecific approaokst A 1 S (1 KS dza $Ebetld@t a0 A 2§
al. 2016) to directly target preinflammatory cytokines as a potential new therapeutic
intervention for psoriasis was proposedihis proposal was inspired by enhanced
concentration of preinflammatory cytokines in psoriasis patients. In psoriatic lesions
increased levels ofd1 i | NJBamtgetayR13)and Imi |y R -1Zaiily Sidibérg
areassumedlymportant inflammatory mediators in psoriashlso, in an IME@nducedmouse
model of psoriasisiL1 receptor (IL1R)was found to be a major drivesf inflammation,
however, independent from NLRPBflammasome signalingRabeony et al. 2015)
Qurprisingly Anakinra, an inhibitor for {LR, which is successfully used for treatment of
diseases with gain of function mutations MLRP3 had no beneficial effect in psoriasis
patients. Quite the contrary is true: upon treatment with Anakinra new onset of psoriasis was
observed(Tsai and Tsai 2017This indicates a dysregulatedlilproduction in psoriasis
patients which likely is independent from activation of the NLRP3 inflammasome but
unfortunatelycannot be treated with HLR inhibition by Anahra.

Other biologicals likerdi-TNF antibodies are important new themticswhicharenowmore
frequently used to treat psoriasend theFDAalreadyapprovedseveralanti-TNF antibodies
(Kircik and Del Rosso 2008jthough ant#TNF therapy is highly effective for the majoraty
patients, 25% develop paradoxical psoriagiBaracterizedy new inflammatory skin lesions,
resembling psoriasis. These lesions fatue to exaggerated type | IFN indien without T
cell autoimmunity(Conradet al. 2018) Another serious drawback dbngterm therapy with
anti-TNF antibog isthe increased susceptibility to serious infectigiongartzet al. 2006)

In addition to IE1 and TNF also type | interferons wedoaind to play a crucial role in the
pathogenesis of psoriasiBlasmacytoid DCs were shown to produce large quantities ef IFN

in response to nucleic acid_-37 complexes and pDCs were also found in psoriatic lesions
(Landeet al. 2007) Additionally, the type | IFN signaling cascade is greatly upregulate
psoriasis patientgvan der Fitet al.2004) In ling inhibition ofthe IFN pathway ameliorates
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skin inflammation in a mouse xenograft model of psorigliestleet al. 2005) Blocking of
type | IFN thereforédnas been suggesteds potential new therapyor psoriasis(Yaoet al.
2008) However, a phase | clinical trial usingandftith | y i A 02 Re& RAR y2i
effects in psoriasis patien{®ssonnetteet al. 2010) Therefore, the authors concluded that
IFNh R2S& y 20 & Ah8 gefpdidaidhoffpdotiasis  FFSOG

Yet another angle to target psoriasisrivedfrom important observation®f polymorphisms
in genes associated with Th17 immune signalmgsoriasis patientsT cells of theTh17
subtypeusually produce HL7 (Eberleet al. 2016) The cytokinell-17A weakens the skin
barrier and amplifies inflammation by promoting the release of-pritammatorycytokines
(e.g. IL8 or IL-6 (Pfaffet al. 2017) and chemokines from keratinocytes. Alse1MA induces
migration of leukocytes anith association witifNF and H22, IL- 17Amediates upregulation
of IL-1 family cybkine expressior{Brembillaet al. 2018) Importantly, antilLl-17 antibodies
significantly ameliorate skin pathology in psoriasis pati€hiiseberet al. 2010)(Eberleet al.
2016) Inrecent years it became evident that1Z production and differentiation of Th17 cells
largely dependon 11-:23. Therefore, th IL-23/IL-17 axis in psoriasis is cgidered to link innate
and adaptive immunitySchon and Erpenbeck 2018ombination therapies that block-23
and 11:17 by antibodies induce impressive remission in up to 90% of pa(iKmtsand Krueger
2017)(Hawkeset al.2017) However, hesell-23/IL-17 aimed therapiegand other biologicals)
are still very cost intensivgTsai and Tsai 201 Wasilewskaet al. 2016) Also, it is still
controversialwhether PMNs release-IL7 (Tamassiat al. 2018)(Tamassiat al. 2019) This
indicates that therapeutic intervention of the -R3/IL-17 axiswould only target chronic
diseasebut might still missvery early acuteinflammation induced by PM

Finally, tle presentstudy shows that inhibition of TLR8 by very low amountsQInM) of
inhibitory oligodesoxynucleotides (iODNs) diminsheytokine release by PMNs and
completely blocks NETs (sEmgure 312A, B and D). IODNs were proposed for the treatment
of Systemic Lupus Erythematosus (S§B&jratet al. 2005) (Barrat and Coffman 200&nd
some small molecule Inibitors, similar to those used in this study, are already tested for the
treatment of SLE in several clinical studi@tu et al. 2015) Therefore, it might be assumed
that small inhibitory molecules that bloédNALL37inducedTLR&ignaling (in very low doses)
might also be efficient as a new therapeutic intervention in psoriasis and intenyernth a
very early inflammatory evenby direct targeting of PMN activation in psoriasis

5.1.8. Conclusionpart|

Complexes of nucleic acids and LL37 are important immunostimulatory mediators in psoriasis.
Still the origin of those inflammatory mediators has been unknoWhis studyprovides
evidence for a mechanism that activates PMNs by-aHSbciated RNA (naRNA)danL37
which enables a sedimplifying inflammation in psoriasis. PMNs not only release a variety of
different cytokines and chemokingsvhich can attract other immune cellg) responseto
RNALL37 complexes but also induadust NETformation. TheseNE'E in turn contain LL37

and more importantly RNA. NET contents from RNA7stimulated PMNsactivate more
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PMNsto release RNAand LL3%ontaining NETsIn this process TLR8 (human) and TLR13
(mouse) are instrumental. Interestinglyery low concentration®f iODNs which block TLR8
signalingnhibit not only cytokine but also NETelease.This current studyhus showed that
PMNs, which heavily infiltrate psoriatic skin, can provide immunostimulatory componiants (
this case naRNAnd LL37) themselvashich might fuel a vicious selpropagatingcycle of
inflammation in psoriasis
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5.2. PlateletPMN aggregates promote skin pathology in psoriasis (part Il)

As aforementioned, a hallmark of psoriasis is the infiltration of the skiPNb{s. As PMNSs are
among the first cells present at sites of inflammation and attract other immune deliss
assumed thatifferential expression of surface antigens on PMNs from healtimrolsand
psoriasis patients could be responsible for the skaming of PMNs in psoriasis. In order to
detect differences in surface antigen expressian antibodybased screen for 332 surface
LINRPGSAYyA o wasPabringdantlé aldod ofive psoriasis patients anfive
healthy controls. In this screen B cells, T cells, PMNs, deadveedisadditionally labelednd
monocyteswere gatedby size and granularity.

5.2.1.Blood cells from psoriasis patients express different surface antigens compared to
healthy controls

In blood samples from hdthy donors and psoriasis patients, 30 surface antigens were
identified which were differentially expressed (defined by a nominal statistical significance)
between the two groups. These differentially expressed antigens spread dieredt cell
populations in the blood (see Table 4.1). However, the validity of the present results would be
significantly improved by a larger sample number. Also, the mean fluorescence intensities
(MFIs) in this study are low, likely owing to techniicaithtions, yielding in increased deviation

2T aCLa® bSOUSNIKSfSaas GKS acLa 2F aL2aA0GAC
respective isotype controls thus indicating reliable differenceseWRauation of the identified
differentially expressed wsface antigensusing another FACS device ensured comparable
trends, proving reliability ofresuld 6 0 F A Y SR 0 & (i K Sevdra9dbtBetidentif@dNS Sy u
surfaceantigenswill be highlighted and discussed in detail in the next paragraph.

Differentially expressed surface markers on PMNSn PMNSs, five surfacantigenswere
differentially expressed: CD209, CD143, CD235ab, CD337 arld6DRABecause CD337 is
mainly expressed on NK cgllsngeloet al. 2015)and expression of TRAG0R was very low

in this setting, the function anexpressionof only CD209, CD143 and CD235ab will be
discussed in detail.

1 CD209DGSIGN) is a DC marker found on monoajeeived DCs (mDCs) which induces
initial contact of DCsot resting T cells and DC trafficking by interaction with the
endothelium. CD209 expression isregulated by dind IFN = G KS YIF 22N O0e i 21
Th2 and Thi responses respectively4FN | O a | yS3F §A PGS NBIdz | Gz
whereas It4 induces the expression of CD2(Relloscet al.2002) This means that IFN
1 LINE Y 2nieSidgted ihflammation which correlates with downregulation of CD2009.
Interestingly, PMNs can act as APE®no et al. 2017) and therefore it can be
hypothesized thaPMNsalso express different DC markers, including CDE&Bression
of CD209vasdownregulated on PMNs from psoriagiatients. This might give a hint on
psoriasis as an IFNThl-driven disease (although it is now appreciated that the Th17
response is also very importar{aiet al.2012)
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CD143 is commonly known agngiotensinconverting enzyme (ACE)ACE converts
angiotensin | into the activangiotensin livhich induces increase of blood pressure and
vasoconstrictionBernsteinet al. 2018) Millions of people take ACE inhibitors to treat
cardiovascular disease@Vesserli et al. 2018) Although ACE is mainly found on
endothelial cellsherereduced expression levebf ACE on PMNs from psoriasis pats

was foundcompared to healthy controls. Reduced ACE levels might for example be the
cause of vasodilatation is psoriasis which is a hallmark of the digelasgenreichet al.
2009) Interestingly, in mice, ACE expressed oiPMNs and overexpression of ACE
enhanced the capacity to induce afacterial mechanisms in PMNs. In contrast, mice
lacking ACE on PMNs were more vulnerable towards infections. Thus, ACE on PMNs
protects the host from infectioneKhanet al. 2017)and psoriasis could be triggered by a
small infection that is not efficiently cleared by PMiNg to their lack of ACE expression.
Genetic predisposition or unknown triggers can cause the formation of psoriatic lesions
after bacterial infections. Importantly, ACE inhibitors, prescribed to psoriasis patients to
treat cardiovascular comorbidities,ven worsened psoriasis or led to new onset of
psoriasis guttata(Hong 2012) This indicates that inhibition of ACE on PMNs might
increase susceptibility towards bactettidggered psoriasis.

CD235abexpression is found on terminally differentiated, anucleated erythrocgtes
consideredo beerythrocyte specifi¢Bruceet al. 1994) Interestingly, this study detected
CD235ab on PMNs from psoriasis patiearid, moreover, CD235ab was the only surface
protein showng significanly enhanced expression on psoriasis PMRespite this
intriguing finding, CD235ab detection on PMNs should be interpreted with catiidils

tend to bind proteins on their surfacehey I NE & &.9. b @gnéeg(Olsson and
Cedervall 2016andalso in autoimmune diseasel isfor exampleknown that patelets

tend to stick to the surface of PMN&erritset al. 2016)(Chanarat and Chiewsilp 1975)
Hence also erythrocytes might stick to PMNs and cadsgection of enhanced CD235ab

on PMNs However,this would imply inefficientred blood cell lysis whicks urlikely
because osmolysis of erythrocytes is highly efficient and visual inspection did not indicate
traces of erythrocytes (white color of cell pellet). Sté CD235ab is a highly specific
marker on erythrocytedetection on PMNs might result fromembranefragments from
erythrocyteswhich stick to PMNsThese erythrocyte membrane fragments wouk/en

in case of efficient erythrocytéysis- cause the CD235ghositive signabn PMNs.To
exclude that CD235apositivity stems from erythrocyte fragments bound to PMNs from
psoriasis patients, positive selection of PMNs (egingmagnetic beads) follwed by
gPCR to detect CD235ab mRNA could be performed. This approach would allow to verify
de novoexpression of CD235dly psoriasis PMNSs.

Differentially expressed surface markers ondglls: For B cells, 7 makers were significantly

different when compang healthy control and psoriasis samples: CD11c, £DOR215/ -
Opioid receptor, CD261, CD267 and MSC (W3©5bxll those antigens the expression levels
were considerably low and there was oftedaagevariance either in the HD or in the PsorP
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cohort between different donors Therefore, only iree markers will be discussed in more
detail because they showethe most promising differencefbetween patients and healthy
controls).

T

CD11ads found on a variety of blood cells in humans, e.g. DCs, monocytes but also to a
lower extend on PMNs and B celBoltjes and van Wijk 2014¢D11c was found to be
important for phagocytosis and considered as an important mediator for DC antigen
presentation(Sadhuet al. 2007)(Collinet al. 2013)but is alsodescribedon memory B

cells in tonsils. These memory B cells were found to expand into ticculapon
autoimmune reactiongKarnellet al. 2017) In the present study reduced expression of
CD11c on B cells of psoriasis patients compared to healthy controls was found. In contrast
to the detected reduced expression, it was expected that autoimradiseased
individuals, i.e. psoriasis patients, shemhanced expression of CD11c. Because CD11c is
expected to be upregulated on B cells from psoriasis patients, as an indicator of
autoimmune responses, there is no conclusive explanation for the result.

CD261belongs to the TNFR superfamily. In healthyiithials only weak expression of
CD261 is mainly found on immature B cells of the bone mafRudolfOliveiraet al.

2018) CD267 frequently referred toas TACI (Transmembrane Activator and CAML
Interactor), was shown to mediate inhibition of B cell activation. TA@ice show strong

B cell activation and accumulation in the spleen that causes splenom@gahet al.

2001) In B cells of psoriagmatients the expression of CD261 is enhancetiereasthe
expression of TACI is reduced indicating the presence of hyperactive and immature B cells
in psoriasis, well in agreement with the higher risk of psoriasis patients of developing a
lymphoproliferative disease likgmphoma or leukemigGelfandet al. 2006)

Differentially expressed surface markers orcélls For T cells only two surface antigens were

found to be differentially expressed in psoriasis patients: CX3CR1 and CD244. Both are
decreased for patientlerived T cells.

T

CX3CRIk a known mediator for both leukocyte adhesion and migrafloraiet al. 1997)
The observed decreas# CX3CRa&n T celldrom psoriasis patientsvould indicate that
psoriasis T cells have attenuated ability to adhere and mig@pposite results were
expected and therefore there is no conclusive explanation for these findings.

Interestingly, low expression d€D244is implicated in activating NK and CD8 T cell
immunity (Chlewickiet al. 2008) Hence, low expression of CD244 on psoriatells is
well in line with a hyperactive immune systempsoriasis in general.

Differentially expressed surface markers on_monocytehe majority of differentially

expressedantigenswas detected on monocytes (se€able 4.1land Figure6.7D). Due to
technical limitations the analysis did not include a specific antigen labeling for monocytes and
therefore these cells were identified by size and granularity. Morphological chaistatsrare
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of low specificity and it must therefore be assumed that some of the identified differentially
expressed markers are false positives. Still it is worth to highlight a few which could then be
confirmed in a setup that includes CD14 and CD16is@gto unequivocally identify different
monocyte populations:

1 CD13swas found to be upregulated on monocytes from psoriasis patients. Interestingly,
CD13 is also upregulated on monocytes after trayimaschalet al. 2003) In line with
the pathogenesis of plaque psoriasis lesions usually form at the sites of trauma and
pressure Koebner phenomenaon

1 Interestingly, CD16BSGH was foundto be upregulated on psoriatic mongies. PSGL
1 is essential for monocyte homing and initial tether{ityio and Xia 20Q9Surprisingly,
PSGHL is therefore the only homing receptor found to be upregulated in this scramea,
therefore possibly indicatinghe tendency of psoriasis monocytes to infiltrate the skin.

1 Furthermore, CD154D40L is overexpressed omonocytes of SLE patients and its
expression correlates with disease severity. As an explana€atsiari et al. suggested a
T cell independent CD4®hediated celcell interaction that induces humoral immunity
in SLEKatsiariet al. 2002) The present study identified enhanced expression of CD40L
on monocyteswhichassumingly has a silar function as in SLE.

1 Most importantly, compared to healthy controls, monocytes from psoriasis patients
express elevated levels of platelet antigens, nant@éB4land CD61(see Table4.1 and
Figure 6.7D). In this study,this finding was due to aggregate formation between
monocytes and platelets in the blood of psoriasis patients ($eégure 6.8).
Monocyte/PMNplatelet aggregates will further be elucidated in the next paragraph.

Due to sample limitations in generall these findings still need further validation using more
patient samples before initializing folleup studies to elucidate the exact role and function

of the described surface molecules in psoriasis. Analysis in the present study focused further
on PWNs as suspected cellular key drivers in psoriasis.

5.2.2. Blooeterived PMNs from psoriasis patients have a defipdatelet surface antigen
signaturé

In order to identify additional differences in blood samples from healthy individuals and
psoriasis paents, principal component analysis (PCAY data generated by the

[ 9D9 b 5 { @ap&fgrmed PCAuncoveredspecific clusters of protein expressiam

healthy individuals and psoriasis patients, i.eertain combinationsof surface antigea

allowing discriminatiorbetween the two groupsimportantly, nost significant result;n PCA

were obtained for PMNs, revealing strong clugtgr2 ¥ LJF GASy(GaQ tabaod ¢K
which in combinatiorRSTAY S G LIA2NAF AAa t abCDilc QDYl, @GR f S 0 f
andCD235alfFigured.2). This study further focused on the expression of CD6, CD41 and CD61

on psoriasis PMNSs.
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CDeasimportant for T cell activatiofCarrascet al.2017)and CD8@igands like CD16®owen

et al. 1995)and CD31&EnyindabhAsonyeet al. 2017)are expressed on epithelial cebisg.
keratinocytes Importantly,anti-CD6 antibodies are currently tested in clinical trials as a new
T celtbasedtherapy for psoriasis in Ind{&rivastava 2017Assuming a high expression of CD6
on PMNs of psoriasis patients, it can be hypothesized that-GD6 therapy notonly
intervenes with chronic manifestation of psoriasis induced by T cells but also prevents acute

events driven by PMNSs. Therefore, the investigation of CD6 expression on psoriasis PMNs was

alsoof therapeutic interestand a potential role of CD6 on PMNs psoriasisvas assumed
Surprisingly, afterr@d F G Ay 3 2F 200G AYSR [ 9D9b5{ ONBSyn
of 5 psoriasis patients hagryhigh CD6 expression levels on PMNs whereas 4 out of 5 healthy
controls had no CD6 surface expressionRMNs (data not shown). Unfortunatelthese
findings could not be verified in additional patient sampleSD6 expressiomas neither
detected on PMNs from psoriasis patients nor from healthy controls (data not shown).
Therefore, it can be assumed that thisLJ2 a A G A @S KA (¢ 4l a RdzS G2
positive CD6 staining for psoriasis PMNs. Actually, during further evaluation of the results
200F Ay SR o6& (KS [ 9 D&paehtDMNInSinyrpatients (and hé&lthy Y S
controls were measuredith the same kit respectively. Only for the last patient and healthy
control, the same kit was used, showing negative staining for CD6 on PMNs for both. For this
reason,involvement of CD6 in pathology of psoriasis was not followed up in this study (see
above)andfurther investigationdocusedon platelet-PMNinteractionsin psoriasis.

CD11as a known marker foundn different cell subsets in human blood, e.g. DCs, monocytes
but also granulocytegBoltjes and van Wijk 2014nd is considered to be important for
phagocytosis and for DC antigen presentaiiadhuet al.2007)(Collinet al.2013) As PMNs

are able toact as APC@/onoet al.2017)it can be hypothesized that CD11c is also found on
PMNs (seeb.2.1, similar to CD209)and displays similar functions ther@f note, CD11c
expression and function on psoriasis PMNs was not further evaluated in this study.
Furthermore enhancedCD235alexpression was already detected as individual marker and
hasalreadybeen discussed in detd8ee 5.2.1.).

Notable two of the five combinationmarkers namely CD41and CD61 are known platelet
antigenswhich usually act in concert andeanecessarfyor platelet adhesion and aggregation
(Mateoet a. 1996)(Andersoret al. 1991) The relevance of surface antigens CD41 and CD61
(in the context of psoriasis) was evidenced by further analysis (sed.4.2andhencewill be
discussedn the followingsections(5.2.3:5.2.6).

PCA analysis of LEGENDSuagatareveakdthat blood-derived cells from psoriasis patients
and healthy controls can be distinguished dpecificsurface antigens that are differentially
expressedin these two groups. Importantly, PCA shows strongusteling especially for
psoriasisPMNs additionally uncovering a clear platelet signature on PMNs fpsoriasis
patients.
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5.23. PlateletPMN aggregatesa novel requisite for skin and cardiovascular manifestations of
psoriasi8

Intriguingly, thepra Sy & &G dzReé ARSYGATFTASR I RAAGAY OOl alLiX
psoriasis withtwo dominant markersCD41 and CD6Fifure4.2). Expression of CD41 is
commonly associated with CD61 ahdth proteins arerequired for platelet adhesion and
aggregation(Mateo et al. 1996) (Andersonet al. 1991) CD41 and CD61 expressianthis
study was detected on PMNs due to plateleMN aggregates in circulation (domed by
FACS and fluorescence microscopy, Sgere4.3 andFigure 44). Importantly, the presence

of plateletPMN aggregates found in blood of psoriasis patients was also evident in IMQ
challengednice Figure 44), an established model system of psoriasiform skin inflammation.
Of note, expression dhe adhesion moleculB-selectinwas shown taorrelate with psoriasis
severity(Ludwiget al.2004) Although the present screen did not show enhanced expression
of Rselectin (CD62P) in psoriasis patients (data not shown) further immunofluorescence
microscopyidentified platelets in platet-PMNs aggregatesvhich were predominantly
activated and expressed CD6Zgre 44). Although thesdindings are in good agreement
with previous resultgLudwiget al.2004) platelet-PMN aggregates were so far not studied in
psoriasis and their impact on disease pathology has not been investigapedential etiology

of platelet involvement was proposedout not proven experimentallfTamagawaViineoka
2015)

The present study experimentally evidendkat plateletcounts in psoriatic bloodre greatly
increasedcompared to blood from healthy controls. This is in agreement with previous
findings which show an increased platelet mass index and volume in psdudksrmore
correlatngwith arthritis. Thus, n psoriatic arthritiglatelet mass index and volume can serve
as a clinical markéCanpolaet al.2010)(Unal 2016) The elevated number of platelets might
explain the increase in platelePMN aggregategsound in psoriatic blood. Nevertheless,
elevated platelet counts could be a secondary effect of incrédmamatopoiesis in response

to inflammation, including megakaryocyte production in the bone mar(dasamoto and
Kurokawa 2016)

Also, aspecific role of platelets in the development of skin lesions in psoriasis has not been
reported yet. Here, in an IMQ mouse model of psoriasigsiagnt amelioraion of skin
inflammation was reported upon platelet depletion reduced ear swelling, decreased
epidermal thickness, undetectable plateleMN/monocyte aggregates in the blood and also

no detectable immune infiltrates in the skiRigure4.6 andFigure4.7). In contrast, irhuman
psoriatic lesionsPMNs are found in close proximity or evenlooalized with plateletsHigure

4.5). This strongly indicates that PMNs rely on platelets to extravasate and cause inflammation
in psoriatic lesions. Potential mechanisms of platé!®IN extravasation are discussedhe
following section (5.2.3.)

In summay, the present study for the first time provideslid evidence that platelePMN
aggregates are highly relevant for skin pathology in psoriasis. Given the debated ralellsf T
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PMNs and endothelial cells in psoriasis it is worthwhile to investigatedleeof platelets as
new players in the pathogenesis of psoriaasswellasthe mechanism underlying platelet
PMN aggregate formation and infiltration of tis&in.

5.24. Potentiamechanism®f plateletPMN extravasation

Importantly, platelet aggregates are present in psoriatic skikigire 4.5), frequently
accompanied by PMNs. These results are well in line with the recently published pobcess
PMNs actively scanning for activated platelets prior to extravasdByaeramkumaet al.
2014 ! f a2y LIXFGSEtSG&a FRKSNB |G araasSa 2F AyFtl
or monocytes and promote extravasati@huchtriegekt al. 2016) Ludwig et al. showed that
leukocyte rolling depends on PS@®-gelectin interactions and that rolling is enhanced by
platelet-leukocyte aggregate formatiofLudwiget al. 2004) In combination with active
migration of plateletfGaertneret al.2017)it is assumable that plateldeukocyte aggregates

form in the blood and then collectively migrate through the blood vessel. However, the
scenario of platelets actively assisting leukocytes extravasation and its specificity for psoriatic
skin remains to be validate@urrently ongoing experiments are focusingshedding light to

the mechanism of PMiglatelet aggregate formation and extravasation. The most important
interaction of PMNs and platelets was shown for R&E@GMNs)ynd Rselectin(platelets) The
impact of PSGL-P-selectin interactions on PMN extravasation in an HviQuced psoriatic
mouse modelis currently investigatedoy neutralizing PSGL as previously described
(Sreeramkumaet al. 2014) It is assumedHhat disruption of platele?MN interactions can
prevent PMN infiltration of psoriatic skin.

Another component involved in leukocyte and platelet extravasai®rihe endothelum
which isactivated in psoriasi¢Leeet al. 1994) Activated endothelium imparts enhanced
attraction of platelets and other blood cells in turn augmenting extravasation. Integdgtin
adherence of neutrophils is greatly increased in psoriasis which depends on activated
endothelial cellfWetzelet al.2006) Of note, endothelial leakage is known for a long time in
acute and chronic inflammation, facilitating extravasation of blood ddlsDonaldet al.
1999) This also applies for psoriagikich,in rare casedss associated with largely increased
capillary permeability causing a hypovolemic shock; this phenomenon is commonly referred
to asleaky syndrora (Bressaret al. 2017) There is evidencéhat endothelial permeability
largely controls and affect angiogenesis. In line with this, angiogenesis is increased in
psoriasisand new micro-vessels form in goriatic lesions.Activated endothelium and
angiogenesisf new microvesselsvould facilitate access of platelets and blood cellsites
of inflammation. In line, the vascular endothelial growth factor (VEGF) which regulates
angiogenesis is associated with psoriakeratinocytederived VEGF indusengiogenesis
and supports hyperproliferation of the keratinocytes in the epiderwiipsoriatic lesions
Furtthermore, a pro-angiogenic role is attributed to 417, an accepted key mediator in the
pathogenesis of psoriasfsleidenreichet al. 2009) IL-17 induces expression of VEERnet
al. 2015)(Youet al.2017)and angiogenesis. ThUSEGF inhibitord{ockingangiogenesis) are
considered to be efficient for treatment of psoriagiset al.2014)
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Furthermore, in arthritis platelets were shown to increase vascular permeabiMyich is
strongly regulated by serotoni(Cloutier et al. 2012). Current studies investigatdether
PMN influx of the skin is mediated by serotowinven vascular permeability or if platelet
PMN intgaction/aggregate formation is necessary for PMN skin infiltration in animd@ced
psoriasis mouse model. As diseasegression in psoriasis is improved by serotonhupéake
inhibitors (Thorslund et al. 2013}he application of serotonin reiptake irhibitors in IMQ-
treated mice will further elucidate the mechanistic interrelationship of enhanced vascular
permeability and PMN infiltration of the skin.

A specific role of platelets in the development of skin lesions in psoriasis has not been reported
yet. As previously mentioned, this study describes significant amelioration of psoriatic skin
inflammation accompanied with disappearance of PMNs in the skin upon depletion of
platelets in an IM@nduced mouse model of psoriasiform inflammati@iigure4.6 andFigure

4.7). These data are consistentwith results from experiments performed for another
inflammatory disease of the skinpamely atopic dermatitis (AD): plateldeukocyte
aggregates are also found in the blood of mice suffering from AD and platelet depletion
drastically reduced inflammatioof the skinTamagawaViineokaet al.2007) In humans, AD
patients (the majority are childrgrsuffer from severely itchy skin which could originate from
pruritus-inducing chemical mediators. Such chemical mediators, e.g. histamines, can be
provided by platelets(TamagawaViineoka 2015) The fact that other inflammatory skin
diseases like AD also profit from platetitpletion shows that the beneficial platelet
depletion in the IM@nduced mouse model of psoriasis might be of broader interest.
Therefore, it would be interesting to investigate skin and blood from patients with other
autoimmune diseases of the skin, such as AD, Rospicgss Si { @Y RNRYS> . SK®eS
or contact dermatitis(Dainichiet al. 2014) (VillarrealVillarrealet al. 2016) Treseanaly®s

could reveal similarresults as seen for psoriasis patientsnd uncover plateletPMN
aggregationasa common mechanism in inflammatory skin diseases. Thus, reduced platelet
aggregation could also ameliorate skin pathologies broader sense

This study for the first time presents solictd that instigate intervention with platelet
physiology as an gqortunity to amelioratepathologic skin condition in psoriasi3ata in this

study show that platelets infiltrate the skinF{gure4.5 and Figure4.7) andmight therefore

either independently contribute to disease severity or by formation of platBletN
aggregategLietal.20150 Ly i SNBaGAy It &z SyKFIyOSR ydzyoSN&
blood of plateletdepleted micewhereas skin infiltration of PMNs is absehigure4.7). The

absence of PMNs in the skin in combination with enhanced numbers of PMNs in the blood
indicatesi KI 0 taba 3IS0 G0N} LIWISRE Ay (KS o60ft22R A
lackingdue to loss of plateletmediatedskin homing Thusit is assumed that PMN=®ly on

platelets to infiltrate the skin in psoriasis and both, platelets aiMNB, are inevitable for a
fulminant skin inflammation in psoriasis.

To further elucidate the underlying mechanisofsplateletPMN skin infiltration it would be

interesting to characterize the molecular composition of platelets that aggregate with PMNs
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in psoriasis patients Regarding proteins at the platelet surface an antibedseen

0] 9D9b5{ ONBSYyn0 AyOfdzZRAY3I I RRAGAZYI LI I G St
focusing on differentially expressed markers on platelets that are bound by PMNSs. This scree

may potentially identify antigens that reveal the molecular basis for platetsisted skin

homing of PMNSs. Alternatively, proteome analysis would be a promisiogiever also
challenging, approach because separation of PMNs and platelets alneddy formed
aggregates is hard to accomplish

As previously discussed, in RA, platelet accumulations in synovial fluid attract PMNSs to the site
of injury and PMNs subsequently are trapped in the fibrin network of platéldabetset al.

2013) These trapped PMNs become activated and releasearpl@mmatory cytokines or

even NETs. A similar mechanism can be assumed for psoriasis. Given the fact that NETs are
found in blood and skin of psoriasis patie(itiiet al.2016)and that platelets evoke NETosis
(Caudrillieret al.2012) it can be hypothesized that plateletsight activate NETormation in
psoriatic lesions. Interestingly, in NETs coagulation factors are det@dézadyet al.2016)and

there is emerging evidence that NETs participate in thrombg@sisball et al. 2016) ¢
establishing a second line of evidence for a clesgtionship of platelets and PMN iimmune
responsesof both, injury and autoimmune diseases. The interplay of platelets and PMNs
might be essential to induce inflammation. Presuming that platelets are the first cells recruited
into the skin, early inflaimatory responses in psoriasis could potentially arise from a small
injury that induces platelet activation at the leaky endothelium. Active platelets then attract
PMNs or platelets already are accompanied by PMNs due to preformed aggregates in blood
(proposed hypothesis seEigure 52). Then, PMNs get trapped and activatedlease pre
inflammatory mediators or NETs which in turn attract and activates mdtdl$*and other

blood cells. This mechanism would estabtiglformation of new lesions at the site of trauma

or pressure.
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Figure 22: PlateletPMN interactions potentially cause the development of psoriatic lesions

A small injury of the skiactivesplatelets to close the wound by clot formation. In psoriasis activated platelets
either recruit PMNSs to the site of injured skin or plateRIVIN aggregates already form in blood and migiate
complex Due a leaky and activated endothelium, plateR¥N aggregatemight easily reach the injured
skin.  After skin infiltration, platelets can activate PMNsitaluce NETformation which potentially lead to
skin inflammation

5.25. Potential role oplatelet-PMN aggregates in CVIoend inpsoriasigatients

Plateletaggregates detected in this study offer an explanation for psoriasis associated
cardiovascular comorbidities. Activated platelets form aggregates wduited PMNs
establish inflammation. This platel®tMN driven mechanism has been described for RA,
where activated platelets trap PMNSs in the synovium, mediating PMN activation resulting in
inflammation (Habetset al. 2013) Dysregulation of hyperactivity of platelets yields in
thrombosis and/or cardiovascular diseases. Interestinglyffering from severe psoriasis
serves as an independent risk factor fie occurrence of major cardiovascular event
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(Gelfancet al.2006) substantiating the outlined interrelation of plate}d®MN aggregates and
psoriasisTherefore, it can be assumed that platelets attract PMNs also to other tissues (e.g.
the heart) and induce inflammationHence, t would be interesting to investigate whether
platelet-PMN aggregates are found e.g. in the aortas of mice with psoriatic skin inflammation
and whether this infiltration is inhibited upoRMNor plateletdepletionin drculation. This

might serve as a potential link between psoriatic skin inflammation and CVDs seen in psoriasis
patients and intervention with platelehggregation might simultaneously ameliorate psoriatic
skin lesions and emorbidities like CVDs.

Interedingly, the cytokinell-17 wasnot onlyidentified as a driver for psoriatic inflammation
and but also for cardiovascular-oaorbidities (Karbachet al. 2014) Antagonization of H17
expectedly reduced inflammation but also attenuated vascular diseasgep$oriatic mouse
model (Schuleret al. 2018) Giventhat IL-17 increases platelet aggregatigMaione et al.
2011) it was hypothesizedhat IL-17 might also be a potential target mmeliorateCVDs in
psoriasisThis could be further investigated usiligl 7R conditionaplatelet specific (PHCre)
knockout micein the IMQ-induced psoriatic mouse moddPresumably, these mice would
devdop lessCVDgompared to WT controls in psoriasiform inflammation.

Therefore it can be assumethat targeting IEL7 in psoriasigs not only beneficial for chronic
T cell driven psoriasis but also for cardiovascular comorbidities and potentially alstesed
early inflammatory events induced by platelets.

5.26. Therapeutic implications

In this study platelet depletiondrasticallyameliorates skin inflammation ian IMQinduced
psoriatic mouse modelThis was likely due to strong interactions and aggregate formation
with PMNs(Figure4.6 and Figure4.7).

It was hypothesizedhat platelet depletion is causative for reduced skin infiltratiwhich
might be supported by reports on beneficial effects on psoriatic skin lesions in the human
system, by disrupting platelet aggregation e.g. using asgirequently, aspirin is prescribed

to prevent thrombosis. However, aspirin inhibits cyclooxygenasghegis of prostaglandins
and the formation of thromboxane A2. Therefore, it reduces pain, has arrdiammatory
effect and, most importantly in the current context, it prevents platelet activation and
aggregation(Mistry et al. 2017) Furthermore, aspirimeduces plateleleukocyte aggregates

in thrombosigTrelinskiet al.2009)indicating that disruption of platelefeukocyte aggregates
indeed intervene with the induction of platelelriven complicationsinterestingly beneficial
effects of aspirin are also assumed for a variety of different immune diseases like RA, MS, SLE
etc. (Habetset al.2013)

Further investigatioarevealed case reportgeference sedable 61 and 6.3.2) documenting
improvement of psoriatic skin conditions upon aspiheapy Although aspirin was primarily
prescribed to psoriasis patients to prevent cardiovascular comorbidities, it was also found to
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induce regression of skin lesions. These findingsnnguing, because aspirin is a widely used
drug, with marginal sideffects at appropriate doseBerkel 1999 Kwok 201Q) To our
knowledge, there is no data from systematic clinical studies on the effects of aspirin on
psoriasis available so far. Nevertheless, it would be helpful to further investigate which
functional mechanism underlies aspirin mediated amelioration of skin inflammediwd
whether the inhibition of platelet activation in this context is causative.

5.2.7. Conclusionpart Il

To date, the initial trigger for immune infiltration of the skin in psoriasis is unknown. Here,
surface antigen expression of various cell populatias investigated usingghole blood of
psoriasis patients and healthy controlswas assumed thatitferential expression of surface
receptors might explain skin homing. Interestingly, circulating PMNs from psoriasis patients
do not present an altered expression of chemokin®r adhesionreceptors as could be
expected buta platelet signaturedue to aggregate formation of platelets with PMNgas
found. Additionally, plateletsvere detectedin psoriatic lesions, frequently in close proximity

to PMNs. Strikingly, skin inflammah was greatly ameliorated and platelBtMN-skin
infiltration was inhibited upon platelet depletion in an IM@duced psoriatic mouse model.
Thus, the present study is the first to provide solid evidence for an essential function of
platelets in the pathgenesis of psoriasis. Future experiments should aim to enhance our
understanding on the undeying mechanism of platelePMN aggregates in skin infiltration
and resulting inflammation in psoriasis. Undoubtedly, it would be worthwhile to investigate
the impact on interfering with platelet aggregation e.g. by using-anfigulants like aspirin in

the context of psoriasis.
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6. Appendix

6.1. Neutrophil extracellular trajpssociated RNA (naRNA) and ld®iplexesnable
seltamplifying inflammation ipsoriasis

6.1.1. PMNs armeot pre-activated andareviable in this experimental setting
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Figure6.1: PMNs are not practivated and viable in this experimental setting
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(A) FACS analysis of PMNs usamgi-CD15,anti-CD66b.anti-CD14 andinti-CD62lantibodies against surface
antigens Gating strategy is shown. CDC®66 and CD14cells were considered as PMNs. (B) Histogram of one
respective donor for CD62L is showrMNs are not activatedC) Aqua Livedead flow cytometric viability
analysis of unstimulated PMNs after 4rhculture (n=9 combined from several experiments) amj ihcluding

10 uM chloroquine (CQ) 30 min piecubation (n=58).C and INS LINS & Sy (i
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biological replicatesA and B show results from one respective dortop<0.05 according to Wilcoxon signed

rank sum(D).
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6.1.2. Luminex analysis revealvariety of cytokines and chemokinesich arereleased by
PMNsupon stimulation wittRNALL37 complexes

A B

Figure6.2: Luminex analysisf PMNs from two healthgonors

Thisanalysiswas performed at the NMI in Reutlingéby Nicole Schneiderhaarra and Thomas Knorp,
Luminex multiplex cytokine analysis from supernatasft® MNs frontwo donors. (A) PMNs release mordlF
hs6anfilitvi G KSy aid A Ydz37 doBiptexas foridk (nw2). (B) PMNSs release m@&dIH16 anc
MIPMi g KSyYy & A Ydzid7 anplexessidr é K(n=a)b !

6.1.3. T cells migrate towards SidF

A B C

Figure6.3: Migration ontrol oftranswell migratiomssay

Total amount of migrated celli® transwellmigration assays with total PBMCs in the upper and -SDFLO®

ng/ml positive control) in the lower compartment (n=% p>0.05 for treatments vs. medigA) total migrated

CD4 T cells, (B) CDg&ells and (C) CD'MLADR monocytes are shown. 2 YO AY SR Rl GF oYSFyb{5
biological replicates (each dot represents one donor) throughout. * p<0.05 according to Friedmann test with
5dzyy Qa ORBNBEALE2YbO+! ALK 5idnyiyltpie teidg Q02 NNBEOGA2Y
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