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Summary

Psoriasis is an autoinflammatory skin disease with high incidence (3% of adults) in Western
countries, accompanied by personal and socioeconomic burden. Psoriatic skin lesions are
characterized by hyperproliferating keratinocytes, by vasodilatation in the dermis and most
importantly by skin infiltration of leukocytes, dominated by neutrophils (PMNs). Several
studies implicate a major role of T helper 17 (Th17) cells and plasmacytoid dendritic cells
(pDCs) in psoriatic autoinflammatory response but only little is known about the impact of
PMNs on the pathology of the disease. Intriguingly, the initial trigger for immune infiltration
and inflammation in psoriasis is also so far unknown. In this thesis two different mechanisms
which might play a role in innate immune responses in psoriasis were addressed: first the
impact of nucleic acid and LL37 complexes on PMN activation (part |) and second the impact
of platelet-PMN aggregates on the pathogenesis of psoriasis (part Il).

Part I: Psoriatic lesions are associated with overexpression of the antimicrobial peptide LL37.
Due to its positive charge, LL37 forms complexes with nucleic acids (RNA and DNA) and
mediates their uptake by pDCs. Subsequently, nucleic acids are recognized by endosomal Toll-
like receptors (TLRs) which induces the release of IFN-a by pDCs. The physiological source of
nucleic acids and LL37 and the triggers which induce inflammatory responses in psoriasis are
unknown. Importantly, as PMNs dominate the immune infiltrates in psoriasis and are sources
of LL37 and nucleic acids (e.g. due to release of neutrophil extracellular traps (NETs)), they
might fuel a self-sustaining inflammatory loop in psoriasis. This study shows that primary
human and murine PMNs efficiently respond to RNA-LL37 complexes rather than to DNA-LL37
by releasing cytokines, chemokines and NETSs. Interestingly, PMNs from psoriasis patients are
more prone to RNA-LL37 stimulation, potentially due to a higher abundance of PMN-derived
LL37. Further experiments revealed that LL37 and unexpectedly also RNA is present in NETs in
vitro and in psoriatic lesions but not in healthy skin. Importantly, isolated NET material induces
NET release in PMNs, again containing DNA, RNA and LL37. The receptors binding RNA-LL37
complexes are TLR13 and TLR8 in mice and humans, respectively. This result is validated by
TLR8 inhibitory oligodeoxynucleotides that effectively block RNA-LL37-mediated
cytokine/chemokine production and NETosis of PMNs in vitro. The present data show that in
PMNs, RNA-LL37 complexes activate TLRs (TLR8 or TLR13) which can induce a self-propagating
vicious cycle of inflammation. Most importantly, this study for the first time identifies NET-
associated RNA (naRNA) as a NET component that can potentially fuel the vicious cycle.

Part Il: Psoriasis is characterized by massive skin infiltration of PMNs and is often accompanied
by cardiovascular comorbidities. The major triggers for PMN skin homing in psoriasis are not
identified yet. In order to find surface antigens on PMNs which explain skin homing in psoriatic
lesions, whole blood from psoriasis patients and healthy controls (five each) was screened for
the expression of 332 surface antigens. These experiments identified a platelet antigen
signature for circulating PMNs from psoriasis patients because of increased aggregation of
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PMNs with platelets in patients’ blood. Results were confirmed in an imiquimod (IMQ)-
induced mouse model of psoriasis which revealed higher amounts of PMN-platelet aggregates
in the blood of IMQ-treated mice compared to mock controls. In blood samples from psoriasis
patients, platelet blood counts are significantly elevated and platelet plaques are found in
direct contact with PMNs in the lesions of psoriasis patients which is absent in healthy skin.
Importantly, in mice, depletion of platelets in vivo drastically ameliorates disease severity,
evidenced by decreased ear thickness, epidermal thickening and reduced leukocyte
infiltration. Also, in the skin of IMQ-treated mice, PMNs are present in close proximity to
platelets, while depletion of platelets completely abolishes PMN infiltration. This indicates a
causal function of platelets in PMN infiltration which is relevant for psoriasis pathology and
disease severity. The role of platelets in psoriasis potentially explains psoriasis-associated
cardiovascular comorbidities and opens a new venue for the treatment of psoriasis.
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Psoriasis ist eine autoinflammatorische Hautkrankheit, welche sich durch eine hohe Inzidenz
(3% der Erwachsenen) in westlichen Landern auszeichnet und von persénlichen und
soziobkonomischen Belastungen begleitet wird. Psoriatische Hautlasionen sind
gekennzeichnet durch hyperproliferierende Keratinozyten, durch Vasodilatation in der Dermis
und vor allem durch Hautinfiltration von Leukozyten, die von neutrophilen Granulozyten
(PMNs) dominiert werden. Mehrere Studien sprachen T Helfer 17 (Th17) Zellen und
plasmazytoiden dendritischen Zellen (pDCs) eine wichtige Rolle bei der psoriatischen
autoinflammatorischen Reaktion zu, es ist jedoch wenig Gber die Bedeutung von PMNs fiir die
Pathologie der Krankheit bekannt. Interessanterweise ist auch der initiale Ausloser fir
Immuninfiltration und Entziindung bei Psoriasis bisher unbekannt. In dieser Arbeit wurden
zwei unterschiedliche Mechanismen untersucht, (iber die das angeborene Immunsystem die
Pathologie der Psoriasis vermitteln kdnnte: erstens der Einfluss von Nukleinsdure- und LL37-
Komplexen auf die PMN-Aktivierung (Teil 1) und zweitens der Einfluss von Plattchen-PMN-
Aggregaten auf die Pathogenese der Psoriasis (Teil I1).

Teil I: Psoriatische Lisionen sind durch Uberexpression des antimikrobiellen Peptids LL37
gekennzeichnet. Aufgrund seiner positiven Ladung, komplexiert LL37 Nukleinsdauren (RNA und
DNA) und vermittelt die Aufnahme von diesen durch pDCs. AnschlieBend werden die
Nukleinsduren von endosomalen Toll-like-Rezeptoren (TLRs) erkannt, was zur Freisetzung von
IFN-a durch pDCs fiihrt. Die physiologische Quelle von Nukleinsdauren und LL37 und die
initialen Ausloser, die bei der Psoriasis entziindliche Reaktionen hervorrufen sind unbekannt.
Da PMNs die Immuninfiltrate bei der Psoriasis dominieren und selbst Quellen von LL37 und
Nukleinsduren sind (z.B. durch Freisetzung neutrophiler extrazelluldrer Netze (Neutrophil
extracellular traps NETs)), konnten sie eine selbsterhaltende Entziindungsschleife bei der
Psoriasis induzieren. Diese Studie zeigt, dass primare menschliche und murine PMNs effizient
auf RNA-LL37-Komplexe und nicht auf DNA-LL37 reagieren, indem sie Zytokine, Chemokine
und NETs freisetzen. Interessanterweise sind PMNs von Psoriasis Patienten anfalliger fur die
RNA-LL37-Stimulation, moéglicherweise aufgrund einer hoheren Menge an PMN-generiertem
LL37. Weitere Experimente zeigten, dass LL37 und unerwarteterweise auch RNA in NETs in
vitro und auch in psoriatischen Lasionen vorhanden sind, aber nicht in gesunder Haut. Wichtig
ist, dass isoliertes NET-Material in PMNs die NET-Freisetzung induziert, welche wiederum
DNA, RNA und LL37 enthalten. Die Rezeptoren, die RNA-LL37-Komplexe binden, sind TLR13
und TLR8 bei Mausen bzw. Menschen. Dieses Ergebnis wird durch TLR8-hemmende
Oligodeoxynukleotide bestatigt, die die RNA-LL37-vermittelte Zytokin-/Chemokin-Produktion
und NETose von PMNs in vitro wirksam blockieren. Die vorliegenden Daten zeigen, dass in
PMNs, RNA-LL37-Komplexe TLRs (TLR8 oder TLR13) aktivieren, die einen
selbstfortpflanzenden Entziindungskreislauf induzieren kénnen. Diese Studie identifiziert
aullerdem erstmalig NET-assoziierte RNA (naRNA) als eine NET-Komponente, die potenziell
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den Entzindungskreislauf in der Psoriasis und anderen autoinflammatorischen Erkrankungen
vermitteln kann.

Teil Il: Psoriasis ist durch eine massive Hautinfiltration von PMNs gekennzeichnet und wird oft
von kardiovaskularen Komorbiditaten begleitet. Die Hauptausloser fir die PMN-
Hautinfiltration bei Psoriasis sind noch nicht identifiziert. Um Oberflachenantigene PMNs zu
finden, welche die Hautinfiltration bei psoriatischen Lasionen erklaren, wurde Vollblut von
Psoriasis Patienten und gesunden Kontrollen (je flinf) auf die Expression von 332
Oberflachenantigenen untersucht. Diese Experimente identifizierten eine Blutpldttchen-
Marker-Signatur fir zirkulierende PMNs von Psoriasis Patienten. Die Blutplattchen-Signatur
der PMNs wurde durch die erhéhte Aggregation von PMNs mit Blutplattchen im Blut der
Patienten hervorgerufen. Diese Ergebnisse wurden in einem Imiquimod (IMQ)-induzierten
Mausmodell der Psoriasis bestatigt, bei welchem, im Vergleich zu Kontrollen, héhere Mengen
an PMN-Blutplattchen-Aggregaten im Blut von IMQ-behandelten Mause nachgewiesen
wurden. Blutproben von Psoriasis Patienten zeigten aulRerdem signifikant erhdohte Anzahl an
Blutplattchen und in Hautldasionen von Psoriasis Patienten, nicht aber in gesunder Haut,
wurden Thrombozytenplaques in direktem Kontakt mit PMNs gefunden. Durch die Depletion
von Blutplattchen in Mausen wurde in vivo die Schwere der Erkrankung drastisch reduziert,
was sich in einer geringeren Ohrdicke, reduzierter Verdickung der Epidermis und einer
reduzierten Leukozyten-Infiltration zeigte. Auch in der Haut IMQ-behandelter Mé&use sind
PMNs in unmittelbarer Ndahe von Blutplattchen zu finden, wohingegen die Depletion der
Blutplattchen die PMN-Infiltration vollstandig verhinderte. Dies deutet auf eine kausale Rolle
der Blutplattchen bei der PMN-Infiltration hin, die fiir die Psoriasis-Pathologie und den
Schweregrad der Erkrankung relevant ist. Die Rolle der Thrombozyten bei der Psoriasis konnte
zudem die mit der Psoriasis einhergehenden kardiovaskuldaren Komorbiditaten erklaren und
eroffnet neue Wege zur therapeutischen Behandlung der Psoriasis.

Vi



Table of contents

Table of contents

ACKNOWIBAGEMENTS ...t |
YU 0010 4 T-1 4T 2P P PP PPPUPPPPPPPPPPRt I
ZUSAMMENTASSUNG. ....ciiiiiiiiiie ettt et e e e e e e et e e et e et e e V
TADIE OF CONEENES. ... .eiiieie ettt et e bt e et e et e e stb e e ssbteestbeesnbaeans Vil
=1 ] = X
TADIES ... ettt e et bt et e e b e e tb e enbe e e X
ADDIEVIALIONS ...t Xl
oY goTo [UToiu (o] o ERUR TP T PSP PSS TP PRTRPP 1
1.2, THE IMIMUNE SYSTEIM ottt e et e e et e e e et e e e et e e e e e tbbeeessbseeeenees 1
R R R T T o = 1= [ T 46T T PP 1
1.0.2. Ad@PLIVE IMIMUNITY oottt ettt e et e e e st e e e sstb e e e e ssbbaaeestraaaeae 2

1.2, TOH-IKE RECEPTOIS (TLRS) . uii ettt ettt 4
1.2.1. TLRs and their respective ligands and signaling pathways ..........cccccovviiiiiiiiiiiciee e 4
1.2.2. TLRs and their contribution to autoinflammation ..........cccceviiiiiiiiii e 7

1.3. Neutrophilic granulocytes (PMINS) ........ooi i 8
1.3.1. PMNs and their role in inflammation ..........ccoooiiiiii e 8
1.3.2. Expression and roles of TLRS iN PIMINS ......oiiuiiiiiiiiie et 10
1.3.3. Neutrophil extracellular traps (NETS) .....coviiiiieiie e 10
1.3.4. NETs in disease and autoinflammation .........ccooviiiiiiiiii e 13

L PlaEIETS ottt ettt e et e areeenns 14
1.4.1. The role of platelets in COaguUIatioN ...........oiiiiiiiii e 14
1.4.2. Selected platelet-related diSEASES .....couvviiiiiiiii e 15
1.4.3. The role of platelets in IMMUNITY .....oooiii e 16
1.4.4. Platelets and their role in aUtOIMMUNITY.....c.ooiiiiii e 17
1.4.5. PMN-platelet aggregation or interaction ...........oocviiiiiii i 18

T o L T 1] OO UUUT PP 19
1.5.1. General features Of PSOIIASIS. .. ..couviii i 19
1.5.2. Innate immune responses (especially of PMINS) in pSOriasiS.......cocveevviiieeiiiiececeiieeeee 20
1.5.3. Adaptive immune responSes iN PSOTIASIS «.veevvieiureeriieeeiieeireeeieeeireesbeeeseeeesereesnneeesnaeesneees 21
1.5.4. Cardiovascular comorbidities iN PSOIIASIS .......ieivieiiieeiiie et 22
1.5.5. PMNs and platelets iN PSOTasiS......uieiuiiiiieiiiie ettt ettt e e e 23

1.6. NUCIEIC @Ci-LL37 COMPIEXES ..veeiiiieiiie ettt ettt et e e eenee e e 24
1.7.Hypothesis and @imMs OF Part |.....ouiiiieieie e 26
1.8. Hypothesis and aims Of PArt [l .......oooiiiiiieiiie e 28

2. Materials aNd MELROMS ............oooiiiiiiec e 29
2.0 MIAEEIIAIS. .ttt et e et e e 29
2.2.1. Reagents and ChemiCalS.....cuiii ittt e et 29
2.1.2. TLR ligands and iNhiDItOrS. . ..ouviiiiiii e 30
2.1.3. RNA/DNA @Nd INNIDITOTS ..o, 30
2.1.4. Antibodies and recombinant Proteins........cocuuiiiii i 31
2.1.5. Special equipment and SOfTWAIES .......ooiuii e 33
2.0, KL ittt ettt 33
2.0.7. BUFFErs @nd MBI ...cviiiieiiicit e 34

2.2. Cell biology METNOAS ... e 35
2.2.0. ComPIEX FOrMATION ..oeiiiie e 35
2.2.2. 1solation of bacterial RNA .. .....ooiiiiii e 35
2.2.3. Study participants and sample acqUISItION ..........oooiiiiiiii e 36
2.2.4. Isolation of bone-marrow derived PMNS (BM-PIMNS)........ccoooiiiiiiiiiiiieiiiieeeeeeeeeee e, 36
2.2.5. Human PMN isolation and stimulation .........ccceeeiiiiiiiiiecec e 36



Table of contents

2.2.6. GeNeration Of NET CONTENTS....ccviiiiiiiiie ettt ettt 37
2.2.7. HUM@N PBMC ISOIAtION ...ttt ettt ave e 37
2.2.8. BLaER1 cells culture, transdifferentiation and stimulation ..., 37
2.2.9. Live cell imaging of human PMINS ..ot 38
2.3, IMMUNOChEMICAl METNOTS .. .c.viiiiiiccee et 38
2.3.1. Flow cytometry of PMNs (purity and pre-activation assessment) .......ccccceeevvvieeeeinieeeenn, 38
2.3.2. FACS analysis and fluorescence microscopy of fixed PMINS .........coovviiiiiiiiiiiiiiiiieceiecee, 38
2.3.3. Fluorescence microscopy of fixed NETing neutrophils (human and mouse)..........cc........... 39
2.3.4. TranSWell EXPEIIMENTS c..uviiiiiiit ettt e e e e et e e e eibae e e e 39
2.3.5. IMagESEIEAM ANAIYSIS . i itiiiii ittt 40
2.3.6 Luminex cytokine MUItipleX @nalySiS .....ccvviiiiiiiiieiiiie et 40
2.3.7. CytOMELriC DEAA @ITAY ... uviii ittt e e e e e e e 40
2.3 8. ELLS A e e e e e et eaaeraa 41
2.3.9. Neutrophil elastase NETOSIS @SSAY ..vvviiiiuriieiiiiieeiiiiiee sttt eeiit e e st e e eeibae e e 41
2.3.10. Fluorescence microscopy of tissue samples (human and Mouse) ........ccccceeeeveeeiieeenennn, 41
2.3.11. Cell surface antigen expression screening in whole blood samples...........cccccvveeveviieennnn. 42
2.3.12. FACS analysis of whole blood samples ........cccviiiiiiiiiiiiiiccc e 42
2.3.13. Fluorescence microscopy of fixed whole blood cells ...........cccooviiiiiiiiiiiiiiii e 42
2.3.14 FACS and mMiCroSCOPY SETEINES . .coiiuiiiiiiiiie et 43
2.4, 1N VIVO MOUSE MOEI 1..iiiiiiiiiiii ettt et e et e e enbeeeaaeea 43
28,1 VHCE ettt 43
2.4.2. Platelet depletion ProtoCOl ... . e 44
2.4.3. Imiquimod model of psoriatic skin inflammation..........cc.cccooeiiiiiii 44
2.4.4. Histology and epidermal thickness measuremMents.......cccocooveviiieeiiie e e 44
2.4.5. FIOW CYTOMEBLIY oottt 44
2.5, StAtiSTICAl @NAIYSIS ..o 45
2.5. 1. GENEIAl SEALISTICS .vviiiviiiiiie ettt ettt 45
2.5.2. Differential expression analysis of surface marker screening data .........c...ccoeevieiieiicenn, 45

R (T U (£ o -1 o o PO TSP PU PSPPSR 47
3. Neutrophil extracellular trap-associated RNA (naRNA) and LL37 complexes enable self-amplifying
INFIAMMATION TN PSOFIASIS. 1o uttieiiie ittt ettt ettt et e e sttt e et e e st e e e tbeennbeeeneeens 47
3.1. LL37 induces uptake of RNA and PMN activation by endosomal TLRS.........cccceeviieiiieininnnnne. 47
3.2. PMNs release cytokines and chemokines in response to RNA-LL37 complexes which in turn
induce migration of other IMMUNE CellS ... 51
3.3. RNA-LL37 complexes trigger the release of RNA-and LL37-containing NETS .........ccovvveeennnne. 55
3.4. RNA-LL37 complexes and NETs activate PMNs via TLR8 (human) and TLR13 (mouse).......... 63
3.5. NET and cytokine release induced by RNA-LL37 complexes can be blocked by iODNs.......... 66
UV 13 o - | TP PSPPI 68
4. Platelet-PMN aggregates promote skin pathology in psoriasis ........ccccccooevieieiiiiiee e 68
4.1. Circulating PMNs in psoriasis have a distinct platelet signature ........ccccccooeeviiiiiiic e, 68
4.2. Circulating PMNs directly interact with platelets in pPSoriasis ..........cccoevvvieeiiiiieiiiiee e 73
4.3. Platelets are found in PSOiatic I@SIONS ... ..cciuiiiiiiee e 76
4.4, Depletion of platelets in vivo ameliorates skin pathology...........ccooooiiiiiiiiiic e, 78

Lo B ol D3] T o USRS 82
5.1. Neutrophil extracellular trap-associated RNA (naRNA) and LL37 complexes enable self-amplifying
INFIAMMATION 1N PSOTIASIS . ..eee ittt 82
5.1.1 LL37 is an antimicrobial peptide which can act as a double-edged sword........................... 82
5.1.2. Bacterial and fungal RNA might serve as inflammatory triggers in psoriasis..........c.c.......... 84
5.1.3. Cytokines released by PMNs in response to RNA-LL37 complexes are associated with
psoriasis and act s ChemMO-attraCtantS........oiiiiiiiiiiic e 85
5.1.4. RNA-LL37 complexes trigger the release of RNA-and LL37-containing NETS .........ccceceunne. 87
5.1.5. naRNA: NET-associated RNA as a novel component of NETS .......ccccoieeiviiiiiiiiiieeeiiieeee, 88

Vil



Table of contents

5.1.6. TLR8 is a key player in naRNA-LL37 induced signaling in PMNS ..........ccooeviiiiiiiiieiiiiccee, 91
5.1.7. Therapeutic iMPliCatIONS ......ci e 93
5.1.8. CONCIUSIONS PAIT | .oiiiiiiiiiiie e e 94
5.2. Platelet-PMN aggregates promote skin pathology in psoriasis (part H)......ccccccoevviiiiiiiieeeeinne.. 96
5.2.1. Blood cells from psoriasis patients express different surface antigens compared to healthy
controls 96
5.2.2. Blood-derived PMNs from psoriasis patients have a defined “platelet surface antigen

3T ={aF= 1 (V] I S S UEEOUO PRSPPI 99
5.2.3. Platelet-PMN aggregates - a novel requisite for skin and cardiovascular manifestations of
(1Yo T T OSSPSR P PR OPPR 101
5.2.4. Potential mechanisms of platelet-PMN extravasation ...........cccceeevivieeiiiiiee e 102
5.2.5. Potential role of platelet-PMN aggregates in CVDs found in psoriasis patients................ 105
5.2.6. TherapeuULiC iMPlICAtIONS ....viii ettt e e e e eabee e 106
5.2.7. CoONCIUSIONS Pt Il ...ieiiiiiiiiiie ettt e et e e st e e e e st e e e e sanaee e e 107

oY o] o113 Vo [ G PSSP 108
6.1. Neutrophil extracellular trap-associated RNA (naRNA) and LL37 complexes enable self-amplifying
INFIAMMIATION 1N PSOTIASIS . vvtiiiitiiii ettt et e et e e e e etbb e e e et eeeeeaaaeeas 108
6.1.1. PMNs are not pre-activated and are viable in this experimental setting .............cc...cc... 108
6.1.2. Luminex analysis reveals a variety of cytokines and chemokines which are released by PMNs
upon stimulation With RNA-LL37 COMPIEXES......coiiriii i 109
6.1.3. T cells migrate towards SDF-100........ccoiiiiie e 109
6.1.4. IRS661 and IRS954 (in nanomolar concentrations) are not toxic for PMNSs ...............c...... 110
6.2. Platelet-PMN aggregates promote skin pathology in PSOriasis ........cccceeeieviiieiiiiiiiieiiiee e 110
6.2.1. General workflow and gating Strat@gY ........oovuviiiiiiiii e, 110
6.2.2. Significant differences in surface antigen expression on B cells, T cells and monocytes found

IN LEGENDSCreeN™ @NaAlYSIS ...viiiieiieiiee et 112
6.2.2. Surface antigen signature of monocytes, B and T cells (psoriasis patients vs. healthy
(oo ] 0]1 o] £ FET O PTRTPRPRRRN 114
6.2.3. Platelet-monocyte aggregates are found in the blood of psoriasis patients..................... 115
6.3. SUPPIEMENTAIY FEFEIENCES ..ottt ettt 115
6.3.1. Leading causes of death worldwide (WHO, 2016) ........cooviiiiiiiieiiie e 116
6.3.2. Aspirin ameliorates psoriatic skin inflammation ..........ccccceiiiiiiii i 117
SEALULONY DECIAIALION ..ottt ettt b et eare s 119
REFEIGINCES ...t 120



Figures

Figures

Figure 1.1: TLR SigNaling PathWayS.......couiiiiiiiiiic e 6
Figure 1.2: Different types Of NETOSIS . ...uiii it e 12
Figure 1.3: Blood cOagulation CaSCATE ... ...iiiiiuiiii i 15
Figure 1.4: Skin biospy of lesional skin in PSOriasiS.......ccovuuiiiiiiiii i 20
Figure 1.5: Complexes of self-DNA and LL37 induce activation of pDCs in psoriasiS...........ccccevvveeeennnee.. 26
Figure 1.6: PMN activation might fuel a self-amplifying inflammatory loop in psoriasis ..............ccc...... 27
Figure 1.7: Differential expression of surface antigens might explain skin homing of blood cells in
10} = 3 28
Figure 3.1: PMNs react to RNA-LL37 complexes with IL-8 release and CD62L shedding ..............c........ 48
Figure 3.2: LL37 promotes RNA UPTAKE .....eiiiiiiiii ettt 49
Figure 3.3: RNA-LL37 complexes induce cytokine release by PMNs via endosomal TLRs and this is
INdePeNndent Of RNA SEQUENCE . ..iiiiiiii ettt ettt et e e e et e e e st e e e e tare e e e 50
Figure 3.4: PMNs respond to RNA-LL37 complexes with cyto-and chemokine release ..........cccccccouve... 52
Figure 3.5: Immune cells migrate towards cytokines and chemokines released by PMNs in response to
RNA-LL37 COMPIEXES ..vvtiiieioitiee ettt et e e e e e e e e e e e et e e e et e e e e abaeeesasreeas 53
Figure 3.6: Psoriasis PMNs are more prone to RNA-LL37 stimulation .........ccccvviivviiiiiiiiiceecc e, 55
Figure 3.7: PMNs respond to stimulation with RNA-LL37 complex with NET formation............cc..ccue.... 58
Figure 3.8: RNA-LL37 complexes induce the release of NET-associated-RNA (naRNA)...........coovveenen. 60
Figure 3.9: RNA-LL37 complexes are found in psoriatic skin 1€SIoNS ........ccccovvviiviiiiiiiiiiiccie e 62
Figure 3.10: naRNA-LL37 complexes induce NETosis in further PMINS .........cooveiviiiiiiiiiiccceceiec e 63
Figure 3.11: Cytokine and NET release induced by RNA-LL37 complexes is dependent on TLR8 (human)
AN TLRIZ (MOUSE) .ottt ettt e ettt e e e e 66

Figure 3.12: NET and cytokine release induced by RNA-LL37 complexes can be inhibited by iODNs.... 67
Figure 4.1: In PMNs from psoriasis patients certain surface antigens are differentially expressed

compared to PMNs from healthy CoONtrols ..o, 71
Figure 4.2: The PMN signature of psoriasis patients is defined by five surface antigens..........c........... 73
Figure 4.3: Platelets cover the surface of psoriatic PMNs in whole blood ..o 74
Figure 4.4: PMN-platelet aggregates can be found in blood from psoriasis patients and in IMQ treated
00T 0L 76
Figure 4.5: Platelet aggregates can be found in psoriatic [€SioNS..........cocviiiiiiiiiiiiiiii e, 78
Figure 4.6: Platelet depletion decreases ear swelling and epidermal thickening in an IMQ mouse model
of psoriasiform skin iNflamMmMation ..........cooiiiiii e 80
Figure 4.7: Platelet depletion diminishes PMN-platelet aggregates in blood and skin .............ccc..ce.. 81
Figure 5.1: Complexes of naRNA and LL37 might drive a self-amplifying inflammatory loop in psoriasis
............................................................................................................................................................... 89
Figure 5.2: Platelet-PMN interactions potentially cause the development of psoriatic lesions........... 105
............................................................................................................................................................. 108
Figure 6.1: PMNs are not pre-activated and viable in this experimental setting .........cccccoovvvievieennnnn. 108
Figure 6.2: Luminex analysis of PMNs from two healthy donors ........c..ccceeviiiiiiiiiiiic e 109
Figure 6.3: Migration control of transwell migration assay...........cc.eovvieviiiiiiiiecieceeee e 109
Figure 6.4: IRS661 and IRS954 are Not toXiC fOr PMINS.......cciiiiiiiiiiicee e 110
Figure 6.5: Workflow and gating strategy for LEGENDScreen™ from Biolegend..........ccccccovvvievneenn.. 111
Figure 6.6: Significant differences in surface antigen expression between psoriasis patients and healthy
(oo Y0 ) (o] F-3 PSPPSR OPPRRUPPPPP 113
Figure 6.7: Monocytes, B and T cells from psoriasis patients have a different surface antigen signature
compared t0 Nealthy CONTIOIS. ... ...ii i 114
Figure 6.8: Platelets cover the surface of monocytes in the blood of psoriasis patients ..................... 115


file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161827
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161828
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161835
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161836
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161837
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161837
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161838
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161839
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161839
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161840
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161841
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161842
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161843
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161844
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161845
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161845
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161847
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161847
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161848
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161850
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161850
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161852
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161852
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161853
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161858
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161860
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161861
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161863
file:///C:/Users/Franziska/Desktop/Doktorarbeit%20backup/Doktorarbeit/Dissertation%2026.04.19%20FH.docx%23_Toc7161863

Tables

Tables

Table 1.1: Toll-like receptors and their HGands ...........cooviiiiiiiii e 5
Table 2.1: Reagents and CheMICAIS .......ccuuiii i 29
Table 2.2: TLR ligands and iNRibDITOrS .....c...veiiic e 30
Table 2.3: Synthetic RNA/DNA and iNhibDITOIS ....c..iiiiiiiieee e 30
Table 2.4: Antibodies and recombinant ProteINS.........oiviiiiii et 31
Table 2.5: Special equipmMeNnt and SOTTWEAIE ......cc..iiiiii i 33
Table 2.6: Kits used in this STUAY .......ccvviiiiiicc e 33
Table 2.7: BUfers and Media .......cveiiiiiece e 34
Table 2.8: FACS Canto 1] SETEINGS ....veiivii ettt 43
Table 2.9: MACSQUANT FACS SETLINES ©..eiiiviiiiieiiieeeit ettt ettt sbe e bt e e staeeenaeeea 43
Table 2.10: Nikon Ti2 €ClipSe SETLINGS . .c.vvviiiiiie e 43
Table 4.1: Significantly different surface antigen expression (psoriasis patients vs. healthy controls) .. 69
Table 6.1: SUPPIEMENTArY FEFEIENCES .. ...vviei e 115

Xl



Abbreviations

Abbreviations
AD Atopic Dermatitis
AF488 AlexaFluor488
AF647 AlexaFluor647
ANCA Anti-Neutrophil cytoplasmic antibody
APC Antigen presenting cells

APC (dye) Allophycocyanin

BCR B cell receptor

BM-PMNs Bone marrow-derived polymorpho-nuclear leukocytes
bRNA Bacterial RNA

Bv421 Brilliant violet 421

CBA Cytometric bead array

CD Cluster of differentiation

CLRs C-type-lectin-receptors

CpG Cytosine and guanosine rich DNA

cQ Chloroquine

CRAMP Cathelin related antimicrobial peptide
CTLs Cytotoxic T lymphocytes

CvD Cardiovascular disease

CXCL4 Synonym for platelet-factor 4 (PF4)
DCs Dendritic cells

DNA Deoxyribonucleic acid

EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-linked Immunosorbent Assay
FACS Fluorescence-activated cell sorting
FITC Fluorescein isothiocyanate

FPR2 Formyl-peptide receptor 2

H&E Hematoxylin and eosin

HD Healthy donor

HLA Human leukocyte antigen

HSP Heat-shock protein

ICs Immune complexes

IFN Interferon

IL Interleukin

IMQ Imiquimod

LPS Lipopolysaccharide

MAMPs Microbe-associated-molecular-patterns
M-CSF Macrophage colony-stimulating factor
MFI Mean fluorescence intensity

MHC Major histocompatibility complex

Xl



Abbreviations

MIP-1B Macrophage Inflammatory Protein-1 beta
MPO Myeloperoxidase

MyD88 Myeloid differentiation primary response protein 88
NADPH Nicotinamid-adenin-dinucleotid-phosphat
naRNA NET-associated-RNA

NE Neutrophil elastase

NETosis NET induced cell death

NETs Neutrophil-extracellular-traps

NLRP3 NACHT, LRR and PYD domains-containing protein 3
NLRs NOD-like receptors

PAD4 Protein arginine deaminase 4

PASI Psoriasis area and severity index

PBMCs Peripheral blood mononuclear cells

PBS Phosphate buffered saline

PCA Principle component analysis

pDCs Plasmacytoid dendritic cells

PE Phycoerythrin

PF4 Platelet-factor 4

PLTs platelets

PMA Phorbol myristate acetate

PMNs Polymorpho-nuclear leukocytes

PRRs Pattern-recognition-receptors

PSGL-1 P-selectin glycoprotein ligand 1

PsorP Psoriasis patient

RLRs RIG-I-like receptors

RNA Ribonucleic acid

ROS reactive oxygen species

RT Room temperature

SDF-1a Stromal-cell-derived factor 1

sGAS Cyclic GMP-AMP synthase

SLE Systemic Lupus Erythematodes

STING Stimulator of interferon genes

TCR T cell receptor

Th cells T helper cells

TLRs Toll-like-receptors

TNF Tumor necrosis factor

vWf Von Willebrand factor

WHO World Health Organization

WT Wildtype

w-u Pseudouridine

X



Introduction

Introduction

1.1.  The Immune System

To fend off microbial infection, the human immune system relies on three primary
components: barriers, innate and adaptive immunity. The first obstacles a pathogen has to
overcome are barriers which prevent the entry into the host, including physical barriers like
the skin, chemical barriers inhibiting the growth of the pathogen (e.g. a certain pH) and also
the composition of the host’s microbiome creating a protective environment (Chaplin 2010)
(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 normal homeostasis. Indispensable for host defense is the ability
to distinguish between non-self and self-derived structures. In mammals, two different
systems which differ in specificity and speed of immune reaction have developed over time;
they are also better known as innate and adaptive immunity. Despite their classification as
two different systems, they often function as one union, where cross-talks and interactions
happen to provide an efficient immune response (Chaplin 2010).

1.1.1. Innate Immunity

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 (humoral),
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 (dendritic cells/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 defense mechanisms such as phagocytosis and
killing-mechanisms to neutralize invaders, cytokine release to signal further responses,
activation of a cellular anti-viral state and opsonizing mechanisms like activation of the
complement system etc. (Chaplin 2010).

Charles Janeway Jr. first postulated in 1989, that innate immune cells are able to recognize
microbe-associated molecular patterns (MAMPs) by so-called pattern-recognition receptors
(PRRs) in a non-specific way (Janeway 1989). Later, it was shown that PRRs are diverse in their
structure and also in their way of recognizing foreign components. PRRs were shown to sense
a variety of different pathogenic mediators, ranging from polysaccharides, to lipids or even
nucleic acids. Different PRR families have been characterized so far: the most extensively
studied ones are called Toll-like receptors (TLRs). Each of these receptors binds and senses
distinct microbial structures. As pathogens colonize the host extra- and 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 1.2.1.) (lwasaki and Medzhitov 2015). Another
mechanism, in addition to the recognition of microbe-derived structures, is the “altered-self-
recognition” (Karre et al. 1986). 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 cell-mediated lysis (Raulet 2006).

Additionally, after invasion of pathogens, skin resident innate immune cells recognize the
invader and secrete pro-inflammatory cytokines and chemokines 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, degranulation, release of reactive oxygen species (ROS) and eventually Neutrophil
extracellular trap (NET) formation or “NETosis”. The process of NETosis involves ejection of
cellular DNA that traps the pathogen in place and facilitates efficient killing of the invader
(Thomas and Schroder 2013) (also see 1.3.2.). When intracellular pathogens such as viruses
are sensed by cytosolic PRRs, secretion of type | interferons is induced creating an “anti-viral”
environment which inhibits viral spread (Iwasaki and Medzhitov 2015). Each of these

mechanisms is important to combat infection and to activate adaptive immune responses.

1.1.2. Adaptive Immunity

Unlike the relatively unspecific immediate 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 adaptive immune system can build on the early immune responses of the
innate immune system and mount an antigen-specific immune response by activation of so-
called T- and B-lymphocytes. T cell development takes place in the thymus where gene
rearrangement generates 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 cross-reactivity with the host, resulting in positive or
negative selection. The remaining non-self-reactive 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 antigen-presenting cells (APCs) (Parkin and Cohen 2001) (Viret and Janeway
1999) (Krueger et al. 2017). B cell development starts in the bone marrow. Here,
immunoglobulin-gene-rearrangement takes place and produces a large number of B cell
clones with specific B cell receptors. Failure in any step 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 encounters its specific 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 cell undergoes apoptosis (programmed cell death) or
becomes a long-lasting memory B cell which is pre-selected to produce antibodies against a
specific antigen (Chaplin 2010) (Parkin and Cohen 2001) (Melchers 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 antigen-presentation by APCs. These 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 I or Il. The antigen/MHC complex is bound by the specific TCR with the help of co-
receptors, either CD4 (for MHC class 1) or CD8 (for MHC class 1) thus mediating their activation
and differentiation of the respective T cell. The two T cell subsets (CD4* or CD8*) are activated
by different mechanisms: CD4* T cells, also known as T-helper (Th) cells, are activated by
extracellular pathogens-derived MHC Il ligands, whereas CD8* T cells, also known cytotoxic T
cells (CTLs), are activated by antigens derived from intracellular pathogens complexed with
MHC I (Chaplin 2010) (Parkin and Cohen 2001). Hence, CTLs recognize infected or invaded cells
and induce apoptosis by granzymes, perforins or by binding to death inducing molecules (e.g.
Fas-FasL). Th cells can be subdivided in several subtypes with Thl and Th2 as classical
representatives. Th1 cells produce cytokines like IL-2 which is crucial for T cell proliferation in
general and cytotoxicity by CTLs. Thl cells importantly release IFN-y and thus activate
macrophages and enhance their capacity to kill engulfed pathogens. On the other hand, Th2
cells release IL-4, 5, 6 and 10, and mainly promote antibody production by B cells (Parkin and
Cohen 2001). So far, further T-helper subsets were characterized, namely Th17, T-follicular
helper cells (TFHs), regulatory T cells (Treg) or T helper 22 (Th22) cells (Hirahara and Nakayama
2016) (Jia and Wu 2014) which all display important functions in adaptive immunity but will
not be discussed in further detail.

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 antibody-dependent cellular cytotoxicity
(ADCC) mediated by NK cells; antibodies also bind to and cover the surface (opsonize) of
pathogens labeling them for phagocytosis. Furthermore, B cells can also act as APCs for T cells:
when an antigen is recognized by a BCR, this antigen is internalized, processed and presented
on MHC class Il of the B cell. Recognition of this antigen-MHC class || 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 proliferation and maturation of antibody secreting plasma cells
(Parkin and Cohen 2001).
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1.2. Toll-like Receptors (TLRs)

Until the discovery of Toll-like receptors (TLRs), innate immune responses were thought to be
unspecific and primitive. Now it is appreciated that TLRs recognize a variety of different
microbe associated molecular patterns (MAMPs) from bacteria, viruses, fungi and protozoa
quite specifically and induce microbe-specific immune responses. Recognition of self-derived
structures can also lead to autoinflammation.

1.2.1. TLRs and their respective ligands and signaling pathways

The Toll story started in 1985, when Christiane Nisslein-Volhard discovered that the Toll
protein was important for embryonic segmentation of Drosophila (Anderson et al. 1985).
Approximately one decade later, Toll was identified to play a role in the immune system of
Drosophila (Lemaitre et al. 1996). Shortly thereafter, a human homologue for Toll was
identified (Taguchi et al. 1996) leading finally to the characterization of the first Toll-like
receptor in humans (Medzhitov et al. 1997).

Toll-like receptors (TLRs) are germline-encoded pattern-recognition-receptors (PRRs) which
induce immune activation upon recognition of different components derived from pathogens
(also called microbe-associated-molecular-pattern (MAMPs)) and are expressed on a variety
of innate immune cells, like granulocytes, macrophages or dendritic cells (Kawai and Akira
2011) but also some tissue-resident cells like epithelial or endothelial cells and fibroblasts. This
knowledge is based on a seminal publication of Janeway in 1989, postulating that there have
to be receptors recognizing certain molecular structures of microbes to link innate and
adaptive immunity (Janeway 1989). Although TLRs play an important role in innate immunity
and often bridge immune responses of innate and adaptive immunity, they are not the only
PRRs inducing immune activation. As PRRs gained more attention in recent decades,
additional receptors were characterized, e.g. C-type lectins (CLRs) recognizing MAMPs from
fungi (Brown et al. 2018), RIG-I-like receptors (RLRs) sensing viral RNA (Loo and Gale 2011),
cytosolic NOD-like receptors (NLRs) which bind bacterial peptides and respond to other
cellular stress signals (Kim et al. 2016) or, most recently, cytosolic DNA sensors like cGAS-
STING (Kawai and Akira 2011) (Chen et al. 2016).

To date, 10 TLRs in humans and 13 TLRs in mice have been described. Each of them recognizes
certain microbial molecular structures (see Table 1.1) (Kawai and Akira 2011) (O'Neill et al.
2013).
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Table 1.1: Toll-like receptors and their ligands

TLR localization Type of ligand Ligands*
TLR1 with 2 surface bacterial Triacylated lipopeptides
synthetic Pam3CSK4
fungal Chitin (Fuchs et al. 2018)
TLR2 surface bacterial lipopeptides
fungal Chitin (Fuchs et al. 2018), Zymosan
TLR2 with 6 surface bacterial Diacetylated lipopeptides
synthetic Pam2CSK4
TLR3 endosome viral Double-stranded RNA
synthetic Poly (I:C)
TLR4 with MD2 surface bacterial Lipopolysaccharide (LPS)
endosome bacterial Lipopolysaccharide (LPS)
TLR5 surface bacterial flagellin
TLR7 endosome viral Single-stranded RNA
synthetic R848, Imiquimod (IMQ)
TLR8 endosome viral Single-stranded RNA
synthetic R848, TL8-506
surface or bacterial CpG, hypomethylated DNA motifs
TLR9 . .
endosome viral Herpesvirus DNA
TLR10 (human) surface ? ?
TLR11 (mouse) surface bacterial Uropathogenic bacteria, profilin-like molecules
TLR11 with TLR12 .. .. - .
(mouse) surface parasitic Toxoplasma gondii profilin protein
TLR13 (mouse) endosome bacterial Ribosomal RNA

* adapted from O’Neill et al. (O'Neill et al. 2013) and completed by literature mentioned in the text above 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 Table 1.1). TLR10 was recently described to be an anti-inflammatory (Oosting
et al. 2014) and inhibitory regulator of innate immune signaling (Jiang et al. 2016). Although
TLR10 has been shown to play a crucial role in inflammatory responses to Listeria
monocytogenesis (Regan et 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 endosome (Gay et al. 2014). Some TLRs also form hetero-
dimers such as TLR2 which complexes with either TLR1 or TLR6, while the mouse TLR11
dimerizes with TLR12 (Gay et al. 2014).

Upon MAMP binding, the so-called Toll-IL-1-receptor (TIR) domains of the receptor molecule
engage TIR domain-containing adaptor proteins, such as MyD88 (myeloid differentiation
primary response protein 88) (except for TLR3). Binding of MyD88 activates a kinase cascade
involving IRAKs (IL-1R associated kinases), activation of NF-kB (Nuclear Factor kappa-light-
chain-enhancer of activated B cells) and production of pro-inflammatory cytokines (O'Neill et
al. 2013). Later, another adaptor protein was discovered and named TRIF (TIR domain-
containing adaptor protein inducing IFNB). TRIF was shown to mediate signaling of TLR3 and
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MyD88-independent TLR4 signaling (with the help of the TRIF-related adaptor molecule
(TRAM)), induced by internalized TLR4. Additionally, another TIR adaptor protein called MAL
(MyD88-adaptor like protein) was described for TLR2 and TLR4 signaling, bridging MyD88 and
TLR2/4. Furthermore, for successful LPS recognition, TLR4 is in need of a co-receptor, namely
myeloid differentiation factor 2 (MD2) which binds LPS to induce signaling. Therefore, TLR4
signaling is so far considered the most complex signaling mechanism in the family of TLRs,
either inducing surface receptor dependent activation of NF-kB (via MyD88-MAL) or
cytoplasmic sensing and induction of anti-viral interferon response (via TRIF-TRAM) (see
Figure 1.1) (O'Neill et al. 2013).

Triacylated Uro-
or diacylated pathogenic
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Figure 1.1: TLR signaling pathways

Heterodimers of TLR2-1 or TLR2-6, TLR5 and TLR11 bind their ligands on the cell surface, whereas, TLR3, TLR?,
TLRS8, TLR9 and TLR13 recognize nucleic acids in endosomal compartments. TLR4 is localized either on the cell
surface or in endosomes. TLR signaling is initiated by ligand binding, following receptor dimerization. Thereafter,
the Toll-IL-1-receptor (TIR) domains of TLRs bind TIR domain-containing adaptor proteins (MyD88 and
MyD88-adaptor-like protein (MAL), or TRIF and TRAM). When TLR4 translocates to the endosome, signaling is
switched from MyD88 to TRIF. TLR downstream signaling involves interaction of IRAKs, with TRAFs (TNF receptor-
associated factors) and leads to kinase activation and transcription of NF-kB and Interferon-regulated factors
(IRFs). Consequently, pro-inflammatory cytokines are released, or in case of endosomal TLRs type | interferons
(IFNs). Adapted from O’ Neill 2013 (O'Neill et al. 2013).

dsRNA, double-stranded RNA; LPS, lipopolysaccharide; rRNA, ribosomal RNA; ssRNA, single-stranded 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 pro-inflammatory cytokines or enhancing
expression of costimulatory molecules for APCs (Li et al. 2009). TLR signaling is considered to
be crucial to link innate and adaptive immunity. However, continuous activation of TLRs or
dysregulated TLR signaling likely contributes to the development of autoimmune diseases
(Fischer and Ehlers 2008).

TLR signaling has therefore also gained interest in numerous autoimmune diseases in part as
potentially druggable targets and new treatment options. Especially self-DNA recognition 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 patients (Brentano et al. 2005), but also endogenous TLR4
ligands like heat-shock proteins (HSPs) (Roelofs et al. 2006) which can both potentially lead to
inflammation. In systemic lupus erythematosus (SLE), autoantibodies against DNA or RNA are
observed and clearance of apoptotic cells is impaired. This promotes the formation of immune
complexes (ICs) of self-DNA fragments and their respective autoantibodies. The ICs are in turn
recognized by TLR9 and thus induce pro-inflammatory immune response, leading to activation
of DCs, T and B cells and culminate in an autoinflammation (Barrat et 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 studies (Wu et al. 2015). In line with this, it was shown that neutrophils releasing
self-DNA by neutrophil extracellular traps (NETs), could activate B cells in SLE patients. 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 (anti-neutrophil antibodies). A genetically modified
B cell line that was deficient for TLR9 showed diminished immune stimulation and antibody
production in response to DNA-ICs, proving that TLR9 is essential for sensing of self-derived
DNA and subsequent inflammation in SLE (Gestermann et al. 2018).
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For psoriasis, an autoinflammatory disease of the skin (see paragraph 1.5.), it was found that
self-derived DNA and RNA can activate plasmacytoid DCs (pDCs) to produce type | interferon.
IFN production depended on TLR9 and TLR7 respectively (Lande et al. 2007) (Ganguly et al.
2009) and NET contents released by neutrophils induced immune activation in pDCs (Lande et
al. 2011). The presumed autoantibody in psoriasis is still unknown, but it is conceivable that a
similar mechanism as found in SLE underlies the inflammatory mechanisms in the skin with
endosomal TLRs as central mediators.

1.3. Neutrophilic granulocytes (PMNs)

Neutrophilic granulocytes, also commonly referred to as polymorphonuclear leukocytes
(PMNs), are the most abundant granulocytes in the human blood, representing 60-70% of
white blood cells in healthy human adults (Imhof 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. PMNs are short lived, however one study showed PMN viability of
up to 5.4 days in the human body (Galli et al. 2011) (Pillay et al. 2010). These findings are
controversial because the method which was used by Pillay et al., also labeled PMNs in the
bone marrow resulting in false viability rates of blood PMNs (Tofts et al. 2011). Nevertheless,
PMNs show prolonged survival when activated by the presence of pathogens in vivo to assure
complete clearance of the infection and adequate recruitment of other immune cells to the
sites of inflammation (reviewed in (Kolaczkowska and Kubes 2013)). Also, the balance
between PMN release and retention is tightly regulated by chemokines. Phagocytosis of
apoptotic neutrophils by macrophages is an important mechanism regulated by the liver X
receptors (LXR). Its dysregulation is often linked to autoimmune diseases (reviewed in (Kruger
et al. 2015)).

Moreover, PMNs are packed with different kinds of granules which are divided in four
subclasses: primary or azurophilic granules, secondary or specific granules, tertiary or
gelatinase granules and secretory granules. All of them are filled with different antimicrobial
peptides or bactericidal components (Lacy 2006) (Selders et al. 2017). Furthermore, PMNs are
able to display a variety of different responses to combat pathogens such as phagocytosis,
degranulation, ROS formation, release of pro-inflammatory cytokines or chemokines to
attract other immune cells or even trapping and killing of pathogens by releasing NETs (Kruger
et al. 2015).

1.3.1. PMNs and their role in inflammation

To effectively combat microorganisms in the periphery, leukocytes, including PMNs, need to
rapidly translocate from the circulation into peripheral tissues. The leukocyte recruitment
cascade is usually divided in five steps: tethering, 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 activation of the endothelium by the pathogen. This causes PMNs
in circulation to slow down and transient bonds are formed between PMNs and the
endothelium (tethering and rolling). Then, integrins on the surface of PMNs change from low-
affinity to high-affinity binding state, inducing attachment to the endothelial wall (adhesion)
(Kolaczkowska and Kubes 2013). PMNs then actively crawl to cell-cell junctions, where they
transmigrate through the endothelial barrier into the tissue. This mechanism is tightly
regulated by interactions between the endothelium expression of ICAM1 (Intercellular
Adhesion Molecule 1) and the neutrophil expression of MAC1 (macrophage adhesion ligand-
1) (Phillipson et al. 2006). To leave the blood vessel, PMNs cross the endothelium and
subsequently the basement membrane. This process requires tight regulation of integrins and
cell-junction proteins. Also, endothelial cells rearrange their cytoskeleton to loosen the
attachment to the extracellular matrix which finally enables transmigration of PMNs
(Kolaczkowska and Kubes 2013). How PMNs overcome the tight barrier of the basement
membrane is not fully understood but it is speculated that PMNs selectively transmigrate in
regions where the expression of extracellular matrix proteins is low (Wang et al. 2006).

The major mechanisms of PMNs to fight pathogens are degranulation, ROS formation, NETosis
and phagocytosis. PMNs are very potent phagocytes. After ligation with 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 engulfment, primary and secondary granules fuse with
phagosomes and release their antimicrobial contents to kill the engulfed microbes (Kruger et
al. 2015). When specific granules fuse with the phagosome, the enzyme nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase is activated and produces free superoxide radicals,
i.e. reactive oxygen species (ROS) that have antimicrobial activity and are harmful to
pathogens (Selders et al. 2017).

The mechanism regulating degranulation is not completely understood. Increase of
intracellular Ca?* which is largely mediated by ionophores, is of central importance (Lacy
2006). Interestingly, PMNs can release so-called Neutrophil extracellular traps (NETs) in
response to bacteria, fungi or other stimuli like cholesterol crystals (Brinkmann et al. 2004)
(Warnatsch et al. 2015). Their function will be discussed in more detail in the following section
(1.3.3.).

Although PMNs are highly potent antimicrobial immune cells another important function is
signaling to and recruitment of cells to sites of inflammation, by releasing pro-inflammatory
cytokines and chemokines. Therefore, neutrophils and DCs are often found in close proximity
at sites of inflammation. Furthermore, PMNs were shown to attract Th17 cells (Pelletier et al.
2010) and CD8* cytotoxic T cells (Lim et al. 2015) and they were recently found to even present
antigens to CD4* T cells in an APC-like fashion (Vono et al. 2017).
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1.3.2. Expression and roles of TLRs in PMNs

Activation of neutrophils can induce cytokine release, degranulation, i.e. release of pre-stored
antimicrobial peptides and proteins, release of reactive oxygen species (ROS), active
phagocytosis or NETosis (see also 1.3.3.) (Kruger et al. 2015). These are all important
mechanisms for adequate immune response against pathogens. Some of those mechanisms
are strongly dependent on TLR signaling.

PMNs also readily and functionally express TLRs on their surface and in endosomes. Hayashi
et al. found that stimulation of TLRs with their specific ligands expectedly induced IL-8 release
from PMNs of healthy donors — except for TLR3 ligands. Hence, they found that PMNs do not
express TLR3 mRNA (Hayashi et al. 2003). Another study also demonstrated the lack of TLR7
expression in PMNs (Janke et 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. RIG-I to be functionally expressed in
neutrophils (Berger et al. 2012) which might compensate for missing TLR3 and TLR7.
Interestingly, Lindau et al. showed TLR9 (a DNA sensing endosomal TLR) to be functional on
the surface of human and mouse PMNs. 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 relevant in case TLR9 ligands are not able to enter the endosome
to still ensure immune response to bacterial DNA (Lindau et al. 2013).

TLR stimulation in neutrophils was shown to efficiently induce release of pro-inflammatory
cytokines, whereas it is not clear whether release of ROS strongly depends on TLR signaling.
Zymosan is a protein-carbohydrate complex derived from yeast cell wall (Dillon et al. 2006)
which serves as a ligand for TLR2 and Dectin-1. Zymosan was shown to induce ROS release
from human PMNs (Gantner et al. 2003). Therefore, ROS formation can depend on TLR2
and/or Dectin-1 signaling. Further investigations showed, that zymosan depleted of TLR2
ligands was found to robustly induce ROS formation, meaning that ROS release largely
depends on Dectin-1 (No et al. 2000). Our work showed that indeed cytokine release from
neutrophils was highly dependent on TLR2 ligand binding and subsequent signaling, whereas
Dectin-1 induced robust ROS release (Fuchs et al. 2018). Also, further TLR ligands e.g. LPS
(TLR4), CpG (TLR9), R848 (TLR7/8), Pam3CSK4 (TLR2/1) or Pam2CSK4 (TLR2/6) (unpublished
data) did not result in ROS release by PMNs. These results indicate, that TLR stimulation is not
a robust ROS inducer but rather activates release of pro-inflammatory cytokines or NETosis
(see 1.3.3. for more detail).

1.3.3. Neutrophil extracellular traps (NETs)

Neutrophil extracellular traps (NETs) have been described as long, fiber-like decondensed
chromatin structures, loaded with cytosolic and granular proteins, e.g. antimicrobial peptides
(Papayannopoulos 2018). Brinkmann et al. first discovered these structures and found NETs
to trap and kill bacteria (Brinkmann et al. 2004). A couple of years later, the cell lytic form of

10



Introduction

NET release was called “NETosis” (see Figure 1.2), because of its distinct differences to other
forms of cell deaths like apoptosis or necrosis (Steinberg and Grinstein 2007) (Fuchs et al.
2007). Even though PMNs may have committed to eventual death, they still perform multiple
tasks such as crawling or phagocytosis even after having lost the majority of their nuclear DNA
(Yipp and Kubes 2013).

The major purpose of NETs is thus to eliminate pathogens. NETs not only trap bacteria but
also contain antimicrobial peptides with activity towards a variety of different pathogenic
species like bacteria, viruses or fungi. Also, other NET contents like neutrophil elastase (NE)
were shown to inactivate virulence factors of pathogens (Brinkmann and Zychlinsky 2012).
The exact mechanism allowing PMNs to distinguish when to release NETS or 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 bacteria that are too large to be phagocytosed are hence rather trapped by NETSs,
while smaller pathogens usually are internalized and digested. This selective induction of
NETosis prevents overshooting immune reactions and necrotic tissue damage
(Papayannopoulos 2018). Interestingly, also tiny bacteria that escape phagosomes, such as
Listeria, or otherwise interfere with phagocytosis are also trapped and killed by NETosis.
Additionally, bacterial toxins were found to kill PMNs and induce NETosis - whether bacterial
toxins are required for NET formation remains unclear (reviewed in (Papayannopoulos 2018)).

Over the last couple of years, it became apparent that NETs are also released without cell lysis
e.g. by S.aureus (Pilsczek et al. 2010) or by TLR4-activated platelets which bind to and
subsequently mediate NET release by PMNs (Clark et al. 2007). TLR-mediated NET release is a
fast process induced 30-60 minutes after stimulation compared to NETosis induced via
Phorbol myristate acetate (PMA) (peaking at 4 hours after stimulation, complete cell lysis is
induced). Here, the plasma membrane integrity is maintained and DNA is packed into small
vesicles which fuse with the plasma membrane to release DNA (Pilsczek et al. 2010) (Jorch and
Kubes 2017). In NETosis which is induced by PMA (originally observed by Brinkman et al.
(Brinkmann et al. 2004)), NADPH oxidase induces ROS formation and subsequently stimulates
protein-arginine deaminase 4 (PAD4) that converts arginine to citrulline on histones, thus
inducing decondensation of chromatin in the nucleus (Jorch and Kubes 2017). Furthermore,
histone citrullination that promotes chromatin decondensation was initially shown to be
mediated by Neutrophil elastase (NE) (Papayannopoulos et al. 2010) which then is released
during NET formation. However, histone H3 citrullination was independent of NE activity in
NET release induced by fungi (Branzk et al. 2014). Also, in a deep vein thrombosis model, NE-
deficient mice still showed robust NET formation (Martinod et al. 2016). Therefore, it might
not be sufficient to investigate NE release in vitro to prove NET formation and usually
microscopic analysis, preferably live cell imaging, has been considered a necessary means to
illustrate the formation of bona fide NETSs.
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A remaining open question is also the source of DNA found in NETs. Yousefi and Simon showed
that DNA in NETs is not exclusively nuclear chromatin but can also originate from mitochondria
(Yousefi and Simon 2016). Interestingly, mitochondrial NETs and ROS induction were
associated with autoinflammation in SLE. There, mitochondrial NETs were sensed by STING
inducing type | IFN in a mouse model (Lood et al. 2016). But, whether nuclear or mitochondrial
DNA release via NETs follows distinct pathways or is induced by distinct stimuli still remains to
be clarified (Boeltz et al. 2019).

Hence, the mode of action for NET release; how to distinguish NETosis clearly from other
forms of cell death and the source of DNA in NETSs is still under current investigation (Jorch
and Kubes 2017) (Boeltz et al. 2019) (Nestle et al. 2009).The three different types of NETs that
have been described so far are (1) rapid TLR-induced nuclear DNA-NETSs, (2) PMA-induced slow
nuclear DNA-NETs and (3) mitochondrial DNA-NET release (Figure 1.2).
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Figure 1.2: Different types of NETosis

decondensation

Different mechanisms of NET release have been described. @ NETs can be released in response to initial TLR4-
mediated activation of platelets and subsequent interaction with and activation of PMNs. The nucleus rounds up
and uniformly condensed chromatin is found in the cell center. The nuclear envelope breaks down and DNA is
packed into small vesicles. These vesicles eventually fuse with the plasma membrane and NETs are released to
trap bacteria. This process is very fast and occurs approximately 30-60 min after stimulation of the cell. @ NETs
are also released by cell lysis, where the nuclear membrane is degraded. Chromatin decondensation is mediated
by PAD4-induced citrullination of histones. This mechanism is usually induced by PMA and occurs 3-4 h after
stimulation. @ NET release by mitochondria was also observed but not very much is known about its mode of
action. Adapted from Phillipson & Kubes, 2011 (Phillipson 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 response due to the lack 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 with Aspergillus (a fungus which can form hyphae,
thus being too large for phagocytosis). The patients’ inability to clear the infection leads to
severe and life-threatening inflammation (Brinkmann and Zychlinsky 2012). On the other
hand, an overshooting NET formation can lead to severe tissue damage, as seen in sepsis
(O'Brien et al. 2017). Usually in a healthy individual unwanted NETs are digested by DNases
and thus removed. Interestingly, in patients with thrombosis less DNase | was found to clear
NETs. In deep vein thrombosis, NET formation is induced due to activation of platelets and
endothelium involving platelet-derived high mobility group protein B1 (HMGB1).
(Papayannopoulos 2018). Furthermore, .in atherosclerosis, cholesterol crystals induce
NETosis which in turn activate other immune cells, direct them to infiltrate the tissue and thus
lead to a sterile (pathogen-free) inflammation (Warnatsch et 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 2013). Meanwhile, Gestermann et al. showed that NET contents
actively induce the production of anti-neutrophil antibodies in B cells from SLE patients
(Gestermann et al. 2018).

In another auto-immune disease, rheumatoid arthritis (RA), patients suffer from inflamed
joints. Interestingly, in an experimental mouse model for RA, mice deficient for PAD4 which
are not able to induce NETosis, had less 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 RA (Branzk and Papayannopoulos 2013). In psoriasis (described in more detail in
1.5.) patients’ NETs were found in blood and skin samples (Hu et al. 2016) and NET contents
can stimulate pDCs to produce type | IFNs (Lande et al. 2011). These examples show that tight
regulation of NET formation and degradation is crucial to maintain homeostasis and
dysregulation has the potential to induce overshooting immune reactions and is associated
with autoimmune diseases. Importantly, the possibility of RNA instead of DNA as a potential
NET content and its contribution to the development of autoinflammation was so far not
appreciated.

13



Introduction

1.4. Platelets

Megakaryocytes found in the bone marrow are the origin of platelets, also called
thrombocytes, that are absolutely crucial for blood coagulation. Platelets are small,
anucleated cells and by far more abundant in human blood than leukocytes, counting over
one trillion circulating cells in an adult human being. Besides the well-known and central role
of platelets in coagulation, they are now also appreciated to be important players in immune
responses (Habets et al. 2013). Platelets release inflammatory mediators (Golebiewska and
Poole 2015) and attract other cells to the site of inflammation (Sreeramkumar et al. 2014)
(Zuchtriegel et al. 2016). Also, there is a potential link between platelets or platelet-leukocyte
aggregates and autoimmune diseases like rheumatoid arthritis, or skin diseases like atopic
dermatitis or psoriasis (Tamagawa-Mineoka 2015).

1.4.1. The role of platelets in coagulation

The coagulation system is a well-known cascade of tightly regulated factors and generally two
individual pathways are distinguished: the extrinsic, also known as tissue-factor pathway and
the intrinsic or contact pathway. The tissue factor pathway is triggered by the cell surface
protein “tissue factor (TF)”, whereas the contact pathway is regulated by activation of factor
Xll. Both pathways culminate in prothrombin cleavage into active thrombin which in turn
converts fibrinogen to fibrin and additionally activates platelets (Smith et al. 2015). In Figure
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 usually circulate 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 endothelium (Golebiewska and Poole 2015). Injury induces
thrombus formation fast in 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 blood stream
(secreted by endothelial cells) (Ruggeri 2007). Injury induces exposure of collagen fibers and
exposed collagen fibers accumulate bound vWf. The vWf binding of surface antigen CD42b
mediates recruitment of platelets. However, this weak binding of vWf to CD42b is not
sufficient for robust platelet attachment and therefore subsequent conformational changes
in surface integrins enhances attachment of platelets. Also, platelet activation is mediated by
intrinsic activation pathways and e.g. generation of thrombin from the extravascular tissue
(Tomaiuolo et al. 2017). After tight platelet adhesion and activation, the second phase
(extension) follows, in which more platelets are recruited to form platelet-platelet aggregates.
This process is mainly mediated by platelet binding to the plasma protein fibrinogen. This
mechanism is induced by platelet dense granule contents e.g. adenosine-diphsophate (ADP)
or by thromboxane A; released from already adherent platelets (Golebiewska and Poole
2015). In the third phase (stabilization) 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 (Tomaiuolo 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
TF:Vila == =P 4 pathway

Xa

prothrombin ——» thrombin

¥ ooX
fibrin activated
clot platelets

Figure 1.3: 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 induced by cell-surface complex of
TF and factor Vlla (TF:Vlla). The TF:Vila complex proteolytically activates factor IX and factor X. The contact
pathway is induced when factor Xll, pre-kallikrein (PK) and HK (High-molecular-weight kininogen) form
aggregates on a surface or polymer. These aggregates mediate activation of factor Xl to factor Xlla and Xlla
processes PK to kallikrein. Factor Xlla in turn activates factor Xl to Xla which converts factors IX to factor IXa. Both
pathways induce the production of active factor Xa which in turn induces the final step by generating thrombin
leading to the transformation of fibrinogen to fibrin. Fibrin itself forms clots and mediates the activation of
platelets. Adapted from Smith et al. 2015 (Smith et al. 2015).

1.4.2. Selected platelet-related 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 thrombocytopathies includes platelet-related diseases which have a
defect in either adhesion, activation, secretion or aggregation of platelets (D'Andrea et al.
2009). Thrombocytopathies are usually very rare diseases. One of the most eminent defects
is Glazmann thrombastenia which affects the megakaryocyte linage. Patients with Glazmann
thrombastenia express functional deficient aubBs (CD41/CD61 complex) integrin which is
important for binding of fibrinogen or vWf. 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'Andrea et 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 e.g. idiopathic thrombocytopenic
purpura, a low platelet count of an unknown cause (Kayal et al. 2014). Congenital
thrombocytopenias are commonly divided into three groups: diseases with normal, increased
or reduced platelet size. Patients with thrombocytopenia also suffer from rather mild to
severe tendency to bleed (D'Andrea et al. 2009).

Better understood and characterized are the so-called Haemophilias like Haemophilia A and
B. These X-chromosome-linked diseases almost exclusively affect men. Patients suffering from
Haemophilia A usually have a deletion in Factor VIII gene that causes a mild to severe
phenotype. Haemophilia B is characterized by deletion of Factor IX of the coagulation cascade.
As the name of the disease already suggests: here patients also suffer from a higher tendency
to bleed (Emilien et al. 2000).

Enhanced bleeding is not the only complication of platelet dysfunction: When platelet
aggregation is increased, this can also cause thrombosis and other cardiovascular diseases
(CVDs) like stroke or heart attack. Healthy platelets inhibit thrombus formation by releasing
NO (Golebiewska and Poole 2015), this system is usually dysfunctional during thrombosis
(Koupenova et al. 2017). Major risk factors for thrombosis or other CVDs are coagulation
factor mutations (e.g. Factor V Leiden (Slusher 2010)), smoking, hypertension and high levels
of cholesterol but interestingly autoimmune diseases e.g. Systemic Lupus Erythematosus have
also been implicated (Koupenova et al. 2017).

As platelets are now considered to be not only important for blood coagulation but also
emerging new players in immune 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 platelets are able to direct leukocytes to
sides of inflammation (Sreeramkumar et al. 2014) (Zuchtriegel et al. 2016). Leukocyte
attraction was mainly induced by aggregate formation and platelet activation. Platelets also
decorate bacteria, tagging them for PMN-mediated phagocytosis (Gaertner et al. 2017).
Additionally, platelets can also induce neutrophil adhesion and recruitment of monocytes to
the endothelium (Golebiewska and Poole 2015). Besides these rather passive mechanisms of
platelet-induced immune reactions it is possible that they, although being anucleated, actively
act as immune cells especially in innate immunity.

Indeed, in 2002, Tang et al. showed for example that thrombin-activated platelets are able to
release seven different antimicrobial peptides, all of them being active against at least two
pathogenic strains, mostly of bacterial and not of fungal origin (Tang et al. 2002). Additionally,
platelets also express a variety of PRRs like TLRs (TLR1, 2, 4, 6, 8 and 9) (Morrell et al. 2014)
and also NLRP3 and NOD2, both belonging to the same family of NOD-like receptors. Signaling
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via these receptors activates anti-bacterial responses in platelets. TLR4 activation for example
leads to the shedding of IL-13 containing microparticles from platelets and to interactions with
other cells (Brown and Mcintyre 2011). Hence, platelets also actively secrete pro-
inflammatory cytokines such as IL-1B (Morrell et al. 2014) and are also important producers
of the chemokine CXCL4 (PF4) which activates monocytes (Golebiewska and Poole 2015).
However, whether platelets are also able to induce interferons as anti-viral response, has not
been shown yet (Hottz et al. 2018).

Platelets not only affect innate immune cells (also see 1.4.5) or display innate immune cell
functions but also influence adaptive immunity (Hottz et al. 2018). For example, platelet-
derived CXCL4 binds to CXCR3 receptor which is highly expressed on activated Th; cells and
induces T cell trafficking (Mueller et al. 2008). Additionally, platelets are the major producers
of CD40L (stored in their a-granules) in the human body. CD40L released from platelets
enhances T cells response to viral stimuli and is important for dendritic cell maturation and B
cell isotype switch (Elzey et al. 2003) (Morrell et al. 2014).

1.4.4. Platelets and their role in 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 of autoimmune diseases. However, only little is known about platelets and their
impact on autoinflammation. Still, there are indications that platelets affect the pathogenesis
of numerous autoinflammatory diseases e.g. rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE), systemic sclerosis, multiple sclerosis (MS), atopic dermatitis (AD),
allergic contact dermatitis and possibly psoriasis (Habets et al. 2013) (Tamagawa-Mineoka
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 the fibrin-platelet
network and induce inflammation (Habets et al. 2013). SLE patients show enhanced platelet
activation and increased serum levels of soluble CD40L which mainly originates from platelets
(Desai-Mehta et al. 1996) and also systemic sclerosis patients show increased levels of
platelet-derived molecules, like B-thromboglobulin (Postlethwaite and Chiang 2007).
Moreover, increased platelet counts are also found in peripheral blood of MS patients
(Sheremata et al. 2008) (Habets et al. 2013).

Still, platelet functions are only poorly studied in autoinflammatory skin diseases, especially
in psoriasis. Nevertheless, there are indications from analysis in other skin-related diseases
which indicate that platelets and platelet-PMN interactions might also be important in
psoriasis (Tamagawa-Mineoka 2015) (Habets et al. 2013). For example, in AD, platelet-derived
chemokines like CXCL4 are strongly upregulated in patients’ blood (Tamagawa-Mineoka et al.
2008). Furthermore, in a murine mouse model for AD, increased PMN-platelet aggregate
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formation is observed in the blood (Tamagawa-Mineoka 2015). Platelet-PMN interactions are
discussed in further detail in the next paragraph.

1.4.5. PMN-platelet aggregation or interaction

More than four decades ago, it was shown that platelets and leukocytes form aggregates,
especially when platelets are activated (Chanarat and Chiewsilp 1975) (Jungi et al. 1986) (de
Bruijne-Admiraal et al. 1992). It is also well established that platelets are important mediators
in innate immunity and in inflammatory diseases, e.g. in sepsis (Dewitte et al. 2017).
Consequently, platelets are likely to interact with other cells such as PMNs which are initially
recruited to sites of inflammation and induce further immune responses. Indeed, platelets do
interact with PMNs: P-Selectin on platelets binds to P-selectin glycoprotein ligand 1 (PSGL-1)
on PMNs (Lisman 2018). Interaction is also achieved via CD40L binding to CD40 (Zuchtriegel
et al. 2016). Stable PMN-platelet aggregates commonly enclose activated platelets - either in
circulation or when platelets bind to activated endothelium (Lisman 2018).

In the last couple of years, it has been increasingly appreciated that platelet activation might
be the first response in innate immunity. In this scenario platelets guide leukocytes to the sites
of inflammation (Ludwig et al. 2004) (Sreeramkumar et al. 2014) (Zuchtriegel et al. 2016).
Ludwig et al. showed that the interactions of P-selectin and PSGL-1 on platelets and
neutrophils respectively are responsible for rolling along skin micro vessels (Ludwig et al.
2004). Later, it was reported that PMNs, when recruited to injured tissue, scan the area for
activated platelets and the interactions of P-selectin and PSGL-1 is indispensable for PMNs to
extravasate or to form NETs (Sreeramkumar et 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 the endothelium and captured neutrophils by CD40-
CD40L interactions. The recruitment accumulated cells at the site of inflammation and the
cell-cell crosstalk induced a conformational change in integrins to subsequently mediate
extravasation (Zuchtriegel et al. 2016).

Furthermore, PMN-platelet interactions have also been described in injury and thrombosis. In
a transfusion associated mouse model of lung injury, platelets induced NETosis in PMNs which
caused severe tissue damage and death (Caudrillier et 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 shown (Lisman
2018). Interestingly, human thrombi even contain NETs (Savchenko et al. 2014) and NET
components are elevated in patients suffering from thrombosis (van Montfoort et al. 2013).
This shows an important rationale between platelet and PMN activation in platelet-related
complications in vivo.

It is also accepted that platelet-leukocyte interactions are not only important in platelet-
related diseases, injury and immunity but also potentially cause autoinflammation. However,
for inflammatory skin diseases, very little is known about PMN-platelet interactions. In a
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mouse model of allergic contact dermatitis platelet-PMN aggregates are found adherent on
vessel walls with PMNs which internalized platelets. The authors interpreted these findings by
assuming that PMNs which initially attempted to clear platelet aggregates subsequently
extravasated from blood vessels (Daito et al. 2014). Moreover, in a mouse model of atopic
dermatitis platelet-leukocyte-complexes were increasingly found in blood, while in
thrombocytopenic conditions, the chronic inflammation was reduced (Tamagawa-Mineoka et
al. 2009). Importantly, in psoriasis, platelet aggregates were shown a long time ago (Berrettini
et al. 1985) and aggregate formation is reduced after amelioration of skin inflammation.
Nevertheless, the indicated contribution of platelet-PMN aggregates to the pathology of
psoriasis awaits further confirmation in patient derived samples.

1.5. Psoriasis
1.5.1. General features of 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 bleeding of the dermis and
immune cell infiltration, mostly PMNs in the dermis (Griffiths and Barker 2007). The most
common form of psoriasis (90% of cases), is the so-called psoriasis vulgaris or plaque psoriasis
(histological picture of skin biopsy, see Figure 1.4). Another major characteristic of plague
psoriasis is the “Koebner phenomenon”, where new lesions develop at sites of trauma or
pressure e.g. on elbows, knees or the scalp (Griffiths and Barker 2007). In children, an acute
form of psoriasis, called psoriasis guttata, can occur which is triggered by a streptococcal
infection of the throat. Another, but quite rare form of psoriasis is the so-called pustular
psoriasis which is characterized by small, sterile pustules on the skin (Griffiths and Barker
2007). The severity of psoriasis it scored by the Psoriasis-Area-Severity-Index (PASI) that
includes parameters such as the affected area of the skin, the severity of inflammation and
sometimes even the personal well-being of the patients. The PASI can reach values of up to
72 in very severe cases; a moderate to severe case is defined by a PASI higher than 10
(Fredriksson and Pettersson 1978) (Cabrera et al. 2015). Since 1971 the treatment of choice
for most patients is the FDA (Food and Drug Administration)-approved systemic therapy with
methotrexate, especially for patients that do not respond to topical treatments with steroids
or phototherapy (Menter and Griffiths 2007). However, so called “biologicals”, such as
antibodies or small molecule inhibitors that block signaling of certain cytokines, e.g. TNF or IL-
17, are currently tested in clinical studies or have already been approved as drugs for the
treatment of psoriasis (Eberle et al. 2016).

Studies aimed to identify genetic predisposition for the development of psoriasis have shown
limited success. Until now exclusively the presence of the HLA-Cw6 allele shows a good
correlation with familial inherited early-onset psoriasis (Nair et al. 2006). Additionally, several
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psoriasis-associated susceptibility loci (Tsoi et al. 2012) have been described. However, the
main trigger for the development of psoriasis is still unknown.

Figure 1.4: Skin biospy of lesional
skin in psoriasis

Histological appearance of psoriatic
Hyperkeratosis lesions  with  hyperkeratosis,
epidermal thickening and leukocyte
infiltration of the dermis. (picture

Epidermal provided by Kamran Ghoreschi)

thickening

Leukocyte infiltration
(dermis)

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

Adaptive immune responses have been extensively studied in psoriasis. Based on these
studies it is generally believed that psoriasis, certainly in its chronic state, is a T cell-driven
disease. Thus, innate immune responses were largely neglected and are just beginning to gain
interest in recent years.

Especially the work of Lande et al. initiated a shift in the paradigm of T-cell driven psoriasis by
showing that complexes of self-derived DNA and the antimicrobial peptide LL37 which is
overexpressed in psoriatic lesions, induce type | IFN release from pDCs via endosomal TLR
signaling (Lande et al. 2007). In their work the authors explain the high type I IFN levels found
in psoriatic lesions and how type | IFN in turn can activate other cells and induce T cell
differentiation.

In addition to MAMPs, so-called Heat-shock-proteins (HSPs) and S100 proteins which have
antibacterial properties, serve as endogenous ligands for TLRs. Finally, because HSPs and S100
proteins are frequently expressed in psoriatic skin, the binding of HSPs to TLRs in turn induces
pro-inflammatory cytokine production in psoriasis (Tsan and Gao 2004) (Sweeney et al. 2011)
(Holzinger et 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 enhanced expression of TLRs in psoriatic keratinocytes potentially also
drives pro-inflammatory immune activation (Sweeney et 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 epidermis (Valladeau and Saeland 2005)
are dysregulated in psoriasis (Sweeney et al. 2011). Macrophages, which are professional
phagocytes, infiltrate psoriatic lesions and were proposed as the main producers of the pro-
inflammatory cytokine TNF-a (Marble et al. 2007). The role of TNF-a in the pathogenesis of
psoriasis is incompletely understood but TNF-a antagonists are used for the treatment of
psoriasis and ameliorate the skin pathology (Yost and Gudjonsson 2009).

Although infiltration of PMNs into psoriatic lesions is a hallmark of psoriasis, the causative role
of PMNs and their contribution to the pathogenesis of psoriasis is only poorly studied and
therefore still incompletely defined (Schon et 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 of inflammation and activate them
(Tecchio et al. 2014) (Terui et al. 2001). Furthermore, PMNs are the main producers of LL37 in
the human body (Sorensen et al. 1997) which could explain excessive amounts of LL37 found
in psoriatic skin. Interestingly, PMNs from psoriasis patients are more prone to activation and
more sensitive to induction of NETosis in blood, also NETs are found in psoriatic lesions. The
number of NETting neutrophils even correlates with disease severity (Hu et al. 2016).
Additionally, signaling by TLRs expressed by PMNs (Prince et al. 2011) can induce very fast
immune responses by release of pro-inflammatory cytokines or induction of NETosis.

The cytokine IL-17 is mainly produced by T helper 17 (Th17) cells and Th17 cells are considered
as the major driver of inflammation in psoriasis (Di Cesare et al. 2009). An IL-17 specific
antibody is approved for the treatment of psoriasis (Eberle et al. 2016) (Hueber et al. 2010).
Due to the psoriasis associated role of IL-17 and the abundance of PMNs in psoriatic lesions it
is speculated that PMNs are a potential source of IL-17 and could be targeted by the same
treatment as T cells (Schon et al. 2017). This would link innate (PMNs) and adaptive (Th17
cells) immunity in psoriasis.

The central importance of PMNs in the patho-physiology of psoriasis is further highlighted by
the fact that depletion of neutrophils in a psoriasis mouse model (Sumida et al. 2014) and in
patients strongly ameliorates inflammation of the skin (lkeda et 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 CD8* T cells are found in the epidermis of psoriasis patients (Gaspari 2006). Also, 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 that LL37,
which is overexpressed in psoriatic skin, acts as an MHC class |l autoantigen that is recognized
by T cells in psoriasis (Lande et al. 2014). There are also indications that molecular mimicry - a
strong reaction to microbes involving immunodominant epitopes that cross-react with self-
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antigens - can occur in psoriasis (Christen and von Herrath 2004). This mechanism could
explain the onset of psoriasis gutatta (see 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 exclusively detected in autoimmune diseases of the skin (Prinz 2003). Once they
have infiltrated the skin, T-cells secrete cytokines (e.g. IFN-y, TGF-B, IL-6 etc.) that induce
proliferation of keratinocyte leading to the commonly observed skin thickening (Strange et al.
1993).

Intriguingly, it was only recently described that in psoriasis patients, polymorphisms are found
in genes that are associated with Th17 immune signaling. Th17 cells are the major producers
of IL-17 (Eberle et al. 2016) and IL-17A induces proliferation and impaired differentiation of
keratinocytes. IL-17A induces weakening of the skin barrier and amplifies inflammation by
promoting the release of pro-inflammatory cytokines and chemokines from keratinocytes.
Additionally, IL-17A induces migration of leukocytes and in combination with TNF and IL-22,
IL-17A upregulates the production of IL-1 family cytokines (Brembilla et al. 2018). Finally,
genetically engineered mice that overexpress IL-17A in keratinocytes spontaneously develop
psoriasis-like skin disease within a short period of time (Karbach et al. 2014). In line, anti-IL-17
antibodies significantly ameliorate skin pathology in psoriasis patients (Hueber et al. 2010)
(Eberle et al. 2016). Hence, psoriasis is considered to be a Th17-IL-17 driven disease, although
it is unclear how Th17 cells are triggered to produce IL-17 (Brembilla et al. 2018).

In contrast to numerous studies focusing on the role and function of T-cells in psoriasis, B-cells
have only rarely been studied and, in line, autoantibodies have not been identified. Recently
a correlation of B cell blood counts and severity of psoriasis was reported (Lu et al. 2016). The
authors suggest that elevated B cell blood counts indicate enhanced activation of B cells in
psoriasis patients. Also, the relative number of IL-10-producing regulatory B cells is decreased
in psoriasis as compared to healthy individuals, indicating impaired B cell regulation in
psoriasis patients (Hayashi et al. 2016).

1.5.4. Cardiovascular 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 cause (Griffiths and Barker 2007). The most noticeable comorbidity is the risk to
develop cardiovascular diseases (CVDs) which was already described in 1973 (McDonald and
Calabresi 1973). CVDs affect the heart or blood vessels and rising numbers of CVDs are an
increasing problem worldwide. In 2016, the WHO (reference see Table 6.1 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 year (Jindal 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 severe psoriasis (Gelfand et
al. 2006). Later, Ludwig et al. described psoriasis as an independent risk factor for CVDs
(Ludwig et al. 2007) (Caiazzo et 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 experience major cardiac events (Mehta et 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 cardiovascular disease and
inflammatory skin disease psoriasis (Tamagawa-Mineoka 2015). The causal nature of psoriatic
hyperactive platelets is in line with the observed increased amounts of platelet aggregates in
blood samples from psoriasis patients. Furthermore, in vitro observed platelet aggregates
were strongly reduced after improvement of the patients’ skin condition (Berrettini et al.
1985). Only recently antagonistic antibodies directed towards IL-17A, a driver of inflammation
in psoriasis, were reported to effectively ameliorate (Eberle et al. 2016) (Schon and Erpenbeck
2018) not only skin inflammation but also CVDs (Schuler et al. 2018). This shows that
dysregulated platelet activation is strongly associated with psoriasis and likely causing CVDs
of various kinds.

1.5.5. PMNs and platelets in psoriasis

Infiltration of PMNs in the skin is a central hallmark of psoriasis (Griffiths and Barker 2007).
Besides, the impact of 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 cyto-or chemokines which induce the
commonly observed hyperproliferation of keratinocytes and immunologic activation of
endothelial and additional immune cells (Terui et al. 2001) (Tecchio et al. 2014). Furthermore,
in autoinflammation, activation of immune cells can result from NET-provided self-antigens
originating from PMNs (Lande et al. 2011). Interestingly, PMNs have been suggested as source
of IL-17 which is a key mediator of psoriatic inflammation, and IL-17 release occurs via NETs
(Lin et al. 2011). PMN-mediated release of NETs and IL-17 can therefore potentially link innate
and adaptive immune responses in psoriasis.

Platelets are recognized as drivers of cardiovascular comorbidities in psoriasis. Also, the role
of platelets as immune mediators/modulators is increasingly appreciated. Increased platelet
mass index and mean platelet volume (Unal 2016) (Canpolat et al. 2010) as well as the
identification of activated platelets in patient samples (Ludwig et al. 2004) corroborate their
role in psoriasis. Finally, platelet activation reportedly correlates with diseases severity
(Tamagawa-Mineoka et al. 2010) and platelets from psoriasis patients show a lower threshold
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for activation and aggregate formation in vitro (Tamagawa-Mineoka 2015) which indicates a
dysregulated platelet function in psoriasis patients. Interestingly, cardiovascular comorbidities
are also linked to IL-17, as IL-17 is not only a major driver for psoriatic inflammation but also
for cardiovascular diseases (Karbach et al. 2014) and by inhibiting IL-17 both inflammation and
cardiovascular comorbidities can be ameliorated (Schuler et al. 2018).

Comparatively only scarce knowledge exists about platelet-PMN interplay in psoriasis and its
impact on inflammation or cardiovascular comorbidities. Two studies from Turkey and Korea
showed that neutrophil-to-lymphocyte and platelet-to lymphocyte ratios are elevated in
psoriasis patients and correlate with disease severity (Polat et al. 2017) (Kim et al. 2016).
However, an explanation of skin infiltration, platelets helping PMNs to extravasate and the
impact of platelet-PMN aggregates on disease severity remains elusive.

1.6. Nucleic acid-LL37 complexes

LL37 belongs to the family of cathelicidins, i.e. peptides with antimicrobial activity. The active
LL37 is a 37 amino acid long, amphipathic and positively charged peptide with two N-terminal
leucine residues (Durr et al. 2006). The major producers of LL37 in the human system are
PMNs which store LL37 in their specific granules (Sorensen et al. 1997). The active LL37 is
generated from its precursor hCAP18 (human Cationic Antimicrobial Peptide 18 kDa) by
proteolytic processing. The processing protease is amongst others the neutrophil-derived
proteinase-3 (PR3). PR3 cleaves hCAP18 after the signal sequence and cathelin-domain to
release the active C-terminal part LL37 (Sorensen et al. 2001). Thus, neutrophils provide both,
the mature LL37 and the enzyme specifically processing the precursor. In healthy individuals
LL37 is upregulated upon infection and displays efficient anti-microbial activities to most
gram-positive and gram-negative bacteria but also to fungi (Turner et al. 1998).

Because of its positive charge, LL37 tends to form complexes with negatively charged
molecules, such as DNA or RNA. DNA-LL37 complexes are delivered inside of cells by some
form of endocytosis (Zhang et al. 2010) and endosomal TLR recognition of DNA or RNA induces
robust immune activation (Lande et al. 2007) (Ganguly et al. 2009). Hence, LL37 especially
protects fragile RNA from rapid degradation by RNases (Ganguly et al. 2009). Of note,
complexes of human LL37 with nucleic acids are more potent in inducing immune activation
compared to complexes of nucleic acids with the mouse ortholog CRAMP (cathelin related
antimicrobial peptide) (Gallo et al. 1997) (Singh et al. 2013). Moreover, similar to LL37, B-
defensins 2 and 3, which belong to a second class of antimicrobial peptides, naturally form
complexes with DNA and fuel activation of immune cells (Tewary et al. 2013).

In addition to endosomal TLR binding, DNA or RNA in nucleic acid-LL37 complexes might also
be recognized by other intracellular nucleic sensing receptors (e.g. RIG-l, or even
inflammasomes (Loo and Gale 2011, Xiao 2015)) or LL37 itself can potentially bind to a
receptor to induce immune stimulation. In keratinocytes, for example, IFN-B production is
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induced by RNA-LL37 complexes that bind to cytosolic RNA receptors like RIG-I (Zhang et al.
2016). Confusingly, complexing of dsDNA by LL37 was reported to prevent stimulation of the
dsDNA sensing AIM2 (absent in melanoma 2) inflammasome in keratinocytes, suggesting an
anti-inflammatory effect of LL37 (Dombrowski et al. 2011).

Furthermore, LL37 was reported to act as a ligand for formyl-peptide receptor 2 (FPR2) (Zhang
et al. 2009) which is also expressed on innate immune cells like e.g. PMNs. In line, the group
of Richard Gallo postulated that LL37 enables self-RNA recognition via LL37-binding by
scavenger receptors, inducing endocytosis of RNA and subsequent nucleic acid recognition of
PRRs (Takahashi et al. 2018). These discrepant publications show that recognition and
signaling of nucleic acid-LL37 complexes is incompletely understood and needs further
investigation.

A major characteristic of psoriasis is the overexpression of LL37 in lesional skin. Complexes of
nucleic acids with LL37 activate pDCs which induces strong IFN-a release (Lande et al. 2007)
(Ganguly et al. 2009). These studies also report pDC infiltration of psoriatic lesions (Lande et
al. 2007). In both studies, LL37 promoted uptake of DNA or RNA by cells and thus fueled
recognition by endosomal TLRs, TLR7 for RNA and TLR9 for DNA in pDCs (Ganguly et al. 2009)
(Lande et al. 2007). The authors claimed, that nucleic acid-LL37-mediated activation of pDCs
might fuel an early inflammatory response in psoriasis which in turn can lead to T cell
activation and chronification of the disease (the major findings are shown in Figure 1.5).

Furthermore, in autoinflammation of SLE, contents released by NETting neutrophils, i.e. DNA
and LL37, induce robust activation not only of pDCs (Lande et al. 2011) but also of B cells and
nucleic-acid-sensing of endosomal TLRs is indispensable for immune activation. These
activated B-cells further produce autoantibodies against DNA and LL37 (Gestermann et al.
2018). However, autoantibodies have not been identified for psoriasis. Assumedly, a similar
mechanism as seen for SLE applies to chronic inflammation in psoriasis. Intriguingly, LL37 itself
also acts as an MHC class Il autoantigen presented to T cells (in psoriasis) (Lande et al. 2014).
This would connect innate immune responses (PMNs, pDCs) and adaptive immunity (T and B
cells) providing a possible mechanism for fulminant and chronic inflammation in psoriasis.
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Figure 1.5: Complexes of self-DNA and LL37 induce activation of
pDCs in psoriasis

Environmental triggers like stress or injury induce the
formation of psoriatic lesions in individuals with a background
of genetic susceptibility for psoriasis. In the beginning,
stressed keratinocytes release self-DNA which form
complexes with LL37, overexpressed in psoriatic skin.
Plasmacytoid dendritic cells (pDCs) are activated to produce
interferon-a (IFNa). Keratinocytes are also activated and
release interleukin-1p (IL-1B), IL-6 and tumour necrosis factor
(TNF). pDC-derived IFNa and the pro-inflammatory cytokines
released from keratinocytes activates dermal DCs. These
activated dermal DCs migrate to the skin-draining lymph
nodes to present an antigen (of self or microbial origin) to
naive T cells. This in turn promotes their differentiation into T
helper 1 (Th1) and/or Th17 cells. (not shown: Th17 cells are
activated and release IL-17 which leads to keratinocyte
hyperproliferation and weakening of the skin barrier. Also,

the production of pro-inflammatory cytokines is induced in

v other immune cells, leading to more inflammation and

DermalDC  fyrther immune infiltration of the skin.) Adapted from Nestle
et al. (Nestle et al. 2009).
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1.7. Hypothesis and aims of part |

Plasmacytoid dendritic cells (pDCs) and their ability to respond to complexes of nucleic-acids
and the antimicrobial peptide LL37 were intensely studied. The group of Michel Gilliet could
show that pDCs induced high levels of type | IFN when stimulated with DNA or RNA complexed
to LL37 (Lande et al. 2007) (Ganguly et al. 2009) in the context of psoriasis. Furthermore, they
showed that NET contents were immunostimulatory for pDCs, suggesting that nucleic acid-
LL37 complexes are found in NETs (Lande et al. 2011).

However, PMN skin infiltration is a hallmark of psoriasis. PMNs not only outnumber pDCs in
human blood and skin of psoriasis patients, they are furthermore the first cells recruited to
the sites of inflammation and produce considerable amounts of pro-inflammatory cytokines
like IL-8 or TNF. Therefore, it was assumed that PMNs play an important role in immune
responses in psoriasis. Most importantly, it is still uncertain which cells might provide LL37 or
nucleic acids, as both cannot be readily released by pDCs.

26



Introduction

It was hypothesized that PMNs, which 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 PMNs are able 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 this is the case, those de novo generated nucleic acid-LL37 complexes
could potentially induce further immune reactions in PMNs which might fuel a self-
propagating inflammatory loop possibly explaining early inflammatory events in psoriasis (see
Figure 1.6).

Host-derived?
Bacterial?

o | Self-propagating
inflammatory loop
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cytokines

Figure 1.6: PMN activation might fuel a self-amplifying inflammatory loop in psoriasis

LL37 forms complexes and shuttles nucleic acids (DNA and RNA) into endosomal compartments of PMNs.
Endosomal TLRs recognize these nucleic acids and induce cytokine- and NET release from PMNs. These NETs
contain further nucleic acids and LL37 which in turn activate more PMNs via further endosomal TLR signaling.
Pro-inflammatory cytokines released by PMNs upon stimulation with nucleic acid-LL37 complexes induce the
infiltration and activation of additional leukocytes. This mechanism might explain an early inflammatory event
of TLR-dependent activation of PMNs in psoriasis.
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1.8. Hypothesis and aims of part |l

Psoriasis is an autoinflammatory skin disease, where a variety of immune cells from the blood
infiltrate the skin lesions. The trigger for immune cells to infiltrate the skin in psoriasis remains
elusive. To identify surface antigens which are differentially expressed on immune cells of
psoriasis patients and healthy controls, a surface antigen screen was performed. The major
goal was to better understand skin homing of immune cells, especially PMNs, and to give a
glimpse on the potential mechanism underlying skin infiltration in psoriasis (see Figure 1.7).

B ce
PMNs
Skin infiltration of Blood cells stay in blood w
blood cells vessels
Monocyte Teell

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

PsorP = Psoriasis patient
HD = Healthy donor

Figure 1.7: Differential expression of surface antigens might explain skin homing of blood cells in psoriasis

Blood leukocytes of psoriasis patients differentially express surface antigens compared to healthy controls. This
might explain the tendency of immune cells to infiltrate psoriatic lesions.
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2. Materials and Methods
2.1. Materials
2.2.1. Reagents and Chemicals

Table 2.1: Reagents and Chemicals

Reagent/Chemical Company Product no.
RPMI Sigma-Aldrich R8758
VLE-RPMI Merck-Biochrom FG1415
FCS TH-Geyer 11682258
Pen./Strep. Gibco 15140122
L-Glutamine Gibco 25030081
Sodium pyruvate Gibco 11360070
HEPES Sigma-Aldrich H0887
PBS Thermo Fisher 14190-169
RNase/DNase free water Thermo Fisher 10977049
Ampuwa Fresenius Kabi 1833
Ficoll/Biocoll Biochrom ab211650
B- estradiol Sigma-Aldrich E2758
Ammonium chloride (NH4Cl) Roth 5470.1
Potassium bicarbonate (KHCO3) Fluka 60220
EDTA pH=8 ThermoFisher 15575020
Trisodium citrate dihydrate

(CHNasOy -2 Hi0) y Carl Roth 4088.1
Citric acid (CeHsO9) Carl Roth X863.2
Fixation buffer BioLegend 420801
Cell staining buffer BioLegend 420201
Precision Count beads™ BioLegend 424902
Pooled human serum Transfusion medicine Tiibingen -

Saponin Applichem, A4518.0100
ProLong Diamond Antifade ThermoFisher P36965
RNase A ThermoFisher ENO531
Roti Histol Carl Roth 6640.1
Immersion oil OLYMPUS 81012
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2.1.2. TLRligands and inhibitors

Table 2.2: TLR ligands and inhibitors

Component company Product no.
LL37 InvivoGen tirl-137
TL8-506 InvivoGen tirl-tI8506
LPS-EK (ultrapure) InvivoGen tirl-peklps
R848 (Resiquimod) InvivoGen tIrl-r848-5
Chloroquine InvivoGen tirl-chq
PMA InvivoGen tirl-pma
HK'S. pyogenes Tatjana Eigenbrod -

HK E.coli Tatjana Eigenbrod -

2.1.3. RNA/DNA and inhibitors

Table 2.3: Synthetic RNA/DNA and inhibitors

Component

Sequence

company

CpG2006

5'TsCsGsTsCsGSTsTsTsTsGSTsCsGSTsTsTsTsGsTsCsGsTsT3’

TIB MOLBIOL

ssRNA40 (unconjugated,
conjugated with AF647 or
AF488) *

5’GsCsCsCsGsUsCsUsGsUsUsGsUsGsUsGsAsCsUsC3’

IBA Lifescience

ssDNA60 5’AC(AC)28AC3’ TIB MOLBIOL
IRS661 5'TsGsCsTsTsGsCsAsAsGsCsTsTsGsCsAsAsGsCsA3’ TIB MOLBIOL
IRS954 5’'TsGsCsTsCsCsTsGsGsAsGsGsGsGsTsTsGsT3’ TIB MOLBIOL

* phosphorothioate backbone.
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2.1.4. Antibodies and recombinant proteins

Table 2.4: Antibodies and recombinant proteins

Item fluorophore species isotype dilution company Product no.
Isotype control PE mouse IgG1 k 1:100 eBioscience 12471442
Isotype control FITC mouse 1gM k 1:80 BioLegend 401605
Isotype control APC mouse 1gG1 K 1:100 BD Bioscience 550854
Isotype control Bv421 mouse 1gG1 Kk 1:100 BioLegend 400157
Isotype control AF488 mouse IgG2a k 1:200 BioLegend 400233
Isotype control FITC mouse 1gG2b K 1:200 BioLegend 401206
Isotype control AF488 mouse 1gG1 Kk 1:100 BioLegend 400134
Isotype control AF647 mouse IgM K 1:100 BiolLegend 401618
Isotype control PE-Cy7 mouse IgG1 Kk 1:500 BioLegend 400126
Anti-hCD15 PE mouse 1gG1 k 1:100 BiolLegend 323006
Anti-hCD66b FITC mouse 1gG1 Kk 1:80 BioLegend 305103
Anti-hCD62L Bv421 mouse 1gG1 K 1:100 BioLegend 30482
Anti-hCD14 PE mouse 1gG1 Kk 1:100 ImmunoTools 21620144
Anti-hCD3 AF488 mouse IgG2a k 1:200 BiolLegend 317310
Anti-hCD4 PE mouse IgG1 Kk 1:200 BioLegend 300508
Anti-hCD11b APC mouse 1gG1 « 1:100 BiolLegend 301310
Anti-hCD19 BVv421 mouse IgG1 k 1:500 BioLegend 302234
Anti-hCD8 APC mouse 1gG1 K 1:200 ImmunoTools 21810086
Anti-hHLA-DR FITC mouse 1gG2b K 1:200 BioLegend 327006
Anti-hCD15 PE-Cy7 mouse 1gG1 « 1:500 BiolLegend 323030
Zombie yellow fixable dye - - - 1:200 BioLegend 423103
Anti-hCD41 PE mouse 1gG1 « 1:60-200 BiolLegend 303706
Anti-hCD61 PE mouse IgG1 k 1:60-200 BioLegend 336406
Anti-hCD66b AF647 mouse IgM K 1:100 BioLegend 305109
Anti-hCD62P AF488 mouse 1gG1 « 1:100 BiolLegend 304916
anti-mLy6C VioBlue rat lgG2a k 1:100 Miltenyi 130-102-929
Anti-mCD45 APC-Vio770 rat 18G2b K 1:100 Miltenyi 130-118-687
Anti-mCD41 FITC rat IgG1 k 1:100 Miltenyi 130-105-929
Anti-mLy6G PE rat IgG1 K 1:100 Miltenyi 130-102-895
Anti-mCD11b APC rat 18G2b K 1:100 Miltenyi 130-113-793
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Propidium iodide n/a - - 1:100 Miltenyi 130-093-233
TruStain fcX - - - 1:25 BioLegend 422302
Recombinant hMIP-1B - - - 1:3.3x10° or 1:0.6x10° ImmunoTools 11343223
Recombinant hIL-16 - - - 1:3.3x10° or 1:0.6x10° ImmunoTools 11340163
Recombinant hSDF-1a - - - 1:1000 ImmunoTools 11343363
Recombinant hiL-3 - - - 1:1000 Peprotech 200-03
Recombinant hM-CSF - - - 1:1000 Peprotech 300-25
SYTO RNAselect n/a - - 1:10 000 ThermoFisher $32703
Hoechst33342 n/a - - 1:10 000 Sigma-Aldrich B2261
Anti-hLL37 unconjugated rabbit IgG 1:80-500 LSBio LS-B6696-500
Anti-QU unconjugated mouse IgG1 1:200-500 MBL MBL-D347-3
Anti-hNeutrophil Elastase (NE) unconjugated mouse IgG1l 1:100-500 Novus Biologicals MAB91671-100
Anti-hCD41 unconjugated rabbit IgG 1:100 Abcam ab63983
Anti-hCD42b unconjugated goat IgG 1:100 Santa Cruz sc-7070
Anti-mCD41 unconjugated rat 1gG1 1:100 GeneTex GTX-76011
Anti-h/mMPO unconjugated goat IgG 1:200 R&D systems AF3667
Anti-mCD42b unconjugated rat IgG 4 ug/gor2 ug/g Emfret Analytics R300
Isotype control unconjugated rat IgG 4 ug/gor2ug/g Emfret Analytics R301
Anti-rabbit IgG AF647 chicken IgY 1:500 ThermoFisher A-21443
Anti-mouse IgG AF594 chicken IgY 1:500 ThermoFisher A-21201
Anti-mouse IgG AF488 chicken IgY 1:500 ThermoFisher A-21200
Anti-mouse IgG AF647 chicken lgY 1:500 ThermoFisher A-21463
Anti-rat IgG AF488 chicken IgY 1:500 ThermoFisher A-21470
Anti-goat I1gG AF488 chicken IgY 1:500 ThermoFisher A-21467
Anti-goat IgG AF594 chicken IgY 1:500 ThermoFisher A-21468
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2.1.5. Special equipment and Softwares

Table 2.5: Special equipment and software

Plates/equipment Company Product no./Version
QlAcube QIAGEN 9002840
Nikon Ti2 ecllps'e bright-field Nikon i
fluorescence microscope

C02-02 controller Okolab -

Revolve ECHO FISD2001
MACSQuant VYB Miltenyi 130-096-116
FACS Canto Il BD Bioscience -
ImageStream X MKII Merck Millipore -
Polycarbonate inserts, 24 well p.Iates, Corning 734-1570

3 um pores (for 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 4 well dish Ibidi 80406
Poly-L-Lysine coated coverslips Corning 734-1005
SuperFrost® Plus microscopy slides VWR 631-9483
heparinized capillary tubes ThermoFisher 22-362566

6 mm Acu punch Acuderm P650

Prism GraphPad V6-8

Excel Windows Office V2010 and V2019
FlowJo FlowJo LLC V10
FACSDiva BD V6
Fiji/Image) - win64

NIS Elements Nikon 1l

FCAP Array BD Bioscience V3

INSPIRE instrument controller software | Amnis V2

IDEAS Amnis V4

2.1.6. Kits

Table 2.6: Kits used in this study

Kit Company Product no.
RNeasy Mini Kit QIAGEN 74104
QlAamp DNA Blood Mini Kit QIAGEN 51106
Human IL-8 ELISA MAX Deluxe Kit BioLegend 431505
Human TNF-a ELISA MAX Deluxe Kit BioLegend 430205
Human MIP-1B DuoSet ELISA Kit R&D systems DY271-05
Human IL-16 ELISA DuoSet ELISA Kit R&D systems DY316
Human LL37 ELISA Kit HycultBiotec HK321-02
Mouse TNF-a ELISA MAX Deluxe Kit BioLegend 430902
Cytometric bead array Human Inflammatory Cytokine Kit 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
LEGENDScreen™Human PE Kit BiolLegend 700001
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2.1.7. Buffers and media

Table 2.7: Buffers and media

Buffer/Media Name

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

0.1 M CsHsNasO7+2 H20 Citrate buffer
pH adjusted to 6.0 with 0.1 M CsHsO7

RPMI
10% FCS

1% Pen. /Strep. PBMC culture medium

1% L-Glutamine

VLE-RPMI

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

1% Sodium pyruvate

1% HEPES

10 ng/ml hiL3

10 ng/ml MCSF

150 nM B-estradiol

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. ug/ml, sequence
Table 2.3, AF647 or AF488 labeled where indicated) was mixed with 10 pg LL37 (final
concentration 20 pg/ml, sequence Table 2.3, Atto-488 where indicated) and left at RT for 1
hour.

Where indicated, 1 uM ssDNA (final concentration 20 pg/ml, sequence see Table 2.3), genomic
DNA (final concentration 20 pug/ml, isolated from whole blood using a QlAamp DNA Blood Mini
Kit), total human mRNA (final concentration 20 pg/ml, isolated from HEK293T cells using the
RNeasy kit on a QlAcube) or bacterial RNA (final concentration 10 pg/ml, from S. aureus
USA300 JE2 was isolated as described below) was also mixed together with 10 ug LL37 and
left at RT for 1 hour.

For experiments with BM-PMNs, 5 ug bacterial RNA was complexed with 10 pug LL37 and used
for four mice (final concentration: 10 ug/ml bacterial RNA and 20 pg/ml LL37). For the RNA-
only or LL37-only conditions, the same amounts and volumes as for the complexes were used
by adding sterile, endotoxin-free H,O to the same final volume.

2.2.2. Isolation of bacterial RNA

Bacterial RNA isolation was performed by Natalya Korn from AG Wolz, Tiibingen. For all
experiments, RNA from S. aureus USA300 JE2 was used. On the first day, the bacterial culture
was inoculated in suitable medium (using antibiotics if needed). The next day, the culture was
diluted (1:100) and the OD was measured with 600 nm absorbance. Then the culture was
further diluted until OD=0.05, incubated while shaking at 37°C until reaching an OD of 0.5.

5 ml of the culture was harvested and spun down at 5 000 x g for 5 min at 4°C. The supernatant
was discarded and the pellet was resuspended in 1 ml Trizol (Invitrogen, 15596026) on ice and
pipetted into freezing cups, containing zirconia silicon globules (Roth, N035.1). Then, the
suspension was put on a shaker for 20 sec. at 6 500 rpm before freezing at —80°C.

The next day RNA isolation was performed. The samples were thawn at RT, 200 ul chloroform
was added and mixed for 30-60 sec. After 3 min of incubation at RT, the samples were
centrifuged at 12 000 x g for 15 min at 4°C. Thereafter, 500 pl isopropanol was pipetted into
1.5 ml RNase free Eppendorf tubes and the supernatant of the afore centrifuged samples
(approximately 600 pl liquid phase) was added to the 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 was then removed by pipetting, using filter tips and the pellet was washed with
500 ul of 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 dry. In the end, 50 pl of sodium citrate (1 mM,
pH=6.4 Ambion, AM7000) was added, incubated for 10 min at 55°C on a heating block (the
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samples were thoroughly vortexed every 3-4 min) and frozen at -80°C. The RNA concentration
was determined with a nanodrop (ng/ul) before using for experiments.

2.2.3. 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 of Tibingen 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
patients, had a PASI score of 210 (except for 2 donors in Figure 4.3 and Figure 6.8, where the
PASI score was 24.8), a median age of 41.8 years and no systemic therapy at the time of blood
or skin sampling. The samples were obtained at the University Hospital Tiibingen or in
Heidelberg (both Department of Dermatology) and processed together with samples from at
least one healthy donor (age- and sex-matched) which were recruited at the University of
Tlbingen, Department of Immunology. Skin sections were assessed from 12 patients with
psoriasis vulgaris and 1 patient with psoriasis guttata. Platelet counts were determined in the
course of clinical routines at the time of study blood sampling.

2.2.4. Isolation of bone-marrow derived PMNs (BM-PMNs)

Unc93b139/34 (Tabeta et al. 2006) or TIr137 (Li and Chen 2012), kindly 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 maintained following
local institutional guidelines for animal experiments and hygiene monitoring. They were
sacrificed using CO,, followed by cervical dislocation.

Bone-marrow-derived (BM)-PMNs were isolated by magnetic separation (MACS separation)
following the manufacturer’s instructions (see Table 2.6). For (BM)-PMNs 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 (see Table 2.7) and seeded by using 3 x 10®
cells/ml (in 24 well plate, 250 pl per well and 96 well plate, 125 pl per well, the same
concentration of cells for all experiments). After resting for 30 min, PMN stimulation was
performed for 5 hours at 37 °Cand 5% CO». Thereafter, supernatants were harvested and used
for ELISA. For microscopy, the cells were seeded on Poly-L-Lysine coated coverslips (see Table
2.5, in a 24-well plate) stimulated for 16 hours and stained subsequently.

2.2.5. Human PMN isolation and stimulation

Whole blood (EDTA-anticoagulated) from healthy donors or psoriasis patients was diluted in
PBS (1:2) and carefully loaded on 20 ml Ficoll (1.077 g/ml, using a 50 ml falcon). Then, density
separation centrifugation was performed for 25 min at 509x g and 21°C (without brake).
Thereafter, all layers were discarded (if the PBMCs were not used from the same donor)
except for the erythrocyte-granulocyte pellet. Then, erythrocyte lysis (using 1x erythrocyte
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lysis buffer, see Table 2.7) was performed for 20 min at 4°C on a roller shaker (the falcon tube
was filled until 50 ml with erythrocyte lysis buffer). After centrifugation for 10 min (without
brake), another erythrocyte lysis step was performed for 10 min at 4°C (the falcon tube was
filled until 25 ml). After another 5 min of centrifugation (without brake), the remaining cell
pellet was carefully resuspended in neutrophil culture medium (see Table 2.7). 1.6 x 10°
cells/ml were seeded (24 well plate, 500 ul per well or 96 well plate, 125 ul per well). After
resting for 30 min at 37°C, 5% CO,, the cells were pre-treated with inhibitors (where indicated)
for 30 min and subsequently stimulated with the indicated agonists for 4 hours (for ELISA) or
for 30 min to 3 hours (for FACS analysis or microscopy).

2.2.6. 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 108 cells/ml at 37°C and 5% CO,. After resting for 30 min, the cells
were stimulated with RNA-LL37 complex, LL37 alone, PMA (600 nM) or left unstimulated for
4 hours. Supernatants were removed carefully and the adherent cells/NETs were carefully
washed three time with PBS. Then the cells and NETs were scraped off the bottom of the dish
and frozen in neutrophil culture medium at -80°C.

2.2.7. Human PBMC 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 645 x g for 8 min. Then,
erythrocyte lysis was performed using 1x erythrocyte lysis buffer (see Table 2.7) for 5 min at
RT. The cells were then washed twice more in PBS 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
(see Table 2.7) and seeded at cell density 1.6 x 10° cells/ml.

2.2.8. BLaER1 cells culture, transdifferentiation and stimulation

BLaER1 cells (WT and TLR8", kindly provided by Tim Vierbuchen and Holger Heine from
Borstel, Germany (Vierbuchen et al. 2017)) were cultured in BLaER1 culture medium (see
Table 2.7) at 37°C and 5% CO,. After reaching a cell concentration not higher than 2 x 10°
cells/ml, the cells were seeded in a 6 well plates (0.5 x 10° cells/ml, 2 ml per well) and
transdifferentiated in BLaER1 transdifferentiation medium (see Table 2.7) for 6 days including
2 medium changes (on day 2 and 5). The cells become adherent and show a “star-shaped”
morphology. On day 7 the adherent cells were detached by pipetting and re-seeded (96 well
plate, 4 x 10° cells/ml, 125 pl per well) using BLaER1 culture medium (see Table 2.7) and left
to rest for 1 hour. Subsequently, they were stimulated with TLR ligands for 18 hours and 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 (CD14*CD11b* and CD19 cells are considered to be “monocyte-
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/macrophage-like” cells; when following this protocol a purity of > 95% can be reached) (Gaidt
et al. 2018).

2.2.9. Live cell imaging of human PMNs

Human neutrophils were isolated by magnetic separation using MACSxpress whole blood
neutrophil isolation kit (see Table 2.6) and were seeded into a p-insert 4 well dish (7 pl cell
suspension per insert). After resting for 20 min at 37°C, 5% CO,, 1 pl Hoechst33342 (final
concentration 1 ug/ml) and 1 pl SYTO RNAselect Green fluorescent dye (final concentration
50 uM) were added and the cells were incubated for another 20 min at 37°C and 5% CO.. Live
cell imaging was performed using a Nikon Ti2 eclipse microscope (40x magnification, no
immersion oil) including a CO,-O, controller. After adjustment of microscope and live cell
imaging chamber, the cells were stimulated with TLR ligands (1 ul per well, using 34.4 pg/ml
ssRNA and 20 pg/ml LL37 for complex formation and 600 nM PMA as control) and
measurements were started immediately after adding of stimuli. Time-lapse analysis was
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 PMNs (purity and pre-activation assessment)

After PMN isolation and stimulation, the purity and activation status of PMNs was determined
by flow cytometry. 200 ul of the cell suspension was transferred into a 96 well plate (U-shape)
and spun down for 5 min at 448 x g and 4°C (all centrifugation steps were performed using the
same speed and time and are referred to as “washing”). Blocking of Fc-receptors (FCcR) was
performed using 50 ul pooled human serum diluted 1:10 in FACS buffer (see Table 2.7) for 15
min at 4°C. After washing, the samples were stained with 50 pl antibody, diluted in FACS buffer
(antibodies and respective dilutions see Table 2.4) for 30 min at 4°C in the dark. After further
washing, fixation buffer (see Table 2.1) was added to the cell pellets for 10 min at RT in the
dark. After washing, the cells were permeabilized with 0.05% Saponin diluted in PBS (see Table
2.7) for 15 min at RT in the dark. After an additional washing step, the cell pellets were
resuspended in 150 ul FACS buffer. Measurements were performed on a FACS Canto Il and
analysis was performed using FlowJoV10. CD15*CD66b* and CD14" cells were considered as
PMNs. Using the aforementioned isolation method, a purity of > 95% can be reached. Pre-
activation was measured by staining of CD62L. When activated, the cells lost CD62L expression
on their surface.

2.3.2. FACS analysis and fluorescence microscopy of fixed PMNs

The cells were isolated as previously described (see above) and seeded in a 96 well plate at
1.6 x 10° cells/ml, 125 pl per well. Subsequently they were stimulated with RNA-LL37
complexes for 30 min and 1 hour using RNA-AF647/AF488 and/or unlabeled LL37 or LL37-
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Atto488 (where 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 Hoechst33342 (final concentration 1 pg/ml) for 5 min at RT
in the dark. After a final washing step, the cell pellets were resuspended in 50-100 ul FACS
buffer. 40 ul of the cell suspension was pipetted on a Poly-L-Lysine coated coverslip and the
cells were left to attach for 1 hour in the dark. ProLong Diamond Antifade (see Table 2.1) was
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 (100x magnification, using immersion oil) and the analysis
was performed using Fiji analysis software.

2.3.3. Fluorescence microscopy of fixed NETing neutrophils (human and mouse)

For NET analysis, PMNs (1.6 x 10° cells/ml for human cells and 3 x 108 cells/ml for mouse cells)
were seeded in 24 well plates, containing Poly-L-Lysine coated coverslips and stimulated with
RNA-LL37 complexes (for mouse cells bacterial RNA-LL37 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. 2010). Where indicated, 100 ug/ml RNase A (DNase, protease-free, see
Table 2.1) was added after fixation and incubated overnight (approximately 12 hours) at 37°C.
Blocking was performed using pooled human serum (1:10 in PBS) for 15 min at RT. After three
washes with PBS (5 min each), LL37 and PMNs were visualized using an unconjugated rabbit
anti-LL37 antibody or an unconjugated mouse anti-Neutrophil elastase (NE) antibody (for 1
hour at RT) (see Table 2.4) with subsequent staining with an AF647-conjugated anti-rabbit or
an AF594-conjugated anti-mouse secondary antibody, for 30 min at RT in the dark respectively
(see Table 2.4). After washing, RNA was stained using SYTO RNAselect Green fluorescent dye
(see Table 2.4, final concentration 50 uM) for 20 min or an unconjugated anti-\Y'U antibody
(see Table 2.4) for 1 hour at RT in the dark and subsequently adding an AF594-conjugated anti-
mouse secondary antibody for 30 min at RT also in the dark. In the end, nuclear DNA was
stained using Hoechst33342 (see Table 2.4, final concentration 1 ug/ml) for 5 min at RT in the
dark. For mouse cells, only SYTO RNAselect Green fluorescent dye and Hoechst33342 were
used to visualize RNA and DNA.

The coverslips were finally mounted with ProLong Diamond Antifade mounting solution (see
Table 2.1), 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 staining. The measurements
were conducted with a Nikon Ti2 eclipse (100x magnification, using immersion oil) and the
analysis was performed using Fiji analysis software.

2.3.4. Transwell experiments

Transwell inserts were loaded with 100 pl of PBMC suspension (0.8 x 10° cells/insert). In the
lower chamber 500 pl media containing TLR stimuli (2 pg/ml R848, RNA, LL37, RNA-LL37
complex, see Table 2.2) or 500 pl media containing only MIP-1B (30 and 150 pg/ml), IL-16 (300
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and 1500 pg/ml) or SDF-1a (positive control, 100 ng/ml) were added. After 4 hours, the cells
in the lower compartment were harvested and FACS staining was performed as described
above. The total number of migrated cells was acquired using counting beads (see Table 2.1)
on a FACS Canto Il. Analysis was performed using FlowJo analysis software.

2.3.5. ImageStream analysis

ImageStream analysis was used to analyze internalization of RNA-LL37 complexes using
spot-counts and tracking single cells. The cells were first seeded in a 96 well plate at a cell
density of 8 x 10° cells/ml, 125 ul neutrophil culture medium per well. Subsequently, they
were stimulated for 1 hour with RNA-AF647 (see Table 2.3) and/or LL37-Atto488 (kindly
provided by Hubert Kalbacher, University of Tibingen). FcR block and surface staining (here
CD15 PE) was performed as described above. After fixation, the cells were permeabilized with
permeabilization buffer (see Table 2.7) for 15 min at RT in the dark. After washing, nuclei were
stained with Hoechst33342 (final concentration 1 pg/ml) for 5 min at RT in the dark. After a
last washing step, the cells were resuspended in 50 pl FACS buffer (see Table 2.7) and
transferred into a 1.5 ml Eppendorf tube. The measurement was performed with the help of
Simone Poschel. At least 10.000 cells were acquired for each sample with 40x magnification
using an ImageStream X MKIl with the INSPIRE instrument controller software. Data were
analyzed using 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 Schneiderhan-Marra and
Thomas Knorpp at the NMI in Reutlingen. All samples were stored at -70°C until testing. The
samples were thawn at room temperature, vortexed, spun at 18 000 x g for 1 min to remove
debris and the required sample volumes were removed for multiplex analysis according to the
manufacturer’s recommendations. The samples were successively incubated with the capture
microspheres, a multiplexed cocktail of biotinylated, reporter antibodies, and a streptavidin-
phycoerythrin (PE) solution. Analysis was performed on a Luminex 100/200 instrument and
the resulting data were interpreted using proprietary data analysis software (Myriad RBM).
Analyte concentrations were determined using 4 and 5 parameter-, weighted- and non-
weighted curve fitting algorithms included in the data analysis package.

2.3.7. Cytometric bead array

A cytometric bead array was performed using the “Human inflammatory cytokine kit” (see
Table 2.6) and following the manufacturer’s instruction. 25 ul of samples and standards were
added to 25 pl of the capturing bead mixture. Additionally, 25 pl of PE detection reagent was
pipetted to all tubes and incubated for 3 hours at 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 pl wash buffer each.
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Measurements were performed with the FACS Canto Il. 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 stored at -80°C prior to use. In
order to save antibodies, % Area plates were used (see Table 2.5, using duplicates or triplicates
of each sample). The absorbance was measured with a standard plate reader at 450 nm. The
assays were performed according to the manufacturer’s instructions (all ELISA kits used in this
study are listed in Table 2.6), using appropriate dilutions of the supernatants. For LL37
determination a kit from HycultBiotech (see Table 2.6) with pre-coated plates was used
following the manufacturer’s instructions.

2.3.9. Neutrophil elastase NETosis assay

Neutrophil extracellular trap formation was determined using the colorimetric NETosis Assay
Kit (see Table 2.6) based on the enzymatic activity of NET-associated 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 ionophore (A-23187, 25
UM, provided by the kit) as positive controls for 1 to 3 hours. The assay was performed
following the manufacturer’s instructions but also using % Area plates to save substrate. The
absorbance was then measured at 405 nm using a standard plate reader.

2.3.10. Fluorescence microscopy of tissue samples (human and mouse)

Skin samples from psoriasis patients with a PASI > 10 and without systemic therapy at the time
of skin sampling, healthy skin samples and mouse ears were paraffin-embedded according to
standard procedures (Canene-Adams 2013). The paraffin blocks were cut in slices (thickness =
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 Tibingen).

Thereafter, the tissue samples were deparaffinized (2 times for 10 min) with Roti Histol
solution (see Table 2.1) and rehydrated using decreasing concentrations of ethanol (100% two
changes, 95%, 80% and 70% every step 5 min). After rinsing in ddH,0, antigen retrieval was
performed by boiling for 10-20 min in citrate buffer (see Table 2.7). 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 list in Table 2.4) was added either
overnight at 4°C or for 1 hour at RT. After 3 washes, the samples were incubated with
secondary antibody for 30 min at RT in the dark. After another 3 washes, SYTO RNAselect
Green fluorescent dye (final concentration 50 uM) was added for 40 min at RT in the dark.
Thereafter, the samples were washed again and DNA was stained with Hoechst33342 (final
concentration 1 pg/ml) for 5 min. Then 3 last washes 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 eclipse microscope (10x-60x magnification, using immersion oil
for 40x and 60x magnification) and the analysis was performed using Fiji analysis software.
Autofluorescence in multiple channels typical for the stratum corneum was labeled “AF”.
Blood vessels were labeled with “BV”.

2.3.11. Cell surface antigen expression screening in whole blood samples

A cell surface antigen screening was performed using the LEGENDScreen™ (Table 2.6). Whole
blood (EDTA anticoagulated) was drawn from five psoriasis patients (PASI>10, no systemic
therapy at the time of blood drawing) and five sex- and age-matched healthy controls.
Erythrocyte lysis was performed for 5 min at 4°C on a roller shaker using 1x erythrocyte lysis
buffer (see Table 2.7). After a short spin of 5 min at 509 x g without brake, FcR block was
performed using pooled human serum (diluted 1:10 in PBS) for 15 min at 4°C, also on a roller
shaker. Thereafter, the cells were stained in 1 ml volume per tube with anti-CD3 (T
lymphocytes), CD15 (PMNs) and CD19 (B lymphocytes), excluding dead cells using Zombie
Yellow (respective antibodies, fluorophores and dilutions see Table 2.4) 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 (V-bottom), each well containing 5 pl of PE-labeled antibody
directed against one of 332 surface antigens, and 10 isotype controls all labeled in PE (all PE-
conjugated Abs were provided by the kit). Further steps were performed using manufacturer’s
instructions, except that one kit was divided for the measurement of 4 donors. FACS
measurements were performed using a MACSQuant analyzer (AG Schindler, Tlibingen) and
subsequently FlowJo V10 was used to analyze the data. T cells, PMNs and B cells were gated
according to the Abs in the master mix. The gating strategy is depicted in Figure 6.5.
Monocytes were gated by size and granularity and not additionally labeled with CD14.
However, in the well containing anti-CD14-PE antibody, all gated events were CD14-positive.

2.3.12. FACS analysis of 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 dilutions are listed in Table
2.4). Thereafter, 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 ul FACS
buffer. Measurements were performed on a MACSQuant analyzer. Analysis was performed
using FlowJo V10.

2.3.13. Fluorescence microscopy of fixed whole blood cells

Short erythrocyte lysis was performed as described above in (2.3.11.). 200 ul of cell suspension
was aliquoted per well (96 well plate, U-bottom). FcR block, staining, fixation and
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permeabilization were performed as for flow cytometry (described above in 2.3.1.and 2.3.12.,
antibodies and respective dilutions are listed in Table 2.4). Nuclear DNA was stained using
Hoechst33342 (final concentration 1 upg/ml) as described above. Cell pellets were
resuspended in 50-100 pl FACS buffer. 40 pl of the cell suspension was pipetted on a Poly-L-
Lysine coated coverslip (see Table 2.5) and the cells were left to attach for 1 hour in 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. Measurements were conducted with a Nikon Ti2 eclipse (100x magnification,
using immersion oil) and the analysis was performed using Fiji analysis software.

2.3.14 FACS and microscopy settings

Table 2.8: FACS Canto Il Settings

Color/dye Laser Wavelength (nm)
BV421 violet 450/50
FITC/AFA88 blue 530/30
PE blue 585/42
APC/AF647 red 660/20

Table 2.9: MACSQuant FACS Settings

Color/dye Laser Wavelength (nm)
BV421 violet 450/50
Zombie Yellow violet 525/50
AF488 blue 525/50
PE yellow 586/15
PE-Cy7 yellow 750/LP

Table 2.10: Nikon Ti2 eclipse Settings

Color/dye Filter Wavelength (nm)
Hoechst 33342 QuadDAPI 390
SYTO RNAselect Green fluorescent, AF488, FITC | QuadFITC 475
PE QuadCy3 549
AF549 QuadmCherry 575
AF647 QuadCy5 632

2.4. In vivo mouse 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 pathogen-free conditions at an American
Association for the Accreditation of Laboratory Animal Care (AAALAC)-accredited animal
facility at Johns Hopkins University. They were handled according to procedures described in
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the Guide for the Care and Use of Laboratory Animals as well as Johns Hopkins University’s
policies and procedures as set forth in the Johns Hopkins University Animal Care and Use
Training Manual, and all animal experiments were approved by the Johns Hopkins University
Animal Care and Use Committee. Sex- and age-matched 6-8-week old mice were used for each
experiment.

2.4.2. Platelet depletion protocol

For platelet depletion in mice, 4 pg/g of anti-CD42b (see Table 2.4) or rat IgG isotype control
(see Table 2.4) diluted in sterile PBS was injected intravenously (i.v.) one day before, and 2
ug/g intraperitoneally (i.p.) 3 days after the first imiquimod treatment.

2.4.3. Imiquimod model of psoriatic skin inflammation

Mice were anesthetized (2% isoflurane) and 62.5 mg of 5% imiquimod (Imiquimod creme, Tora
Pharmaceuticals) was applied topically with a sterile cotton swab to the ventral and dorsal
sides of the mouse ear. This was done daily for a total of 5 treatments. 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 retro-orbitally with heparinized capillaries for
FACS analysis. In addition, ear thickness was terminally analyzed taking a 6mm punch for
immunohistochemistry (IHC, in this case H&E staining) and immunofluorescence (IF).

2.4.4. Histology and epidermal thickness measurements

6-mm punch biopsy specimens were placed in 10% formalin and paraffin-embedded using
standardized procedures. Skin cross-sections (thickness = 4 um) were cut and mounted on
SuperFrost® Plus microscopy slides and left to dry overnight. The staining with hematoxylin-
eosin (H&E) was performed by the Johns Hopkins Reference Histology Laboratory 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 microscopy from ECHO, Table 2.5) using
Imagel/Fiji software.

2.4.5. Flow cytometry

For FACS analysis, retro-orbital blood samples were collected on day 0 and day 5 of IMQ-
treatment, diluted in 300 pl TBS (Tris-buffered saline) containing 5 U/ml Heparin and
subsequently further diluted with 500 ul PBS. FcR-block was performed using TruStain fcX (see
Table 2.4) for 10 min at RT. Subsequent staining was performed using anti-Ly6C, anti-CD45,
anti-CD41, anti-Ly6G, anti-CD11b, propidium iodide (all antibodies with respective dilutions
are listed in Table 2.4) for 30 min at 4°C. FACS measurements were performed using a
MACSQuant and subsequently analyzed with MACSQuantify software. Cell types were defined
by flow cytometry according to the following gating strategies: platelets were identified from
the CD41* population from live cells, and myeloid cells were gated on the CD11b* population
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from live cells. PMNs and monocytes were identified as Ly6G"iLy6C° and Ly6G'°Ly6CM cells,
respectively. Platelet-PMN and platelet-monocyte aggregates were identified first by gating
on the CD41* CD11b* population and then on Ly6G"Ly6C'° and Ly6G'°Ly6CM cells, respectively.

2.5. Statistical analysis
2.5.1. General statistics

Experimental data was analyzed using Excel 2010 or 2019 (Microsoft) and/or GraphPad Prism
6, 7 or 8. Microscopy data were analyzed with NIS Elements from Nikon and with Imagel/Fiji.
Flow cytometry data were evaluated with FlowJo V10. Extreme values, outliers were identified
using the ROUT method at high (0.5%) strictness. For each experiment, normal distribution
was evaluated using the D'Agostino-Pearson or Shapiro-Wilk test to choose either a
parametric (ANOVA, Student’s t-test) or non-parametric (e.g. Friedman, Mann-Whitney U or
Wilcoxon) test for validation of significance. p-values (a=0.05) were then calculated and
correction for multiple comparison was performed 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 p-values were greatly lower than 0.05. Multiple comparisons were
performed, typically comparing all values to the unstimulated control unless indicated
otherwise. Wherever this was done, p-values were adjusted for multiple testing.

2.5.2. Differential expression analysis of surface marker screening data

Statistical analysis of the LEGENDScreen™ raw MFI (mean fluorescence intensity) data was
performed by Marius Codrea and Simon Heumos at QBIC in Tlbingen.

The goal was to identify surface antigens which were significantly different between patients
and healthy donors within specific cell populations (on a surface antigen/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: health status and cell type.
All cell populations were measured simultaneously in one FACS screen per subject (patient or
healthy donor) and the resulting intrinsic (within-subject) variance (across all populations) was
calculated by extending MFI ~ health_status + cell_type + subject/cell_type. In this notation,
cell_type was “nested” within “subject”. Analysis were performed in R [version 3.4.4, with
linear mixed models using the R package nlme (version 3.1-131.1)] (Pinheiro 2000, Bates
2015). The fitted models were subject to post-hoc analysis with Tukey's "Honest Significant
Difference" test to compute adjusted pair-wise differences among the cell types (Bretz 2011).
The Ismeans (version 2.27-61) (Lenth 2016) R package implementation was used in order to
compute the adjustments. Ismeans’ pairs were used to calculate all pair-wise contrasts of
patients versus healthy donors by the given cell_type. The p-values and the fold changes of all
surface antigens were extracted from all contrasts of all different cell_type levels. This then
provides multiple-comparison adjusted p-values and fold changes between patients versus
healthy donors for each cell population. For the generation of the principle component
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analysis (PCA) plots, the R package ggplot2 (version 2.2.1) was used (Herster et al., 2019, in
revision).
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3. Neutrophil extracellular trap-associated RNA (naRNA) and LL37 complexes enable
self-amplifying inflammation in psoriasis

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

The group of Michel Gilliet (Lande et al. 2007) (Ganguly et 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 PMNs are also able to be activated by
nucleic acids complexed to LL37, experiments with PMNs isolated from healthy donors were
performed first.

3.1.1 PMNs only respond to RNA-LL37 and not to DNA-LL37 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, R848 (Janke et al.
2009) (Lindau et al. 2013). In this study, these previous findings were re-evaluated but using
only short time period (e.g. 4 hours) for stimulation, taking into account that isolated PMNs
are short lived in culture and to avoid off-target effects by apoptotic cells (after 4 hours in
culture, a cell viability of at least 95% was observed, see Figure 6.1C).

PMNs were purified as described in chapter 2.2.4. in “Materials and Methods”. As they are
very fragile and can potentially be activated during the process of isolation, purity and pre-
activation status were always assessed by FACS prior to performing an experiment. For purity,
cells which were CD15*CD66b* were considered as PMNs; for pre-activation, CD62L shedding
was used as a sensitive and early activation marker (Simon et al. 1995). Here, the purity was
always >95% and cells were not pre-activated if handled very gently (see Figure 6.1A and B).
PMNs from healthy donors were found to readily 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 shedding) (see Figure 3.1A).
However, in contrast to pDCs (Lande et al. 2007), in PMNs neither ssDNA (sequence see Table
2.3) nor human genomic DNA induced detectable IL-8 release or CD62L shedding, regardless
of DNA being in complex with LL37 or not (Figure 3.1B). However, when using ssRNA40 (from
now on further referred to as “RNA”, sequence see Table 2.3), this induced a robust release
of IL-8 and moderate CD62L shedding but only in complex with LL37 (Figure 3.1C). These
results indicate that neither RNA nor DNA alone are able to induce immune activation in
primary PMNs. Only for RNA, but not for DNA, LL37 promotes cell activation.
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3.1.2. LL37 promotes RNA uptake in human PMNs

To further investigate if LL37 helps to promote RNA uptake, AlexaFluor (AF) 647-labeled RNA
was purchased from IBA Lifescience. In FACS analysis more than 20% of PMNs were AF647
positive for RNA-LL37 complex-treated PMNs compared to under 5% for RNA alone (Figure
3.2A) upon stimulation for 1 hour. ImageStream bright-field cytometry confirmed that RNA
did not only bind to the surface of the cell but was internalized and therefore found in
intracellular compartments (Figure 3.2B). Additionally, after labeling LL37 with Atto488 (kindly
provided by Hubert Kalbacher, Tibingen), fluorescence microscopy not only showed that RNA
was detectable in intracellular compartments but also co-localized with LL37 (Figure 3.2C).
These findings show that LL37 is able to shuttle RNA into intracellular compartments (probably
endosomes, where nucleic acid sensing TLRs reside, (Berger et al. 2012)) and that complex
formation in vitro works, which is in good agreement with previous studies performed with
pDCs (Ganguly et al. 2009).
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3.1.3. Synthetic, human and bacterial RNA form complexes with LL37 and induce cytokine

release via endosomal TLRs in PMNs

Next, it was investigated whether RNA-LL37 uptake was specific for the synthetic RNA

(sequence see Table 2.3) which was used for pervious experiments or whether the RNA

sequence had no impact on complex formation with and uptake by LL37. Therefore, total

human mRNA isolated from HEK293T cells and bacterial RNA, isolated from S. aureus as
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previously described by Eigenbrod et al. (Eigenbrod et al. 2015) was used. As expected, human
(Figure 3.3A) and, interestingly, bacterial RNA (from now on 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 PMNs in general reacted better to synthetic
compared to bacterial RNA.

In order to test whether this observed cytokine release induced by RNA-LL37 complexes was
dependent on endosomal TLRs, Chloroquine (CQ) was used to block endosomal TLR signaling
(Kuznik et al. 2011). CQ inhibits endosomal acidification which is crucial for endosomal TLR
activation. And indeed, CQ was able to inhibit IL-8 release by PMNs induced through CpG (a
known TLR9 agonist, positive control) and RNA-LL37 complexes (Figure 3.3C and D). This was
not due to a cytotoxic effect (Figure 6.1D). As chloroquine also does not affect cytosolic RNA
sensing e.g. by RIG-I (Matsukura et al. 2007), it was assumed that RNA-LL37 signaling occurs
due to endosomal TLR sensing and is independent of the RNA sequence.

A B Figure 3.3: RNA-LL37 complexes
Human RNA Bacterial RNA induce cytokine release by PMNs
2004 60+ * ; via endosomal TLRs and this is
* ns independent of RNA sequence
—~ 150- = <]
E £ 40- ns
= =) ns (A) PMNs were stimulated with
& 100+ ns o
oy ns s o © complexes of total human mRNA
- 50 4 204 isolated from HEK293T cells and
LL37 for 4 h (n=4-6). (B) Bacterial
0- 0- RNA (isolated from S. aureus)
hRNA - + + - RNA - + + - - - was complexe'd with LL3.7 and
LL37 - - + + bRNA - - - + + - PMNs were stimulated with the
LL37 - - + - o+ 4 complex for 4 h (n=4). (C) PMNs
were pre-incubated with 10 uM
CQ (30 min) and subsequently
C D stimulated with CpG (1 uM and
1500 = 500 - . 500 nM) for 4 h (n=7). (D) The
o same setup as in C but
. . 4001 stimulation ~ with ~ RNA-LL37
E E 3004 complex instead of CpG (n=7). A-
(=] (=] .
Y 2 D represent combined data
@ o 2004 ns ns (mean+SD) from ‘n’ biological
= = $ ns ns -
o 0 replicates (each dot represents
one donor). * p<0.05 according

to one-way ANOVA with
Dunnett’s correction for A and D
with Sidak correction for C and
Friedman test with Dunn’s
correction for B.
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3.2. PMNs release cytokines and chemokines in response to RNA-LL37 complexes which
in turn induce migration of other immune cells

3.2.1. RNA-LL37 complexes induce the release of multiple cytokines and chemokines by human

PMNs

Next, it was investigated whether PMNs only release IL-8 in response to RNA-LL37 complexes
or also other pro-inflammatory cytokines and chemokines. Therefore, supernatants from two
healthy donors were screened in Luminex analysis (the measurements were kindly performed
by Nicole Schneiderhan-Marra and Thomas Knorpp at the NMI in Reutlingen). The analysis
was performed as previously described (Brockmann et al. 2016). As a result, it was observed
that not only IL-8 was released by PMNs in response to RNA-LL37 complexes but also other
pro-inflammatory cytokines such as TNF-a, IL-6 and IL-1B (Figure 6.2A). Interestingly, the
screen also revealed that PMNs released more IL-16 and MIP-1B in response to RNA-LL37
complexes (Figure 6.2B). IL-16, previously known as lymphocyte chemoattractant factor or
LCF, was described as a chemoattractant for CD4* lymphocytes a long time ago (Center and
Cruikshank 1982). However, not much is known about IL-16 release by PMNs. There are
indications that its release might be related to cell death (Roth et al. 2015) which can be
excluded here (Figure 6.1C), at least for the unstimulated samples. MIP-1B or better known as
CCL4 (C-C Motive Chemokine Ligand 4) is a strong chemoattractant for a variety of immune
cells (Menten et al. 2002). For PMNs, there is only one study showing that migrating
neutrophils secreted MIP-1B which induced the migration of dendritic cells in turn (Chiba et
al. 2004). Next, the results of the Luminex screen were re-evaluated with supernatants from
more donors using Cytometric bead array (CBA) or ELISA. As expected, it was confirmed that
PMNs release more TNF-a, IL-6 and IL-1P in response to RNA-LL37 complexes (Figure 3.4A-C).
Furthermore, IL-16 release was already induced by stimulation with LL37 only (Figure 3.4D),
whereas the induction of MIP-1B was strongly dependent on RNA-LL37 stimulation (Figure
3.4E). These data show that PMNs are able to release not only IL-8 but also other cytokines
and chemokines in response to RNA-LL37 which consequently could potentially attract other
cells to the site of inflammation.

Although the amounts of cytokines released from RNA-LL37-stimulated PMNs in in vitro
experiments were comparatively low, they might still have a great impact on immune
responses. Furthermore, high concentrations of cytokines might well be elicited due to fast
cytokine release (within 4 hours of stimulation) and the high number of PMNs in human blood
or psoriatic skin lesions.
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3.2.2. Low concentrations of MIP-1f and IL-16 induce the migration of other immune cells

As previously described, PMNs respond to RNA-LL37 stimulation with the release of a variety
of pro-inflammatory cytokines and chemokines. To study whether these cyto-/chemokines (in
low concentrations, as released by PMNs) are able to induce cell migration, transwell
migration assays were performed. It was especially expected that IL-16 and MIP-1B, as known
chemoattractants for a variety of cells (Center and Cruikshank 1982) (Menten et al. 2002),
would induce cell migration. In the lower compartments, I1L-16 (300 pg/ml and 1500 pg/ml)
and MIP-1B (30 pg/ml and 150 pg/ml) or SDF-1a (stromal-cell derived factor 1 a, 100 ng/ml,
used as migration control) were pipetted in RPMI medium. In the upper compartment PBMCs
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, counting beads were used.

With SDF-1a as known strong chemoattractant for T and B lymphocytes (Bleul et al. 1996), it
was confirmed that the transwell experiment itself worked (Figure 6.3A-C). As shown in Figure
3.5 A-C, CD3*CD4" helper T cells, CD3*CD8* cytotoxic T cells and CD14*HLA-DR* monocytes
migrated towards the cytokines, even more prominently towards the lower concentrations
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used in this experiment. Due to donor-to-donor variations, only a non-significant effect could
be observed. Unexpectedly, when adding RNA-LL37 complexes and other TLR stimuli to
medium in the lower compartment (intended as a negative control), CD3*CD4* lymphocyte
migration towards the RNA-LL37 complexes was observed (Figure 3.5D). Of course, it remains
to be established whether this effect only applies to T cells within PBMCs, i.e. an indirect
effect, or if RNA-LL37 works directly on CD4* T cells, a possibility that could be easily checked
using isolated CD4* T cells in the future. These current data show that IL-16 and MIP-1pB are
able to attract a vast variety of immune cells and that even RNA-LL37 serves as a
chemoattractant for CD4* T cells.
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Figure 3.5: Immune cells migrate towards cytokines and chemokines released by PMNs in response to RNA-LL37
complexes

Total cell counts quantified by flow cytometry after transwell migration assay (after 4 h). Migrating CD3*CD4* T
cells (A), CD3*CD8* T cells (B) and CD14*HLA-DR* monocytes (C) towards either MIP-1p (30 and 150 pg/ml) or IL-
16 (300 and 1500 pg/ml) are shown (n=6-7, p>0.05 for treatments vs. media). Total migrating CD4* T cell counts
(D) towards R848 (2 pug/ml), RNA, RNA-LL37 complexes or LL37 are shown (n=3-7). A-D represent combined data
(mean+SD) from ‘n’ biological replicates (each dot represents one donor). * p<0.05 according to Friedmann test
with Dunn’s correction (A-C) or one-way ANOVA with Dunnett’s correction for multiple testing (D).
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3.2.3. PMNs from psoriasis patients secrete more cytokines in response to RNA-LL37 complexes

Activation of pDCs by RNA-LL37 complexes has been reported, however, differences in
response of pDCs from healthy individuals and psoriasis patients were not investigated
(Ganguly et al. 2009). To elucidate whether PMNs of psoriasis patients and healthy individuals
differentially react to RNA-LL37 complexes, PMNs from peripheral blood (from psoriasis
patients and healthy controls) were isolated and subsequently stimulated with RNA-LL37
complexes. At the same time, at least one sex-and age-matched control was analyzed. As
shown in Figure 3.6 A and B, PMNs from psoriasis patients released more IL-8 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 MIP-1B (Figure 3.6C and D). There, psoriasis PMNs released significantly more MIP-
1B only in response to the RNA-LL37 complex compared to healthy controls. Interestingly, it
was observed that the IL-8 baseline for RNA alone was higher for psoriasis patients (relatively
to the unstimulated control), whereas the levels of IL-8 for the healthy controls were not
considerably different from the unstimulated sample. As previously shown, RNA uptake was
very dependent on LL37 complex formation (Figure 3.1C). PMNs are the major producers of
LL37 in the human body, therefore it was speculated whether psoriasis PMNs might
constitutively secrete more LL37. If this was the case, readily released LL37 could in turn
complex with added RNA and start the stimulation of other PMNs independently of
exogenously added LL37. For this reason, LL37 levels were measured in supernatants of
unstimulated PMNs from psoriasis patients and healthy controls and indeed higher LL37
baseline levels were found for patients compared to healthy donors (Figure 3.6E). These
results indicate that psoriasis PMNs are more prone to RNA-LL37 stimulation, potentially due
to a higher constitutive secretion of PMN-derived LL37.
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Figure 3.6: Psoriasis PMNs are more prone to RNA-LL37 stimulation

In (A) ELISA of IL-8 secreted from psoriasis PMNs or PMNs from sex-and age-matched healthy donors after 4 h of
stimulation with RNA-LL37 complexes or (B) with 200 ng/ml LPS is shown. (C) the same setting as in (A) but
measuring MIP-1B by ELISA. (D) the same set-up as (B) but measuring MIP-1B. (E) LL37 ELISA of unstimulated
PMNs from psoriasis patients or from sex-and age-matched healthy donors (for all n=3-4 patients, chequered
bars, n=7-10 healthy donors). A-E represent combined data (mean+SD) from ‘n’ biological replicates (each dot
represents one donor). * p<0.05 according to one-way ANOVA with Dunnett’s correction for multiple testing (A,
C, E) or Kruskall-Wallis test with Dunn’s correction (B, D).

3.3. RNA-LL37 complexes trigger the release of RNA-and LL37-containing NETs

This study so far showed that RNA and LL37 complexes induced pro-inflammatory cytokine
release which could potentially contribute to inflammation in psoriatic lesions. Also,
neutrophil-mediated chemokine release could trigger the infiltration of other immune cells to
sites of inflammation. This response to RNA-LL37 complexes would be self-limiting, unless
RNA-LL37 would trigger the release of further RNA and LL37 e.g. by NETosis. It was previously
shown that Neutrophil extracellular traps (NETs) contain nucleic acids (DNA) (Brinkmann et al.
2010) and that this DNA, when complexed to LL37 (Lande et al. 2011), can activate pDCs. As
shown here, PMNs were not able to induce immune reaction in response to DNA-LL37.
Therefore, it was investigated whether RNA could be a new, unknown NET content involved
in NET-mediated propagation via the DNA-unresponsive PMNs. Further studies were
performed to reveal whether RNA-LL37 complexes were able to induce NETosis and whether
these NETs can in turn contain LL37 and more importantly RNA.

3.3.1 RNA-LL37 complexes induce NETosis

The first hint that RNA-LL37 complexes were able to induce NET formation were obtained
from EM (electron microscopy) pictures taken by Jirgen Berger at the MPI (Tlbingen). Here,
fiber-like structures were observed in close proximity to PMNs which had been stimulated
with RNA-LL37 complexes (Figure 3.7A). Therefore, NET formation was analyzed by detection
of Neutrophil elastase (NE) release from PMNs (supernatants) using an enzymatic reaction
(“NETosis kit”) (Yizengaw et al. 2016). Interestingly, Neutrophil elastase was not only released
in response to RNA-LL37 but also to LL37 alone (Figure 3.7B) (PMA was used as a positive
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control). Since it is under debate whether NE is really necessary for the induction of NETosis
(Martinod et al. 2016), further investigations of NET formation were performed by
fluorescence microscopy. Hence, DNA, RNA and LL37 were labeled and NET release by PMNs
in response to RNA-LL37 complexes was evaluated. To show RNA in NETs, a dye called SYTO
RNAselect which was previously described to be RNA-specific (Li et al. 2006), was used.

Importantly, RNA-LL37 complexes induced NETosis in human PMNs which contained not only
DNA (blue) and LL37 (red) but also considerable amounts of RNA (green) (Figure 3.7C). This
was quite exclusive for stimulation with RNA-LL37 complex (and PMA as positive control),
because RNA or LL37 alone did not result in NET release (RNA alone is not shown). Next, the
behavior of PMNs to stimulation with RNA-LL37 in live-cell-imaging, in order to exclude
staining artefacts in fixed cells, was investigated. The cells were therefore labeled with
Hoechst (nucleus) and SYTO RNAselect (RNA) which revealed that the complex first
accumulated on the cell membrane, then entered the cell and was finally released with further
endogenous RNA and DNA from the rupturing cell. This was in general a very fast process
(Figure 3.7D, quantified in E). In summary, these data demonstrate, that RNA-LL37 complexes
induce NETosis and that these NETs in turn contain DNA, RNA and LL37.
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Figure 3.7: PMNs respond to stimulation with RNA-LL37 complex with NET formation

A) EM pictures from PMNs stimulated with RNA-LL37 for 3 h (n=1), taken by Jlirgen Berger at the MPI, Tibingen.
B) Neutrophil elastase (NE) released from PMNs stimulated for 3 h. 100 nM PMA was used as a positive control
(n=8, each dot represents one donor). (C) Fluorescence microscopy of PMNs, stimulated with RNA-LL37
complexes or 600 nM PMA for 3 h. After fixation, the cells were subsequently stained with Hoechst33342
(nucleus, depicted in blue), anti-LL37 (unconjugated, rabbit, secondary antibody A647 labelled, depicted in red)
and SYTO RNAselect (RNA, depicted in green) (n=6, scale bar = 10 um). (D) Live-cell imaging of PMNs, stained
with Hoechst33342 (nucleus) and SYTO RNAselect (RNA) and subsequently stimulated as indicated (n=4, scale
bar = 20 um). Pictures of 30 min and 60 min after stimulation are shown. (E) Quantification of live-cell-imaging.
B and E represent combined data (mean+SD) from ‘n’ biological replicates. In A, C and D representative samples
of ‘n’ replicates or donors are shown. Arrowheads indicate released RNA-containing NETs (C and D). * p<0.05
according to one-way ANOVA (B), two-way ANOVA (E) with Dunnett’s correction.

—_

3.3.2. RNA-LL37 complexes induce release of NET-associated-RNA (naRNA)

This study previously showed that RNA-LL37 induced NETosis and that those NETs in turn
contained RNA and LL37. To prove the specificity of SYTO RNAselect, RNase A was used
(Sharma et al. 1993) for RNA digest which yielded in significantly reduced RNA signal (SYTO
RNAselect), leaving the DNA signal (Hoechst) unaffected (Figure 3.8A 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
RNA which was added to the cells but rather showed the total RNA in the cells or released in
NETs (Figure 3.8C). Additionally, PMNs at the verge of NETosis or degranulation were
observed, where the SYTO RNAselect dye was accumulating in granule-like vesicles (Figure
3.8D). It was assumed that RNA is potentially stored in granules of PMNs, as it was previously
reported for eosinophils (Behzad et al. 2010).

Although the specificity of SYTO RNAselect was already proven by Li et al. (Li et al. 2006) and
also in this study with previous experiments (Figure 3.8A-C), further confirmation was
accomplished using an antibody against pseudoruidine (W-U). W-U is a frequent nucleotide
modification exclusively found in RNA (Zhao and He 2015) and would thus also allow to
distinguish stimulant RNA (which is synthetic and hence devoid of W-U) and cellular RNA.
When inducing NETosis by RNA-LL37 (but also with PMA as a control), W-U-positive RNA in
extracellular, fiber-like structures was clearly observed. When using RNase A, this RNA signal
could be completely erased, whereas the DNA signal stayed unaffected (Figure 3.8E). Finally,
when PMNs were stimulated with AF488-labeled synthetic RNA complexed with unlabeled
LL37 and subsequently stained with W-U-antibody (AF594-labeled secondary antibody),
ssRNA40-AF488 could be depicted in defined cytosolic compartments, whereas W-U was
found spread over the whole cell or over the NET fibers rather than being accumulated in
puncta (Figure 3.8F). 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
of NETs, the term “NET-associated-RNA” or short “naRNA” is proposed for future reference.
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Figure 3.8: RNA-LL37 complexes induce the release of NET-associated-RNA (naRNA)

(A, B) Fixed Neutrophils, were treated with RNase A (100 ug/ml) or buffer control overnight at 37°C and
subsequently stained with Hoechst33342 or SYTO RNAselect (n=4). Quantification of pixel values of nuclear or
extracellular NET events scored by an independent and unbiased observer in the RNA (A) or DNA channels (B) is
shown for one representative experiment. (C) Shows fixed PMNs, stimulated with RNA-AF647 (red) complexed
to unstained LL37 for 1 h and subsequently stained with SYTO RNAselect (green) (n=2, scale bar = 10 um). (D)
Shows SYTO RNAselect (green) staining accumulation in granules, observed for every experiment (n = 10, scale
bar =10 um). (E) PMNs were stimulated for 3 h with RNA-LL37 complexes (or PMA not shown here), treated with
RNase A (100 pg/ml) or buffer control overnight at 37°C and subsequently stained with anti-W-U (AF594 labeled
secondary antibody, red) (n= 3, scale bar = 10 um). (F) Stimulation as in (C) but using RNA-AF488 (green) and
unlabeled LL37 for stimulation and subsequent staining with anti-WU (AF594 labeled secondary antibody, red)
(n=2, scale bar = 10 um). Arrowheads indicate RNA-containing NETs (E). In A-F one representative of ‘n’ replicates
is shown. * p<0.05 according to one-way ANOVA with Holm-Sidak’s correction (A) or Kruskal-Wallis test with
Dunn’s correction (B) to adjust for multiple testing.

3.3.3. RNA-LL37 complexes are found in psoriatic skin lesions

It was previously shown that increased levels of NETs were present in steady-state of blood-
derived PMNs but also in skin of psoriasis patients (Hu et al. 2016). The presence of naRNA
had obviously not been analyzed. It was therefore of interest to investigate whether more
RNA and LL37 can be detected in psoriatic lesions, potentially released by NETting PMNs. As
expected, high abundance of LL37, not only in the epidermis of the patient samples but also
in the infiltrating PMNs (here additionally stained with anti-NE antibody), was observed.
Interestingly, when using SYTO RNAselect, more RNA can be found throughout the whole
epidermis of the patient skin (Figure 3.9A) compared to healthy controls but also due to the
infiltrating cells which likewise contained RNA. When taking a closer look, RNA and LL37
appeared to be co-localized especially where PMNs infiltrated (Figure 3.9B). Also, SYTO
RNAselect specificity for skin samples was confirmed using anti-WU: both signals clearly
overlapped (Figure 3.9C). It can therefore be assumed that the RNA signal is attributable to
naRNA. As RNA and LL37 are found in large quantities in psoriatic lesions, it was hypothesized
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that RNA-LL37 complexes might have a physiological relevance in inflammation in psoriatic
skin.
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Figure 3.9: RNA-LL37 complexes are found in psoriatic skin lesions

(A,B) Skin sections from healthy skin and psoriatic lesions (n=12 patients and 3 healthy controls, scale bar = 20
um), from patients with PASI score > 10 and no systemic therapy at the time of skin biopsy collection, were
stained with anti-LL37 (red), anti-NE (yellow) (with subsequent secondary antibodies anti-rabbit-AF647 and anti-
mouse-AF594) and SYTO RNAselect (green). (B) Co-localization of RNA and LL37 is indicated by arrowheads. (C)
SYTO RNAselect (green) staining strongly overlaps with anti-WU (red) (and subsequent anti-mouse-AF594)
staining in psoriatic skin samples (n=12 patients, scale bar = 20 um). AF = autofluorescence. In A representative
samples of ‘n’ replicates or donors are shown. In B and C one representative of ‘n’ replicates is shown.

3.3.4. NET contents (naRNA-LL37 complexes) induce NETosis in further PMNs

Based on previous results, it was assumed that NETs induced by RNA-LL37 complexes (which
contained naRNA and LL37) could trigger further NET formation in more PMNs. The repetitive
release of naRNA and LL37 via NETosis, in turn could lead to a self-propagating inflammatory
loop.

In fact, when using those NET-contents (from cells which nicely released NETs upon
stimulation with RNA-LL37 complexes and PMA, as shown in Figure 3.10A) to stimulate naive
PMNs, those PMNs were prompt to “NET” (release) and NETs contained DNA, naRNA and
LL37. In contrast, the “mock” NET contents from unstimulated PMNs were not able to induce
any NET formation in naive PMNs (Figure 3.10B, and quantified in Figure 3.10C). Taken
together, this experiment showed that NETs released by RNA-LL37 has the ability to induce
NET formation in naive PMNs and their NETs contain further DNA, naRNA and LL37. Although
it awaits confirmation in vivo, the self-propagating mechanism that could be envisaged, might
be applicable to psoriatic skin as an early inflammatory stimulus (naRNA-LL37 complexes) and
upstream event of pDC and T cell activation.
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Figure 3.10: naRNA-LL37 complexes induce NETosis in further PMNs

(A) PMNs were stimulated with RNA-LL37 complex, LL37 alone or PMA (600 nM) for 4 h (n=4, scale bar = 10 um).
After fixation, cells were stained with anti-LL37 (yellow) (anti-rabbit-AF647 secondary antibody), anti-WU (red)
(anti-mouse-AF594 secondary antibody), SYTO RNAselect (green) and Hoechst33342 (blue). These NET contents
were harvested and (B) subsequently transferred to naive PMNs (n=6, scale bar = 10 um) for 4 h. Then, after
fixation the cells were stained with anti-LL37 (yellow) (anti-rabbit-AF647 secondary antibody), anti-WU (red)
(anti-mouse-AF594 secondary antibody), SYTO RNAselect (green) and Hoechst33342 (blue). (C) Quantification of
(A) and (B) by showing pixel values per scored events. C represents combined data (mean+SD) from ‘n’ biological
replicates. In Aand B representative samples of ‘n’ replicates or donors are shown. * p<0.05 according to Kruskal-
Wallis test with Dunn’s correction (C).

3.4. RNA-LL37 complexes and NETs activate PMNs via TLR8 (human) and TLR13 (mouse)

Previously it was observed that cytokine release from PMNs induced by RNA-LL37 complexes
could be inhibited by blocking endosomal TLR signaling via chloroquine (Figure 3.3D). As CQ
had no effect on cytosolic RNA sensors (Matsukura et al. 2007), the following experiments
further focused on endosomal TLR signaling. Although it is now appreciated that PMNs survive
a couple of days in vivo (Kruger et al. 2015), in vitro the cells are only very short-lived and are
post-mitotic (Mayadas et al. 2014). Therefore, it is impossible to genetically modify them in
culture e.g. via transfection or viral transduction. As a result, mouse BM-PMNs were used to
study receptor-dependency. First, previous results (Figure 3.3D) were re-evaluated with BM-
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PMNs from Unc93b1-deficient mice which lack functional endosomal TLR signaling because of
a so-called “triple D” mutation (Tabeta et al. 2006) that suppresses the critical chaperone
function of UNC93B1 for endosomal TLRs (Eigenbrod et al. 2012). For mouse BM-PMNs, bRNA
together with (human) LL37 was used for stimulation, as this yielded the highest BM-PMN
activation: bRNA-LL37 complexes were more potent in mouse PMNs to stimulate cytokine
release compared to synthetic ssSRNA40 (data not shown); and additionally, human LL37 was
already shown to be more potent in binding DNA compared to the mouse ortholog CRAMP
(Singh et al. 2013) (Gallo et al. 1997). The same effects were therefore assumed for RNA.

When stimulating BM-PMNs from Unc93b1-deficient mice, it was observed that cytokine
release induced by bRNA-LL37 was completely dependent on endosomal TLR signaling. CpG,
a known TLR9 agonist (Hemmi et al. 2000), served as control; cytokine release upon
stimulation with CpG was also completely abolished in BM-PMNs from Unc93b1-deficient
mice (Figure 3.11A). Of note, LPS or heat-killed E.coli (TLR4 ligands, (Poltorak et al. 1998)) were
actually more potent in Unc93b1-deficient mice compared to WT mice.

As human PMNs were shown to functionally express endosomal TLRs but not TLR3 (Hayashi
et al. 2003) and TLR7 (Janke et al. 2009) (Berger et al. 2012), it was assumed that TLR8 could
be the RNA sensing receptor responsible for activation by RNA-LL37 complexes of human
PMNs. Hence, testing of BM-PMNs from TIr13-deficient mice was considered because of
TLR13 being the murine equivalent for TLR8 in the humans (Li and Chen 2012) and TLR8 being
non-functional in mice (Hemmi et al. 2002) (Heil et al. 2004). Indeed, when stimulating BM-
PMNs isolated from TIr13-deficient mice with bRNA-LL37 complexes cytokine release was
abolished. Conversely, stimulation with LPS or heat-killed E.coli stayed unaffected (Figure
3.11A). After this very promising result, it was investigated next whether BM-PMNs from WT
mice were able to induce NETosis in response to bRNA-LL37 stimulation and whether this was
endosomal TLR- or even TLR13-dependent. When stimulating BM-PMNs from WT, Unc93b1-
deficient or TIr13-deficient mice with PMA, a chemical, TLR-independent NET-inducer (van der
Linden et al. 2017) (Al-Khafaji et al. 2016), BM-PMNs from all mouse strains were able to
induce NETosis. However, in response to bRNA-LL37 complexes only BM-PMNs from WT mice
potently induced NET formation and BM-PMNs from Unc93b1- (Figure 3.11B) or TIr13-
deficient mice (Figure 3.11C) failed to do so.

Finally, to undoubtedly pinpoint TLR8 as receptor for RNA-LL37 complexes, a biological model
system was used that closest resembles human innate immune responses. Therefore, since
human PMNs cannot be engineered, BLaER1 cells (WT and TLR8”") were used. BLaER1 cells
are leukemic B cells that can be transdifferentiated to monocyte-/macrophage-like cells
(Vierbuchen et al. 2017) and thus display a good model to study immune reactions in innate
immune cells (Gaidt et al. 2018). With these cells it could be observed that cytokine release
by RNA-LL37 complexes was completely dependent on TLR8 in the human system. As a control
for TLR8 signaling TL8-506 (by Invivogen), a selective TLR8 agonist (Lu et al. 2012), was used
(Figure 3.11D). These findings thus clearly show that RNA-LL37 complexes are dependent on
TLR8 (human) and TLR13 (mouse) to induce robust cytokine and NET release in PMNs.
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Figure 3.11: Cytokine and NET release induced by RNA-LL37 complexes is dependent on TLR8 (human) and TLR13
(mouse)

(A) BM-PMNs from WT, Unc93b3¥/3d and TIr13” mice were isolated and stimulated for 5 h with bRNA, LL37,
bRNA-LL37 complexes, 1 uM CpG, 200 nM LPS and heat-killed E. coli MOI = 1 (provided by Tatjana Eigenbrod,
Heidelberg) (n=4 TIr137, n=5 Unc93b13%/39, n=8 WT). (B) BM-PMNs were stimulated for 16 h as in (A), additionally
using 600 nM PMA as a positive control and fixed. Subsequently fluorescence microscopy was performed, using
Hoechst33342- (DNA, blue) and SYTO RNAselect- (RNA, green) stained cells (n=5 Unc93b13%/3¢, n=8 WT; scale bar
=10 pum). (C) as in (B) but using WT and TIr137- BM-PMNs (n=4 TIr137", n=8 WT; scale bar = 20 um). (D) TLR8
CRISPR-edited BLaER1 cells were stimulated with RNA, LL37, RNA-LL37 complex, heat killed E. coli MOI = 1 and
100 ng/ml TL8-506 for 18 h and IL-8 ELISA was measured (n=7). The values were normalized to E. coli = 100%.
Arrowheads indicate released NETs (B and C). A and D represent combined data (mean+SD) from ‘n’ biological
replicates. In B and C one representative of ‘n’ replicates is shown (mean+SD of technical triplicates). * p<0.05
according to tone-way ANOVA with Sidak correction (A, D).

3.5. NET and cytokine release induced by RNA-LL37 complexes can be blocked by iODNs

After identifying TLR8 for being a receptor for RNA-LL37-induced immune reactions, it was
further analyzed whether receptor binding could be potentially blocked with so-called
inhibitory oligodeoxynucleotides (iODNs). iODNs were previously characterized in mice and
are directed towards TLR7 (IRS661) or TLR7/9 (IRS954) to block ligand-mediated activation
(Pawar et al. 2007). Both of the inhibitors used here were already proposed as treatment for
another autoimmune disease, namely Systemic Lupus Erythematosus (SLE) (Barrat et al. 2005)
(Barrat and Coffman 2008). Because of the similarities found in endosomal TLRs (Colak et al.
2014), it was assumed that 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
donors were pre-incubated for 30 min with very low amounts of iODNs (IRS661 1 nM and
IRS954 50 nM, not toxic for PMNs shown in Figure 6.4) and subsequently stimulated with
RNA-LL37 complexes for 4 hours. And indeed, not only IL-8 and MIP-1B (Figure 3.12A, B)
release from PMNs induced by RNA-LL37 complexes could be inhibited but this was also
specific for TLR8 signaling, because LPS-induced cytokines were not affected (Figure 3.12C).
Importantly, iODNs could also inhibit NETosis induced by RNA-LL37 complexes (Figure 3.12D
and quantification in E), again at very low concentrations (IRS661 50 nM). These results are in
agreement with previous findings on TLR8-dependent inhibition of NETosis induced by HIV
infection (Saitoh et al. 2012). Based on these results, it can be concluded that iODNs might be
useful to block TLR8-mediated binding of RNA-LL37 complexes and hence as a therapeutic
intervention in psoriasis. Blocking of TLR8 signaling potentially inhibits cytokine and NET
release induced by RNA-LL37 complexes and can potentially intervene with an early
inflammatory event in psoriasis.
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Figure 3.12: NET and cytokine release induced by RNA-LL37 complexes can be inhibited by iODNs

(A) PMNs were pre-treated with IRS661 (1 nM) or IRS954 (50 nM) for 30 min and then subsequently stimulated
with RNA-LL37 complexes for 4 h (n=6). IL-8 release was measured by ELISA. (B) the same as (A) but measuring
MIP-1B (G, n=4). (C) as (A) but using 200 ng/ml LPS as stimulus (n=4-6). (D) PMNs were pre-treated with IRS661
(50 nM) for 30 min and subsequently stimulated for 3 h with RNA-LL37 complexes. After fixation, fluorescence
microscopy was performed with Hoechst33342- (nuleus, blue) and anti-WU- (RNA, red) (anti-mouse-AF594
secondary antibody) stained PMNs (n=3, scale bar = 10 um). (E) Quantification of D by showing pixel values per
counted extracellular events. A-C, and E represent combined data (mean+SD) from ‘n’ biological replicates (each
dot represents one donor or value). Arrowheads indicate released NETs (D) * p<0.05 according to one-way
ANOVA with Sidak correction (A and C) or Friedmann test with Dunn correction (B), and Mann-Whitney test (E).
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4. Results part Il

4. Platelet-PMN aggregates promote skin pathology in psoriasis
4.1. Circulating PMNs in psoriasis have a distinct platelet signature

In psoriasis, a variety of different immune cells infiltrate the skin. However, the major trigger
for immune cells to infiltrate the skin in psoriasis remains elusive. In order to find surface
antigens differentially expressed on cells from whole blood of psoriasis patients, which might
contribute to skin homing, the so-called LEGENDScreen™ from BioLegend was performed. This
kit contains 332 antibodies against different surface antigens and 10 corresponding isotype
controls, all labeled with PE and are pre-aliquoted in individual wells in a total of 4 x 96-well
plates (Figure 6.5A). Combined with the antibodies against CD15, CD3, CD19 and Zombie
yellow (as a master mix added to each well), this further allowed to phenotype PMNs, T cells
and B cells (excluding dead cells) respectively from different psoriasis patients and healthy
donors for 332 unique surface antigens, in order to identify those differentially expressed in
patients vs. controls. Whole blood samples from five patients with a PASI score of 2 10 and no
systemic therapy at the time of blood sampling and five sex- and age-matched controls was
analyzed.

4.1.1. Surface antigens are differentially expressed on blood cell populations of psoriasis

patients

Whole blood from five patients and five healthy controls was used and, as aforementioned,
additionally stained with CD15 (PMNs), CD3 (T cells), CD19 (B cells) and Zombie yellow (dead
cells). Subsequently, the LEGENDscreen™ was performed. This was based on an already
published approach investigating T cells (Graessel et al. 2015). The monocyte population was
afterwards gated by size and granularity. However, CD14 positivity was confirmed by the
antibody provided by the kit (PE-labeled antibody, kit content). In the following paragraph the
term “monocytes” refers to cell, characterized by granularity and size. The general workflow
and gating strategy of the experiment are shown in Figure 6.5A and B. Differences based on
MFI (mean fluorescence intensity) raw data for each surface antigen and isotype control from
each of the gated populations were calculated by Marius Codrea and Simon Heumos from
QBIC (Quantitative Biology Center, Tubingen). Conceptually, they first analyzed significant
differences in surface antigen expression between the two groups. Defined by p<0.1 (nominal
by two-way ANOVA followed by Tukey’s multiple comparisons correction), differential
expression of antigens for PMNSs, T cells, B cells and monocytes (comparing psoriasis patients
and healthy controls) were identified. In total, 30 antigens were identified to be significantly
different on blood cells over several populations between psoriasis patients and healthy
controls.
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Figure 4.1A-E shows significantly different surface antigens for PMNs and in Table 4.1 and

Figure 6.6 all significant differences in surface antigen expression with short explanation are

listed or box plots are shown. Most affected were monocytes as a whole, with 12 surface

antigens being significantly different between psoriasis patients and healthy controls.

With this experiment, it was confirmed that there are significant differences in surface antigen

expression on circulating blood cells of psoriasis patients and healthy controls. PMNs as the

cells of interest were analyzed in further detail but selected antigens will nevertheless be

discussed below (see paragraph 6.2.1.).

Table 4.1: Significantly different surface antigen expression (psoriasis patients vs. healthy controls)

surface antigen | name* cell type !Jp/do.wn short explanation
in patients
Plays a role in B cells
differentiation into
CD20 B1 or Bp35 Monocytes up s @S (Vs A
Schroeder 2010)
Complement C3d receptor Has been shown to
(C3dR), complement interact with CD19 on B
b2l receptor 2 (CR2), Epstein- Monocytes up cells
Barr virus receptor (Bradbury et al. 1992)
Belongs to SIGLEC family
cD22 BL-CAM, Siglec-2, Lyb8 RS 1 and is expressed on
mature B cells
(Crocker et al. 1998)
Expressed on a variety of
different blood cells,
Integrin aX subunit, CR4, potential role in
CD11c p150, ITGAX B cells down phagocytosis and antigen
presentation
(Sadhu et al. 2007)
(Collin et al. 2013)
Expressed on
Aminopeptidase N, APN, granulqcytes, m\(eloid
progenitors and involved
CD13 gp150 Monocytes up . .
in processing of
cytokines
(Proost et al. 2007)
Expressed on NK and NK-
CD56 Leu-19, NKH1 Monocytes up T cells
(Almehmadi et al. 2014)
Forms complexes with
CD61. CD41 is required
cDa1 gpllb, CD41a S 1 for platel.et adhesion and
aggregation
(Anderson et al. 1991)
(Mateo et al. 1996)
CD61 Integrin B3, gpllla Monocytes up See CD41
. Binds to P-selectin
CD162 gi/f:;-plr'or'::iiklei;g:d-l Monocytes up (CD62P); rolling
(Xu et al. 2007)
D163 GHI/61, M130, RM3/1, Monocytes up Upregulation happer\s in
p155, macrophages when it
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Hemoglobin/Haptoglobin switches to pro-
Complex Receptor, inflammation
macrophage-associated (Etzerodt and Moestrup
antigen 2013)

Expressed on activated T
cells and induces class
switch in B cells
(Lederman et al. 1994)

CDA40L, gp39, TRAP, T-BAM,
CD154 TNFSF5 Monocytes up

Expressed on

FcaR neutrophils, and

CD89 Monocytes up monocytes/macrophages
(Morton and Brandtzaeg
2001)

Mostly responsible for
Th2 responses
(Gilmour and Lavender
2008)

IL-4 receptor a subunit

CD124 B cells up

Dendritic Cell-Specific LS aen::‘;;zef;:irh::é
Intercellular adhesion P y

CD209 molecule 3 (ICAM-3)- PMNs down :\r} bind and transmit

Grabbing Nonintegrin (Geijtenbeek et al. 2000)

angiotensin | and

ACE, kininase Il, dipeptidyl bradykinin, acting as a
cD143 dipeptidase 1, p.eptidase P, PMNs down bqud pressure regulator
carboxycathepsin and is expressed on
endothelial cells
(Iwai et al. 1987)
Binds IL-15 in high
CD215 :‘;22&’::5?}3;::15 B cells down affinity
(Giri et al. 1994)
V28, GPR13, Chemokine C- Mediates both leukocyte
CX3CR1 X3-C receptor 1 T cells down adhesion and migration
(Imai et al. 1997)
Delta Opioid OPRD, DOR, hDOR Mainly expressed in the
receptor B cells down brain
(Erbs et al. 2015)
Member of TNFR
TRAIL-R1, Apo-2, CD261, superfamily induces
D261 TNFRSF10A Bleels up apoptosis
(Dufour et al. 2017)
expressed on red blood
CD235ab Glycophorin A/B, GPA/GPB | PMNs up cell membrane, and
erythroid precursors
(Bruce et al. 1994)
Co-inhibitory receptor
BTLA, B and T lymphocyte comparable to e.g. PD-1
CD272 attenuator Monocytes up Induction of peripheral
tolerance in vivo
(Liu et al. 2009)
NK receptor NKp30, natural Expressed on resting and
CD337 cytotoxicity triggerilng PMNs down activated NK cells
(Warren et 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, :n”:r‘;our;?t”t 2‘: thjir\?eoral
CD267 Transmembrane Activator B cells down regulato\r/,of Bgcells
and CAML Interactor (TACI) (sakurai et al. 2007)
Expressed on variety of
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* names were downloaded from the data sheet provided by the LEGENDscreen™ from BioLegend
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Figure 4.1: In PMNs from psoriasis patients, certain surface antigens are differentially expressed compared to PMNs
from healthy controls

(A-E) Surface antigens (CD209, CD235ab, CD337, TRA-1-60-R and CD143 see Table 4.1 and Figure 6.6 for further
information) with significant differences in MFls between healthy donors (HDs) and psoriasis patients (PsorPs),
n=5 each. A-E represent combined data (mean+SD) from ‘n’ biological replicates. Statistical analysis was
performed by Marius Codrea and Simon Heumos from QBIC. * p<0.1 nominal by two-way ANOVA followed by
Tukey’s multiple comparisons correction.
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4.1.2. Circulating PMNs from psoriasis patients display a distinct platelet signature

Although differences in individual surface antigen expression were clearly detected, psoriatic
and healthy cell populations supposedly differ more significantly in combined expression of
specific surface antigens. In order to adequately distinguish patients from healthy donors by
combinations of surface antigens (later referred to as “signature”) a global principle
component analysis (PCA) was performed (further information is provided in the section
“Materials and Methods”). Surprisingly, especially for PMNs, the psoriasis patients strongly
clustered together (Figure 4.2), indicating that PMNs of psoriasis patients can strictly be
defined and are different from PMNs from healthy controls. For the other cell types, the
variance was much larger and therefore the clusters were not so prominent (Figure 6.7A-C).

Mapping of those antigens, which mostly contribute to the separation of the groups, showed
that for PMNs mainly five different antigens, namely CD6, CD11c, CD41, CD61 and CD235ab
were responsible for the distinct “signature” of psoriasis PMNs in circulation. For monocytes,
there was a much larger group of surface antigens contributing to the separation of groups.
Also, B and T cells from patients or healthy controls only clustered weakly (Figure 6.7A-C).

Interestingly, CD6 has previously been shown to be important for T cell activation (Carrasco et
al. 2017) and binds to the ligands CD166 (Bowen et al. 1995) and CD318 (Enyindah-Asonye et
al. 2017) on epithelial cells like keratinocytes. CD11c is a known antigen found on a variety of
blood cells in humans, e.g. classical DCs, monocytes but also to a lower extend on PMNs and
B cells (Boltjes and van Wijk 2014) and was considered to be important for phagocytosis and
for DC antigen presentation (Sadhu et al. 2007) (Collin et al. 2013). CD235ab, however, was is
expressed on terminally differentiated erythrocytes (Bruce et al. 1994) (some of these
antigens are further discussed in section 5.2.1.). When taking a closer look on the
aforementioned antigens that contribute to the psoriasis PMN signature, it was appreciated
that two antigens are known platelet antigens, in particular CD41 and CD61. CD41, also known
as integrin a2b which is usually associated with CD61 (integrin f3) and is required for platelet
adhesion and aggregation (Mateo et al. 1996) (Anderson et al. 1991).

Collectively, these data show that a group of five surface antigens can clearly discriminate
between psoriasis patients and healthy controls, with platelet antigens as major
representatives in the psoriasis PMN signature.
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Principal component analysis of PMN
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significant antigens (based on nominal p-
value <0.1) which contribute to a
separation of patients and healthy
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(mean+SD) from ‘n’ biological replicates
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4.2. Circulating PMNs directly interact with platelets in psoriasis

4.2.1. Platelet-PMN aggregates are found in blood from psoriasis patients

As shown before, PCA revealed that the signature of circulating psoriasis PMNs was mainly
dependent on five surface antigens, namely CD6, CD11c, CD41, CD61 and CD235ab. As PMN
infiltration of the skin is a hallmark of psoriasis, it was believed that one or more of those
antigens could potentially explain PMN skin homing. First, the main focus was on CD41 and
CD61 (as known platelet antigens) surface expression of psoriasis PMNs.

According to the literature, platelet (PLT)-leukocyte aggregate formation is often observed in
an inflammatory background (Habets et al. 2013). They also seem to play a role in various
experimental in vivo models for inflammatory skin diseases e.g. Atopic dermatitis (AD)
(Tamagawa-Mineoka 2015). PMN-PLT aggregates are additionally frequently shown to form
in whole blood which was also used for this study. Chanarat and Chiewsilp furthermore found
that PMN-PLPT aggregates can be diminished by Ficoll density separation (Chanarat and
Chiewsilp 1975). To investigate whether PMNs of psoriasis patients de novo expressed platelet
surface antigens or whether platelets bound to PMNs, whole blood derived- and Ficoll-
separated PMNs and PBMCs from additional psoriasis patients and healthy controls were
analyzed. In Figure 4.3A, the initial MFIs from the LEGENDScreen™ are shown again. There, it
was observed 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

73



Results part I

CDA41 and CD61 levels on more patients and healthy controls in unmanipulated whole blood,
it was further observed that more PMNs in the patient cohort were positive for CD41 and
CD61 compared to PMNs from healthy controls (Figure 4.3B). Interestingly, the amounts of
CD41 and CD61 positive PMNs in the psoriasis cohort after Ficoll separation were decreased,
resulting in comparable antigen levels as observed for healthy controls (Figure 4.3C). Similar
results were obtained when investigating monocytes (Figure 6.8A-C).

These results indicate that the platelet-antigen signature previously observed in the
LEGENDScreen™ is due to increased platelet-PMN aggregate formation in the blood of
psoriasis patients, rather than de novo expression of platelet antigens by psoriasis PMNs.
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Figure 4.3: Platelets cover the surface of psoriatic PMNs in whole blood

(A) Mean fluorescence intensity (MFI) extracted from the LEGENDscreen™ for CD41 (upper panel) and CD61
(lower panel) (healthy donor (HD) and psoriasis patient (PsorP); n=5 each). FACS analysis of CD41- or CD61-
positive PMNs (defined as CD15*CD66b* and CD41* or CD61*) analyzed in HDs or PsorPs (HD n=7, PsorP n=5) in
whole blood samples (B) or Ficoll density gradient centrifugation (C). % of positive PMNs is shown. A-C represent
combined data (mean+SD) from ‘n’ biological replicates, each dot represents one donor. * p<0.05 according to
two-way ANOVA followed by Tukey’s multiple comparisons correction (A) and Mann-Whitney test (B, C).
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4.2.2 PMN-platelet aggregate formation can be confirmed by fluorescence microscopy and is

observed in blood of IMQ-treated mice

Next, PMN-platelet aggregate formation was further confirmed using fluorescence
microscopy. Whole blood from psoriasis patients was used and PMNs and platelets were
labeled with CD66b and CD41 respectively. Indeed, small anucleated CD41* cells adjacent to
the surface of CD66* PMNs (Figure 4.4A) were frequently observed. Interestingly, most of
those CD41* cells on the surface of CD66b* PMNs also expressed the platelet activation marker
CD62P (P-selectin, Figure 4.4B). This observation is in good agreement with previous studies
(Sreeramkumar et al. 2014), where PMNs interacted with activated CD62P* platelets at the
sites of inflammation. This finding further confirms that the platelet-signature of psoriasis
PMNs found via the LEGENDScreen™ was due to increased numbers of aggregates which
formed more prominently between PMNs and activated platelets in the blood of patients.
Unfortunately, this analysis does not allow for establishing causality, i.e. answer whether
psoriasiform disease activity and PMN-PLT aggregation were linked or merely coincidental. To
probe for a direct link in vivo, the relationship between PMN-PLT aggregates and psoriatic
inflammation was investigated in an Imiquimod (IMQ)- induced model of psoriasiform skin
inflammation in mice (with the help of Nate Archer, group of Lloyd Miller, Baltimore, USA). In
this model, application of the TLR7 agonist IMQ induces skin inflammation with PMN
infiltration mimicking the human disease (Gilliet et al. 2004).

Interestingly, similar results could be obtained in the in vivo mouse model as in the human
system: Even though inflammation was primarily induced in the skin, more PMN-platelet and
more monocyte-platelet aggregates were found in the circulation of IMQ-treated mice
compared to mock-treated controls (Figure 4.4C and D). This suggests, that aggregates of
PMNs and platelets in the blood of both psoriasis patients and psoriasis-affected mice could
be a result of a feedback loop of inflammation in the skin
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Figure 4.4: PMN-platelet 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 bar = 10 um),
using CD66b AF647 (red) to label PMNs and CD41 PE (green) for platelets. (B) as in (A) but additional staining with
CD62P AF488 (green, and CD41 PE depicted in yellow) as platelet activation marker is shown. The nucleus was
stained in both pictures using Hoechst33342 (blue). (C and D) Mean number of PMN-platelet (C) or monocyte-
platelet (D) aggregates comparing naive (day 0) and IMQ-treated (day 5) mice (n=10 each). C and D represent
combined data (mean+SD) from ‘n’ biological replicates (each dot represents one mouse). In A, B one
representative donor is shown. * p<0.05 according to unpaired Student’s t-test (C, D). The in vivo mouse
experiments were performed by Nate Archer.

4.3. Platelets are found in psoriatic lesions

Previous experiments already showed that more PMN-platelet aggregates are found in the
blood of psoriasis patients. Next, it was investigated if total platelet counts in general were
elevated in psoriasis patients. Indeed and in keeping with literature (Unal 2016), more
platelets in general in the blood of patients (62% more than for the healthy controls, Figure
4.5A) were found. This increased number of PLTs might thus facilitate the formation of PMN-
PLT aggregates in the blood. Further, it was previously reported that platelets can help PMNs
to infiltrate sites of inflammation (Sreeramkumar et al. 2014) (for psoriasis this would be the
skin). Therefore, it was further investigated whether platelets may even be detectable in
psoriatic lesions and potentially in proximity with PMNs. Skin sections of psoriasis patients and
healthy controls were stained for PMNs using an anti-neutrophil elastase (NE) antibody and
for platelets with anti-CD41 and -CD42b (only CD42b shown) antibodies. Surprisingly, platelet
aggregates were found in psoriatic lesions (Figure 4.5B, quantified in D). In samples with high
numbers of PMNs, platelets could additionally be found in close proximity to PMNs (Figure
4.5C, quantified in E). Conversely, neither PMNs nor platelets were found in healthy skin
samples (Figure 4.5B and C).

Based on these findings, it was hypothesized that platelets infiltrate lesional skin, mainly
together with PMNs. Additionally, it appeared conceivable that PMNs require the help of
platelets. These results are in good agreement with previous findings, where PMNs needed
platelets to infiltrate inflamed venules via interaction of P-Selectin (CD62P) on platelets and
P-selectin glycoprotein ligand 1 (PSGL-1) on PMNs (Sreeramkumar et al. 2014).
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Figure 4.5: Platelet aggregates can be found in psoriatic lesions

(A) shows total platelet counts in HDs and PsorPs (A, n=52 vs 53). (B) Fluorescence microscopy analysis of skin
sections stained with anti-NE (PMNs, red) (subsequent staining with anti-mouse AF594 secondary antibody), anti-
CD42b (platelets, green) (subsequent staining with anti-goat AF488 secondary antibody) and Hoechst33342
(nucleus, blue), from healthy skin or psoriatic lesions (n=12 patients and 3 healthy controls, scale bar = 20 um)
and quantified in (C). (D) performed like B but showing PMNs and platelets in close proximity in psoriatic lesions,
quantified in (E). AF = autofluorescence, BV = blood vessel. Arrowheads indicate platelet and PMN co-localization
(Band C). A, Cand E represent combined data (mean+SD) from ‘n’ biological replicates (each dot represents one
donor or mouse). In B and D representatives of ‘n’ biological replicates (donors) are shown (mean+SD). * p<0.05
according to an unpaired Student’s t-test (A) or Mann-Whitney test (C, E).

4.4. Depletion of platelets in vivo ameliorates 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 psoriasis-like skin inflammation, collaboration partners
performed PMN or platelet depletion in the IMQ-induced mouse model of 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 al. (Sumida et al. 2014) were re-evaluated. They showed
that systemic depletion of PMNs using an anti-Ly6G antibody reduced ear swelling in the IMQ-
induced mouse model of psoriasiform skin inflammation. As expected, significantly reduced
ear swelling was observed in the PMN-depleted and IMQ-treated mice compared to isotype-
treated control mice (Figure 4.6A). These results show that PMNs are relevant for the skin
pathology in the IMQ-induced mouse model which resembles findings in the human situation
(where PMN depletion ameliorates skin inflammation) (lkeda et al. 2013). Next circulating
platelets were depleted using an anti-CD42b antibody (Elzey et al. 2003) one day before first
IMQ application and on day 4 of IMQ treatment. Unexpectedly, ear swelling was greatly
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reduced in the PLT-depleted mice, even to a greater extent than seen for PMN depletion
(Figure 4.6B). In H&E staining of IMQ-isotype treated skin samples, infiltration of leukocytes
in the dermis of the mice, as well as epidermal thickening was observed. However, when
investigating the skin of anti-CD42b treated mice, epidermal thickening was strongly reduced,
almost resembling naive skin (Figure 4.6C, quantification in D).

These results suggest that platelets are indeed of great importance for the psoriatic
phenotype in IMQ-induced psoriasiform skin inflammation, because systemic platelet
depletion resulted in strong amelioration of skin pathology.
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D Figure 4.6: Platelet depletion decreases ear swelling and epidermal

E 100 ns thickening in an IMQ mouse model of psoriasiform skin inflammation
-

3 * *
: 80 M (A-B) IMQ induced psoriasiform skin inflammation in BL/6 mice. Ear
2 % thickness (mm x 0.01) was measured after PMN depletion by anti-Ly6G
£ 604 (A) or platelet depletion by anti-CD42b (B) or respective control
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4.4.2. Platelet depletion diminishes PMN-platelet aggregates in blood and inhibits PMN

infiltration of the skin

Finally, it was investigated whether platelet depletion could potentially prevent not only
platelets but also PMNs to infiltrate the inflamed skin. After showing that platelet depletion
in circulation was very efficient (Figure 4.7A), it could be confirmed that concomitantly PMN-
platelet aggregates in the blood were strongly reduced (Figure 4.7B). Interestingly, the total
numbers of free PMNs in the blood of platelet-depleted mice were increased (Figure 4.7C).
This strengthened aforementioned hypothesis that PMNs and other cells need platelets to
infiltrate the site of inflammation. In this case, the platelets were missing to guide PMNs to
infiltrate the skin (the site of inflammation) and therefore PMNs got “trapped” and
accumulated in the blood (Figure 4.7C). To prove this hypothesis, skin biopsies of platelet-
depleted and isotype- treated mice were stained with anti-MPO (PMNs) and anti-CD41
(platelets) in order to investigate whether PMN skin infiltration was affected by systemic
platelet depletion. Interestingly, vast amounts of platelet aggregates, often in close proximity
to PMNs in IMQ-isotype treated mouse skin, were observed. By contrast, in the platelet-
depleted mice, neither platelet aggregates nor PMNs were detectable (Figure 4.7D and
qguantified in E and F).

Taken together, these findings indicate that PMN skin infiltration is depended on platelets in
an IMQ-induced psoriasis mouse model. Platelet depletion inhibits PMN-PLT aggregates in
blood and PMN infiltration of the skin and this greatly ameliorates skin inflammation. Thus, it
could be speculated that in humans, inhibition of platelet-aggregation in blood can also
ameliorate skin pathology in psoriasis. This may potentially be achieved as easy as the daily
intake of aspirin.
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Figure 4.7: Platelet depletion diminishes PMN-platelet
aggregates in blood and skin

(A-C) Flow cytometry analysis of total platelet counts on
day 5 of IMQ treatment (A), PMN-platelet aggregates (B)
and free PMNs (C) of blood from IMQ-treated animals
with anti-CD42b antibody or isotype control (n=10 each).
(D) Representative immunofluorescence staining from
anti-CD42b and isotype-treated mouse skin (anti-CD42b
n=4 and isotype control n=5, scale bar = 20 um), stained
with anti-MPO (PMNs, red) (with subsequent anti-goat
AF594 secondary antibody), anti-CD41 (platelets, green)
(with subsequent anti-rat AF488 secondary antibody)
and Hoechst33342 (nucleus, blue) and the quantification
of platelet aggregates in the skin (E) and platelets and
PMNs in close proximity to each other (F) is shown.
Arrowheads indicate close proximity of platelets and
PMNSs. A-C and E-F represent combined data (mean+SD)
from ‘n’ biological replicates (each dot represents one
mouse). In D one representative of ‘n’ biological
replicates (mouse biopsies) is shown * p<0.05 according
to Mann-Whitney test (A-C) or unpaired Student’s t-test
(E, F).
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5. Discussion

5.1. Neutrophil extracellular trap-associated RNA (naRNA) and LL37 complexes enable
self-amplifying inflammation in psoriasis

Psoriasis is an autoinflammatory disease of the skin and psoriatic skin lesions 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 Michel 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
depended on nucleic acid sensing by endosomal TLRs, namely TLR7 for RNA- and TLR9 for
DNA-LL37 complexes (Ganguly et al. 2009) (Lande et al. 2007). The authors claimed that these
findings might explain an early inflammatory event in psoriasis. Although this mechanism of
immune activation in psoriasis is highly plausible and congruent with the observed IFN
signature in psoriatic skin (Yao et al. 2008), this scenario relies on a source of the
immunostimulatory mediators — DNA, RNA and LL37 - that has been unknown. PMNs are the
major producers (Sorensen et al. 1997) of LL37 and can also release nucleic acids by NETosis
(Brinkmann et al. 2004). Also, PMN skin infiltration is a hallmark of psoriasis (Griffiths 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 pro-inflammatory cytokines and chemokines which then
attract further immune cells to the sites of inflammation.

Therefore, it seemed plausible — but had not been investigated - that PMNs might be activated
by complexes of nucleic-acids and LL37, and subsequently release LL37 and nucleic acids as
parts of NETs as well as cytokines, thus providing the prerequisites for progredient immune
infiltration and activation (e.g. including pDCs). Several observations made in the process
warrant further discussion.

5.1.1 LL37 is an antimicrobial peptide which can act as a double-edged sword

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

LL37 is also overexpressed in psoriatic skin and acts as a double-edged sword there: on one
hand it protects patients from superinfections (Marcinkiewicz and Majewski 2016) on the
other hand it can also induce the uptake of self-derived DNA or RNA that in turn causes
inflammatory responses in immune cells (Lande et al. 2007). Complexed by LL37, nucleic acids
are transported into immune cells (Zhang et al. 2010) and bind to nucleic acid sensing
receptors inducing activation of respective immune cells. In line, activation of PMNs is not
induced by free RNA or DNA that do not enter PMNs (Figure 3.1 and Figure 3.2). This is in good

82



Discussion

agreement with previous results, showing that synthetic endosomal TLR ligands like R848
(TLR7/8 agonist) or CpG (TLR9 agonist) reach the endosomes and induce robust immune
stimulation via endosomal TLRs while RNA and DNA do not (Kuznik et al. 2011). Notably, RNA
but not DNA complexed to LL37 induces substantial cytokine release from PMNs (Figure 3.1).

Interestingly only at very high concentrations of LL37 show toxicity (Wang et al. 1998). Thus,
it can also be hypothesized that LL37 (in lower concentrations) can function as a transfection
reagent to deliver (negatively charged) membrane-impermeable components into cells.
Indeed, LL37 has been used for transfection and improves transfection efficiency of e.g.
nanoparticles. In this setup LL37 even had two positive effects: it enhanced gene delivery and
induced an antibacterial effect, thus accelerating wound healing (Wang 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 variety of different
cells (Yalcinkaya 2013). Importantly, the transfer-efficiency is largely sequence-dependent
because e.g. CRAMP, the mouse ortholog of LL37 (Gallo et al. 1997), was less potent in binding
and delivering of DNA into cells (Singh et al. 2013). The D-enantiomer of the human LL37
peptide however, binds and delivers DNA into cells but does not induce activation of
endosomal DNA-sensing TLRs (Gestermann et al. 2018). Hence, transfection by the D-
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. In AD, some 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 (Reinholz et al. 2012). In Rosacea however, (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 proteases. The protease
activity is increased because of MAMP-sensing by TLR2 in keratinocytes in skin lesions
(Reinholz et al. 2012). In skin lesions of Rosacea patients Demodex mites are frequently found.
These mites shed chitin (a polysaccharide) from their exoskeleton (Georgala et al. 2001) which
serves as MAMP for TLR2 (Fuchs et al. 2018) and hence induces increased processing of
hCAP18. The interplay of activated keratinocytes with increased protease activity causing
fragmentation of hCAP18 and hence the overexpression of LL37 and TLR-mediated immune
reaction could elicit the pathogenesis of rosacea (Reinholz et al. 2012).

These examples show that balanced 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 autoimmune diseases of the skin.
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5.1.2. Bacterial and fungal RNA might serve as inflammatory triggers in psoriasis

This study shows that not only synthetic RNA but also human (self) RNA and bacterial RNA
bind to LL37 and induce immune response of PMNs (see Figure 3.3). Bacterial RNA is generally
an underestimated stimulus for immune cells (Eigenbrod and Dalpke 2015) although for
certain bacteria such as Streptococcus pyogenes (S.pyogenes) bacterial RNA is the major driver
of immune response (Eigenbrod et al. 2015) (Eigenbrod and Dalpke 2015). Given the fact that
infections with Streptococci (Griffiths and Barker 2007) are associated with psoriasis guttata,
it can be imagined that in this case sensing of bacterial RNA might even drive infection-induced
psoriasis, especially because PMNs can provide LL37 for complex formation in an early stage
of immune defense. Furthermore, it is known that LL37 lyses bacteria (Kahlenberg and Kaplan
2013) inducing release of bacterial RNA which in turn could form complexes with LL37 and
induce immune stimulation (Figure 3.3B and Figure 5.1).

Interestingly, psoriasis patients show altered commensal skin microbiota (Alekseyenko et al.
2013) and the abundance of certain bacteria, including Streptococci, is enhanced in 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 in mice; Figure 3.11).
Similarly, RNA from Archaeon Methanosphaera stadtmanae (a member of the human gut
microbiota) induces TLR8-dependent immune reaction (Vierbuchen et 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 like Malassezia are associated with skin diseases like atopic dermatitis
or dandruff (Gioti et al. 2013). Furthermore, RNA from Malassezia is packed in extracellular
nanovesicles which can in turn induce immune reactions in human keratinocytes and
monocytes (Johansson et al. 2018). Interestingly, increased Candida colonization (pathogens
and commensals) is found on the skin of psoriasis patients and therefore it had been proposed
that fungal infections might trigger psoriatic skin inflammation (Pietrzak et al. 2018).
Consequently, it would be interesting to investigate whether fungal RNA binds to LL37 and
induces immune reactions in PMNs. It can be hypothesized that also for fungi not only
pathogens but also commensals in a dysregulated skin microbiome, might provide RNA for
RNA-LL37 complexation resulting in immune cell activation.

Furthermore, as RNA modifications modulate immunogenicity (Eigenbrod and Dalpke 2015)
(Freund et al. 2019) and as these RNA modifications differ between species (Jaffrey 2014)
(Edelheit et al. 2013) and strains it would be highly interesting to investigate RNA from
different bacterial and fungal strains to identify the differences in LL37 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 RNA, it would be possible to quantitatively
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correlate sequence specific effects as well modulatory interplay of different RNA
modifications.

Alternatively, bacterial or fungal RNA might also enter the host in psoriasis via the
compromised barrier function of the skin of psoriasis patients (Ye et al. 2014). This would
further facilitate the invasion of bacteria and fungi (RNA), either from infection or of
commensal origin. First mechanisms to combat the invaders might then trigger an
inflammatory feedback loop of PMN activation in psoriasis (Figure 5.1).

5.1.3. Cytokines released by PMNs in response to RNA-LL37 complexes are associated with
psoriasis and act as chemo-attractants

A variety of cytokines and chemokines are upregulated in psoriasis, most importantly TNF-a,
type | interferons, IL-17 and members of the IL-1 cytokine family (Baliwag et al. 2015). A
massive release of type | interferons is induced by complexes of RNA or DNA with LL37 from
pDCs (Lande et al. 2007) albeit most experiments to date have investigated this in an in vitro
context. As pDCs produce IFN-a but do not release other pro-inflammatory cytokines, e.g. TNF
or IL-1B which are essential for immune cell infiltration and polarization of T cells (Ghoreschi
et al. 2007), the present study investigated whether RNA-LL37 complexes induce the release
of such non-IFN cyto- and chemokines from PMNs. Indeed, PMNs release a variety of pro-
inflammatory cytokines in response to stimulation with RNA-LL37 complexes, namely TNF-q,
IL-6 and IL-1P (Figure 3.4). Although the amounts of cytokine release are low, one could argue
that the vast amount of PMNs in psoriatic lesions might be efficient to accumulate a fulminant
inflammatory reaction and induce activation of other immune cells. Also, it can be
hypothesized that immuno-modulatory therapies like anti-TNF antibodies (Eberle et al. 2016)
likely intervene already with a very early inflammatory event, targeting downstream signaling
of PMNs.

Interestingly, two additional chemokines are released by PMNs in response to RNA-LL37
complexes: namely IL-16 and MIP-1B. IL-16 functions as a chemoattractant for CD4*
lymphocytes (Center and Cruikshank 1982) and MIP-1p is a potent chemokine for a variety of
immune cells (Menten et al. 2002). The release of IL-16 and MIP1B by PMNs has only scarcely
been studied. This study investigated whether low amounts of IL-16 and MIP1 (as released
by PMNs) can attract other immune cells, therefore transwell migration assays were
performed. The transwell experiment showed migration of CD4* T cells, CD8* T cells and CD14*
monocytes (Figure 3.5), but also of B cells, classical DCs (cDCs) and even pDCs (data not shown)
towards IL-16 and MIP-1B. This result fits to previous findings showing that MIP-13 secretion
by PMNs caused migration of dendritic cells (Chiba et al. 2004). Interestingly, lower
concentrations of both chemokines more efficiently attract other immune cells to the lower
compartments of the transwell chambers (Figure 3.5). In line, a non-linear relationship for
dose and response is also described for other cytokines (Atanasova and Whitty 2012). Of note,
it was also observed that RNA-LL37 complexes alone act as chemoattractant for CD4* T cells.
This is in agreement with previous findings that show a chemo-attractive effect of LL37 on
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neutrophils and eosinophils (Tjabringa et al. 2006). It would be interesting to investigate in
detail which immune cells directly respond to RNA-LL37 as chemokine. Here, purified e.g. CD4*
T cells could be used to investigate whether they actively migrate towards RNA-LL37
complexes or whether the observed effect was due to activated cells in the PBMC population
which released chemokines leading to subsequent migration of CD4* T cells.

One could have expected to detect IL-17 production by PMNs in the Luminex screen, since IL-
17 was identified as a key driver in the pathogenesis of psoriasis and anti-IL-17 therapies are
clearly beneficial for psoriasis patients (Eberle et al. 2016). IL-17 is principally produced by
Th17 cells but it was observed that PMNs contained IL-17 in the skin of psoriasis patients (Lin
et al. 2011). Recently, it was shown that human PMNs (stimulated for 20 hours after isolation)
released IL-17 upon stimulation of TLR8 by R848 (Tamassia et al. 2019). However, production
of IL-17 by human PMNs in response to RNA-LL37 complexes or other TLR ligands e.g. LPS or
R848 (Luminex analysis, data not shown) was not observed in this study. Of note, only PMNs
from healthy donors, which were stimulated for 4 hours, were tested, while in other studies
longer periods for cell stimulation were used (up to 20 hours). Also, IL-17 release from PMNs
in vitro could not be reproduced by the identical group who previously reported IL-17
production by PMNs (Tamassia et al. 2018). Therefore, IL-17 production by human PMNs is
not proven yet and still remains controversial.

Importantly, blood-derived PMNs from psoriasis patients (compared to healthy donors)
release higher amounts of IL-8 and MIP-1B in response to stimulation with RNA-LL37
complexes (Figure 3.6). However, it has to be mentioned that only three patient samples were
measured so far and for further confirmation more patients have to be recruited for this study.
Nevertheless, in this experimental setting pre-activation of PMNs can be excluded which was
investigated by the absence of CD62L shedding (example see Figure 6.1). Both, PMNs from
healthy controls and psoriasis patients were not pre-activated (no CD62L shedding) and
cytokine release in response to control TLR ligands like LPS was comparable between the two
groups (Figure 3.6B and D). Hence, an unspecific cytokine release, due to pre-activated PMNs
(e.g. due to technical issues) can be excluded. The 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, comparative analysis of TLR
expression levels in PMNs from healthy and psoriatic individuals is warranted. This could be
achieved by gPCR on a mRNA level or Western blot on a protein level. Alternatively, the
enhanced response of PMNs might also result from increased production of LL37 in psoriasis
PMNs which can complex and stimulate further PMNs. Elevated LL37 baseline secretion by
PMNs from psoriasis patients was found (Figure 3.6E). If RNA is also released by psoriatic
PMNs (faster as compared to healthy controls), e.g. by cell death (NETosis) this would provide
both immunomodulatory stimuli, i.e. LL37 and RNA, resulting in autoactivation of PMNs.
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5.1.4. RNA-LL37 complexes trigger the release of RNA-and LL37-containing NETs

The present study shows that LL37 shuttles RNA into cytosolic compartments (Figure 3.2 and
Figure 3.3) and also that RNA-LL37 complexes induce NET formation (Figure 3.7). NETs have
also been detected in blood and skin of psoriasis patients (Hu et al. 2016), although it has to
be mentioned that in tissue sections a clear demonstration is difficult. The reason for NET
release, however, still remains unidentified. Therefore, RNA-LL37 complexes as potential
triggers for NETs in PMNs were further investigated (in the context of psoriasis).

This study shows that LL37 alone induces NETosis in a NE-specific substrate assay (Figure
3.7A). However, it is still debated whether NE is necessary for the induction of NETosis because
PMNs from mice lacking NE still induce robust NET release (Martinod et al. 2016). Therefore,
NET formation was further investigated by fluorescence microscopy. There, RNA-LL37
complexes robustly induce NETs which in turn contain more LL37 and surprisingly also RNA
(Figure 3.7 and Figure 3.8). It might be suggested that this RNA and LL37 de novo form
complexes and induce the activation of further PMNs and the subsequent release of
proinflammatory cytokines and more RNA and LL37 by NET formation. This might lead to a
vicious cycle of PMN-activation, inflammation and attraction of other immune cells towards
sites of inflammation. Therefore, this inflammatory loop might provide a very early event in
the formation of psoriatic lesions (see Figure 1.6 and Figure 5.1 and explained below in further
detail).

Importantly, psoriatic lesions contain massive amounts of RNA which is not only found in
keratinocytes but also in skin infiltrating blood cells (see Figure 3.9A-C). The excessive amounts
of RNA could potentially originate from hyperproliferating keratinocytes in psoriatic lesions
(more mRNA is produced). Another possible explanation for these large quantities of RNA
might be that LL37, which is overexpressed in psoriatic lesions, stabilizes and protects RNA
from degradation (Ganguly et al. 2009). Hence, RNA from dying cells (keratinocytes orimmune
cells) might persist in psoriatic lesions, whereas it is quickly degraded in healthy individuals.

In addition, excessive amounts of RNA could potentially also originate from NETting PMNs that
infiltrate the inflamed lesions (Hu et al. 2016). NETosis is very difficult to detect in the skin,
because most PMNs and also NETs are exclusively seen in lesions that developed very recently,
shortly before biopsy. Also, because of limitations in immunofluorescence microscopy (in
terms of magnification and resolution), it was difficult to ascertain if DNA or RNA was
detectable intra-or extracellularly. Nevertheless, potential NET formation was observed by
extracellular NE staining in some biopsies, but this was not further analyzed due to limited
numbers of patient samples and histone-specific antibodies, to detect NETs in tissues were
not available in our group at the time of afore described experiments. Staining and subsequent
analysis of NET formation in skin will be performed as soon as further patient samples are
available. Furthermore, in ongoing in vivo experiments bacterial RNA-LL37 complexes are
injected intradermally into ears of mice (Li et al. 2012) and the skin is analyzed for recruitment
of and NET release by PMNs. These results will shed light on the relevance of the

87



Discussion

aforementioned mechanism. Moreover, this might prove the hypothesis that RNA-LL37
complexes are physiologically relevant for driving PMN- and NET-mediated inflammation in
psoriasis.

Importantly, the molecular and immunological relationships described above also provide an
explanatory approach for the Koebner phenomenon. Due to a small injury, e.g. keratinocytes
die or PMNs infiltrate the skin to prevent invasion of bacteria and provide inflammatory
mediators. PMN-derived LL37 lyses bacteria which in turn induces the release of bacterial RNA
and subsequent complex formation with LL37. RNA-LL37 complexes activate PMNs which
release pro-inflammatory cytokines and chemokines to attract otherimmune cells to the sites
of initial tissue damage. Furthermore, activated PMNs undergo NETosis and NETs contain
more RNA and LL37 which form complexes and subsequently stimulate more PMNs. This
mechanism might induce a vicious cycle of inflammation, subsequent chronification and
development of lesions in places of minor injuries or trauma of the skin (see Figure 5.1).

5.1.5. naRNA: NET-associated RNA as a novel component of NETs

A central premise for this study was the abundance of RNA in PMA- and also RNA-LL37-
induced NETSs (Figure 3.7 and Figure 3.8). The presence of RNA in NETs was evidenced by two
independent methods, i.e. using the RNA-specific dye SYTO RNAselect and a RNA-specific
antibody, (Figure 3.7 and Figure 3.8). This NET-associated RNA was termed “naRNA” for future
references. Intriguingly, the possibility that RNA could be a NET component was so far not
considered, despite of the fact that more than 1900 publications (Boeltz et al. 2019) are
dealing with NETs. To our knowledge, this is the first study that explicitly acknowledges RNA
as a new NET component.

More importantly, the present study uncovers naRNA as a previously unrecognized, new
immunostimulatory mediator (Figure 3.8) that triggers inflammation. The fact that isolated
NETs from PMA- and RNA-LL37 (containing further naRNA and LL37) activated PMNs induced
NET release from other PMNs (Figure 3.10) and the abundance of RNA and LL37 in psoriatic
skin (Figure 3.9) demonstrates a potential physiological role of naRNA in the pathogenesis of
psoriasis. Assumedly, this is a very early inflammatory event in psoriasis (see Figure 5.1 and
described in 5.1.4.). In this scenario RNA-LL37 complexes are the first element for a spiral of
increasing inflammatory responses. Because of the fact that this proposed new role of RNA-
LL37 in the initiation of psoriatic lesions has far-reaching consequences for our understanding
of psoriasis, rigorous testing of the hypothesis with additional control experiments are
mandatory, e.g. in experiments using NET contents from RNA-LL37 or PMA stimulated PMNs
for induction of further PMN responses. In the current setting the presence of the original
stimulus, i.e. PMA or RNA-LL37 from isolated NETs cannot completely be excluded.
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Figure 5.1: Complexes of naRNA and LL37 might drive a self-amplifying inflammatory loop in psoriasis

@ A small injury of the skin weakens the skin barrier and facilitates the invasion of bacteria. PMNs infiltrate the
skin to combat the invader. @ They release the antimicrobial peptide LL37 in response to bacterial invasion.
LL37 induces lysis of bacteria and subsequent @ release of bacterial RNA. @ Bacterial RNA in turn forms
complexes with LL37. @ These complexes enter PMNs and induce robust TLR8 signaling. Pro-inflammatory
cytokines and chemokines released by activated PMNs induce the infiltration of other leukocytes. @ TLR8-
dependent RNA-LL37 sensing also drives NET release. @ These NETs contain NET-associated-RNA (naRNA) and
further LL37 which form complexes and induce the activation of more PMNs. This highlights a TLR-mediated
sensing mechanism for RNA-LL37 complexes in PMNs, inducing a self-propagating vicious cycle of inflammation
and NET-associated RNA (naRNA) as a key driver of inflammation.

Of note, PMNs usually produce only little amounts of RNA (Tecchio et al. 2014) and RNA is
normally easily degraded by RNases. However, two RNA-specific staining methods i.e using
SYTO RNAselect and a W-U antibody both detected considerable amounts of de novo
synthetized RNA in PMA- and RNA-LL37-induced NETs (Figure 3.8). When using, RNase A, the
RNA was robustly erased but the DNA staining (Hoechst) stayed unaffected (Figure 3.8).
Controversially, the group of Klaus T. Preissner (University of Giessen) found that a variety of
different RNases are present in NETs (personal communication) (Noll et al. 2017). There, the
RNases (RNase 1 and 5) originate from PMNs, probably as a mechanism to prevent the host
from overshooting immune reactions by extracellular RNA. Interestingly, RNase 7, a member
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of the RNase A family, is also secreted by keratinocytes as an antimicrobial peptide.
Additionally, RNase 7 is overexpressed in psoriatic lesions (Kopfnagel et al. 2018) and
functions similar to LL37. It binds DNA and promotes IFN-a release by pDCs. However, the
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 ribonuclease still show effective bacterial killing (Rademacher et al. 2016). Also,
RNase 7 is only secreted on the skin surface which only protects from microbial growth but
not from invasion (Simanski et al. 2012). Thus, it is likely that self-derived RNA or bacterial
RNA can still enter the host (due to a small injury) and induce immune responses, even in the
presence of RNase 7. Moreover, it can be suspected that LL37 (as NET content) protects naRNA
from degradation by RNases (Ganguly et 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 trapping and killing of bacteria (Neumann et al. 2014). This potentially also applies
to naRNA.

Furthermore, it would be interesting to investigate the role of naRNA in NETs in general, e.g.
to answer the question whether naRNA participates in antimicrobial functions as DNA in NETs
(Brinkmann et al. 2004): Bacterial killing assays could be performed with naRNA containing
NETs and investigate whether RNase A treatment impairs bactericidal effects. Also, it could be
analyzed how naRNA can execute bactericidal functions, e.g. by trapping of bacteria or by
direct interruption of bacterial function. It has to be additionally investigated how the
bactericidal function of naRNA is modulated by LL37, e.g. due to stoichiometric composition
or naRNA modification. Of note, NETs released by lower species like insects contains RNA
rather than DNA (Altincicek et al. 2008). It can be therefore argued that RNA release by NETs
is conserved between species, presumably acting quicker and cruder than DNA but still, similar
to DNA which is important for trapping and killing of bacteria. Also, data in this study evidences
accumulated RNA in granules of PMNs, ready to be released (Figure 3.8D). A similar effect was
also observed for eosinophils (Behzad et al. 2010). Accumulation of RNA in granules might
therefore be a common feature of granulocytes in general, giving another indication of a quick
mechanism of RNA release.

Interestingly, NET contents are immunostimulatory for pDCs (Lande et al. 2011) and B cells
(Gestermann et al. 2018) in psoriasis and SLE respectively. Both studies focused on DNA and
LL37 as mediators for the induction of NETs. It would be interesting to analyze the impact of
naRNA on the development of autoinflammatory diseases other than psoriasis. Interestingly,
in SLE patients, anti-RNA antibodies are also frequently found (Blanco et al. 1991). Therefore,
naRNA might be a potential source of autoantibodies in SLE but also in other autoimmune
diseases. Furthermore, in other NET-related diseases like atherosclerosis (Warnatsch et al.
2015) (where NETs form because of cholesterol crystals) or RA (Branzk and Papayannopoulos
2013) (where NETs are found in inflamed joints) the impact of naRNA and a potential
dysregulated degradation by RNases might be of interest to elucidate the role of naRNA in
homeostasis and disease.
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5.1.6. TLR8 is a key player in naRNA-LL37 induced signaling in PMNs

Initial experiments showed that cytokine release induced by RNA-LL37 complexes from PMNs
was inhibited by chloroquine (Figure 3.3D). As chloroquine does not affect RNA-sensing by
cytosolic receptors such as RIG-I, but prevents endosomal acidification and thus activation of
endosomal TLRs (Matsukura et al. 2007) (Kuznik et al. 2011), it was hypothesized that for RNA-
LL37 sensing endosomal TLRs are instrumental. TLR8 (human) and its equivalent TLR13 in the
mouse were assumed to mediate cytokine release and NETosis, as the RNA-sensing
endosomal TLRs becauseTLR3 and TLR7 are not expressed in human PMNs (Hayashi et al.
2003) (Janke et al. 2009) (Berger et al. 2012).

Although this study showed that RNA-LL37-mediated immune reactions where highly
dependent on endosomal TLR signaling, RNA-LL37-induced NETosis might nevertheless also
depend on LL37 binding to a specific receptor. Among others, the formyl-peptide receptor 2
(FPR2) (Zhang et al. 2009) was proposed to bind LL37. However, blocking of FPR2 by the
selective antagonist WRW4 (Bae et al. 2004) did not affect RNA-LL37-induced NE release
(measured the “NETosis kit” from Cayman Chemical). This strongly indicates that the release
of NET-associated NE (and hence NET formation), induced by RNA-LL37 complexes, is not
dependent on LL37-FPR2 signaling (preliminary data not shown, more donors needed for
statistically relevant results; furthermore, these results were also not proven in fluorescence
microscopy). Although other receptors that bind LL37 have been described, 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 focused on endosomal nucleic
acid-sensing receptors as potential candidates for RNA-LL37-binding and signaling.

Interestingly, cytosolic DNA (microbial and self-derived) was also reported to activate the
inflammasome in a TLR-independent 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 formation (Sollberger et al. 2018) (Chen et al. 2018).
Gasdermin D is a pore-forming protein and a key player in pyroptosis which is a form of cell
death induced by intracellular LPS via a so-called non-canonical NLRP3 inflammasome
pathway (Liu et 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 NETosis (Sollberger et al. 2018). The
group of Kate Schroeder observed that in PMNs, Gasdermin D forms pores in granules and
nuclear membranes prior to permeabilizing the plasma membrane which in turn induced the
release of IL-1B and NETs — here termed “pyro-NETs” (Chen et al. 2018). These data show that
Gasdermin D is not only implicated in pyroptosis but also links in the regulation of NETosis.
Furthermore, endosomal TLR ligands like R848 are also known to prime NLRP3 inflammasome
signaling (Hornung and Latz 2010). Therefore, we wondered whether “pyro-NETosis” can be
mediated not only by cytosolic LPS but also by RNA which is shuttled by LL37 into endosomal
compartments. Consequently, cytokine release and NET formation by BM-PMNs from one

Nirp37- mouse was analyzed in response to RNA-LL37 complexes. BM-PMNs from the Nirp37/-
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mouse released TNF and induced NETs to the same extend as BM-PMNs from WT mice (data
not shown, IL-1P release was not analyzed). Although preliminary, these results indicate that
NET induction by RNA-LL37 is most likely independent from other innate immune responses
like the NLRP3 inflammasome but strongly depends on endosomal TLR signaling.

As mentioned before, this study proved that TLR8 and TLR13 are actual receptors that
recognize RNA from RNA-LL37 complexes and induce immune activation in human and mouse
PMNs (Figure 3.11). It was shown that PMNs are activated via these endosomal RNA-sensing
receptors to release pro-inflammatory cytokines and NETosis. These NETs in turn contained
further RNA and LL37 which might complex again to activate more PMNs. Interestingly, TLR8
activation of PMNs apparently switches the response from phagocytosis to NETosis (Lood
2016). This perfectly fits to the current observation: induction of NETosis by RNA-LL37
mediated activation of TLR8, rather than mere phagocytosis of the complexes. Also, the fact
that TLR8-mediated NETosis differs from, for example PMA-mediated NETosis is illustrated by
the different kinetics for PMA- and RNA-LL37-induced NETs: RNA-LL37 induces NET formation
fast, approximately within 60 minutes post stimulation (see Figure 3.7D and E), while PMA-
induced NETosis peaks at 4 hours after stimulation. The specific kinetics indicate different
underlying mechanisms of NET formation. This is in accordance with published results showing
fast induction of NET release when TLR2 bound its ligand S.aureus or by TLR4-mediated
platelet activation and subsequent binding to and activation of neutrophils (Yipp et al. 2012)
(Pilsczek et al. 2010) (Clark et 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 induced) (Nestle et al. 2009) (also see Figure 1.2). Therefore,
live NETs (mostly induced by TLR signaling) and suicidal NETs (induced by PMA) have to be
clearly distinguished from each other (Boeltz et al. 2019). However, live-cell-imaging gives the
impression that the whole cell ruptures upon activation with RNA-LL37 complexes, despite of
being a TLR-dependent and fast process (Figure 3.7D and E). To illustrate the underlying
mechanism of NET induction by RNA-LL37 complexes it would therefore need further
investigation. By plasma membrane labeling using CellMask™ (as previously described (van
der Linden et al. 2017)), one could potentially elucidate whether RNA-LL37 complexes induce
vital or suicidal NET formation, preferably by investigation using live-cell-imaging.

These data indicate that endosomal TLR8 signaling is pivotal for RNA-LL37-mediated immune
reactions. The relevance of endosomal TLR signaling in RNA-LL37-induced skin inflammation
could hence be further elucidated in additional in vivo experiments, e.g. by intradermal
injection of bacterial RNA-LL37 complexes into Unc93b1-deficient and TIr137- mouse ears.
Absence or reduced ear swelling as compared to control mice, less PMN skin infiltration or
NETs would verify the importance of RNA-LL37-induced activation of endosomal TLRs.
Furthermore, therapeutic intervention by e.g. small molecules compounds that block TLR8-
bining or signaling by TLR8 in PMNs could thus intervene with early inflammatory response 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 methotrexate. This antimetabolite of folic acid was approved
by the FDA in 1971 for the treatment of psoriasis (Menter and Griffiths 2007). As an
antimetabolite, methotrexate is also used as a cytostatic drug in anti-cancer therapy to treat
a variety of different solid tumors (Brown et al. 2016) (Abolmaali et al. 2013), although at
considerably higher doses. As Methotrexate interferes with synthesis of purines and
pyrimidines and thus with DNA synthesis (Czarnecka-Operacz and Sadowska-Przytocka 2014),
its use represents a rather unspecific therapeutic intervention and long-term therapy is often
associated with unwanted side-effects which can range from mild to severe; from fatigue to
nausea, gastrointestinal problems and also liver dysfunction and infertility (Wang et al. 2018).

Due to the unspecific nature and considerable side effects of standard therapy by
methotrexate it is of great importance to develop more specific therapies for psoriasis
patients. As an alternative, immune-specific approaches like the use of “biologicals” (Eberle et
al. 2016) to directly target pro-inflammatory cytokines as a potential new therapeutic
intervention for psoriasis was proposed. This proposal was inspired by enhanced
concentration of pro-inflammatory cytokines in psoriasis patients. In psoriatic lesions
increased levels of IL-1B are found (Balato et al. 2013) and IL-1B and other IL-1 family members
are assumedly important inflammatory mediators in psoriasis. Also, in an IMQ-induced mouse
model of psoriasis IL1 receptor (IL-1R) was found to be a major driver of inflammation,
however, independent from NLRP3 inflammasome signaling (Rabeony et al. 2015).
Surprisingly, Anakinra, an inhibitor for IL-1R, which is successfully used for treatment of
diseases with gain of function mutations in NLRP3, 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 2017). This indicates a dysregulated IL-1 production in psoriasis
patients which likely is independent from activation of the NLRP3 inflammasome but
unfortunately cannot be treated with IL-1R inhibition by Anakinra.

Other biologicals like anti-TNF antibodies are important new therapeutics which are now more
frequently used to treat psoriasis and the FDA already approved several anti-TNF antibodies
(Kircik and Del Rosso 2009). Although anti-TNF therapy is highly effective for the majority of
patients, 2-5% develop paradoxical psoriasis, characterized by new inflammatory skin lesions,
resembling psoriasis. These lesions form due to exaggerated type | IFN induction without T
cell autoimmunity (Conrad et al. 2018). Another serious drawback of long-term therapy with
anti-TNF antibody is the increased susceptibility to serious infections (Bongartz et al. 2006).

In addition to IL-1 and TNF also type | interferons were found to play a crucial role in the
pathogenesis of psoriasis. Plasmacytoid DCs were shown to produce large quantities of IFN-a
in response to nucleic acid-LL37 complexes and pDCs were also found in psoriatic lesions
(Lande et al. 2007). Additionally, the type | IFN signaling cascade is greatly upregulated in
psoriasis patients (van der Fits et al. 2004). In line, inhibition of the IFN pathway ameliorates
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skin inflammation in a mouse xenograft model of psoriasis (Nestle et al. 2005). Blocking of
type | IFN therefore has been suggested as potential new therapy for psoriasis (Yao et al.
2008). However, a phase | clinical trial using an anti-IFN-a antibody did not show any beneficial
effects in psoriasis patients (Bissonnette et al. 2010). Therefore, the authors concluded that
IFN-a does not significantly affect the perpetuation of psoriasis.

Yet another angle to target psoriasis derived from important observations of polymorphisms
in genes associated with Th17 immune signaling in psoriasis patients. T cells of the Th17
subtype usually produce IL-17 (Eberle et al. 2016). The cytokine IL-17A weakens the skin
barrier and amplifies inflammation by promoting the release of pro-inflammatory cytokines
(e.g. IL-8 or IL-6 (Pfaff et al. 2017)) and chemokines from keratinocytes. Also, IL-17A induces
migration of leukocytes and in association with TNF and IL-22, IL- 17A mediates upregulation
of IL-1 family cytokine expression (Brembilla et al. 2018). Importantly, anti-IL-17 antibodies
significantly ameliorate skin pathology in psoriasis patients (Hueber et al. 2010) (Eberle et al.
2016). In recent years it became evident that IL-17 production and differentiation of Th17 cells
largely depends on IL-23. Therefore, the IL-23/IL-17 axis in psoriasis is considered to link innate
and adaptive immunity (Schon and Erpenbeck 2018). Combination therapies that block IL-23
and IL-17 by antibodies induce impressive remission in up to 90% of patients (Kim and Krueger
2017) (Hawkes et al. 2017). However, these IL-23/IL-17 aimed therapies (and other biologicals)
are still very cost intensive (Tsai and Tsai 2017) (Wasilewska et al. 2016). Also, it is still
controversial whether PMNs release IL-17 (Tamassia et al. 2018) (Tamassia et al. 2019). This
indicates that therapeutic intervention of the IL-23/IL-17 axis would only target chronic
disease but might still miss very early, acute inflammation induced by PMNs.

Finally, the present study shows that inhibition of TLR8 by very low amounts (1-50 nM) of
inhibitory oligodesoxynucleotides (iODNs) diminishes cytokine release by PMNs and
completely blocks NETs (see Figure 3.12A, B and D). IODNs were proposed for the treatment
of Systemic Lupus Erythematosus (SLE) (Barrat et al. 2005) (Barrat and Coffman 2008) and
some small molecule inhibitors, similar to those used in this study, are already tested for the
treatment of SLE in several clinical studies (Wu et al. 2015). Therefore, it might be assumed
that small inhibitory molecules that block RNA-LL37-induced TLR8 signaling (in very low doses)
might also be efficient as a new therapeutic intervention in psoriasis and intervening with a
very early inflammatory event, by direct targeting of PMN activation in psoriasis.

5.1.8. Conclusions part |

Complexes of nucleic acids and LL37 are important immunostimulatory mediators in psoriasis.
Still the origin of those inflammatory mediators has been unknown. This study provides
evidence for a mechanism that activates PMNs by NET-associated RNA (naRNA) and LL37
which enables a self-amplifying inflammation in psoriasis. PMNs not only release a variety of
different cytokines and chemokines (which can attract other immune cells) in response to
RNA-LL37 complexes but also induce robust NET formation. These NETs in turn contain LL37
and more importantly RNA. NET contents from RNA-LL37-stimulated PMNs activate more
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PMNs to release RNA-and LL37-containing NETs. In this process TLR8 (human) and TLR13
(mouse) are instrumental. Interestingly, very low concentrations of iODNs which block TLR8
signaling inhibit not only cytokine- but also NET release. This current study thus showed that
PMNs, which heavily infiltrate psoriatic skin, can provide immunostimulatory components (in

this case naRNA and LL37) themselves which might fuel a vicious self-propagating cycle of
inflammation in psoriasis.

95



Discussion

5.2. Platelet-PMN aggregates promote skin pathology in psoriasis (part I1)

As aforementioned, a hallmark of psoriasis is the infiltration of the skin by PMNs. As PMNs are
among the first cells present at sites of inflammation and attract other immune cells, it was
assumed that differential expression of surface antigens on PMNs from healthy controls and
psoriasis patients could be responsible for the skin homing of PMNs in psoriasis. In order to
detect differences in surface antigen expression, an antibody-based screen for 332 surface
proteins (LEGENDScreen™) was performed on whole blood of five psoriasis patients and five
healthy controls. In this screen B cells, T cells, PMNs, dead cells were additionally labeled and
monocytes were gated by size and granularity.

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

In blood samples from healthy 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 over different 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 technical limitations, yielding in increased deviation
of MFIs. Nevertheless, the MFIs of “positive hits” are considerably higher than MFIs of
respective isotype controls thus indicating reliable differences. Re-evaluation of the identified
differentially expressed surface antigens using another FACS device ensured comparable
trends, proving reliability of results obtained by the LEGENDScreen™. Several of the identified
surface antigens will be highlighted and discussed in detail in the next paragraph.

Differentially expressed surface markers on PMNs: On PMNs, five surface antigens were
differentially expressed: CD209, CD143, CD235ab, CD337 and TRA-1-60R. Because CD337 is
mainly expressed on NK cells (Angelo et al. 2015) and expression of TRA-1-60R was very low
in this setting, the function and expression of only CD209, CD143 and CD235ab will be
discussed in detail.

e CD209 (DC-SIGN) is a DC marker found on monocyte-derived DCs (mDCs) which induces
initial contact of DCs to resting T cells and DC trafficking by interaction with the
endothelium. CD209 expression is regulated by IL-4 and IFN-y, the major cytokines driving
Th2 and Th1l responses respectively. IFN-y acts a negative regulator of CD209 expression,
whereas IL-4 induces the expression of CD209 (Relloso et al. 2002). This means that IFN-
y promotes Th1l-mediated inflammation which correlates with downregulation of CD209.
Interestingly, PMNs can act as APCs (Vono et al. 2017) and therefore it can be
hypothesized that PMNs also express different DC markers, including CD209. Expression
of CD209 was downregulated on PMNs from psoriasis patients. This might give a hint on
psoriasis as an IFN-y-Th1-driven disease (although it is now appreciated that the Th17
response is also very important) (Cai et al. 2012).
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CD143, is commonly known as Angiotensin-converting enzyme (ACE). ACE converts
angiotensin | into the active angiotensin Il which induces increase of blood pressure and
vasoconstriction (Bernstein et al. 2018). Millions of people take ACE inhibitors to treat
cardiovascular diseases (Messerli et al. 2018). Although ACE is mainly found on
endothelial cells, here reduced expression levels of ACE on PMNs from psoriasis patients
was found compared to healthy controls. Reduced ACE levels might for example be the
cause of vasodilatation is psoriasis which is a hallmark of the disease (Heidenreich et al.
2009). Interestingly, in mice, ACE is expressed on PMNs and overexpression of ACE
enhanced the capacity to induce anti-bacterial mechanisms in PMNs. In contrast, mice
lacking ACE on PMNs were more vulnerable towards infections. Thus, ACE on PMNs
protects the host from infections (Khan et al. 2017) and psoriasis could be triggered by a
small infection that is not efficiently cleared by PMNs due 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, even worsened psoriasis or led to new onset of
psoriasis guttata (Hong 2012). This indicates that inhibition of ACE on PMNs might
increase susceptibility towards bacteria-triggered psoriasis.

CD235ab. expression is found on terminally differentiated, anucleated erythrocytes and
considered to be erythrocyte specific (Bruce et al. 1994). Interestingly, this study detected
CD235ab on PMNs from psoriasis patients and, moreover, CD235ab was the only surface
protein showing significantly enhanced expression on psoriasis PMNs. Despite this
intriguing finding, CD235ab detection on PMNs should be interpreted with caution. PMNs
tend to bind proteins on their surface; they are “sticky” e.g. in cancer (Olsson and
Cedervall 2016) and also in autoimmune diseases. It is for example known that platelets
tend to stick to the surface of PMNs (Gerrits et al. 2016) (Chanarat and Chiewsilp 1975).
Hence, also erythrocytes might stick to PMNs and cause detection of enhanced CD235ab
on PMNs. However, this would imply inefficient red blood cell lysis which is unlikely
because osmolysis of erythrocytes is highly efficient and visual inspection did not indicate
traces of erythrocytes (white color of cell pellet). Still, as CD235ab is a highly specific
marker on erythrocytes, detection on PMNs might result from membrane-fragments from
erythrocytes which stick to PMNs. These erythrocyte membrane fragments would - even
in case of efficient erythrocyte lysis - cause the CD235ab-positive signal on PMNs. To
exclude that CD235ab-positivity stems from erythrocyte fragments bound to PMNs from
psoriasis patients, positive selection of PMNs (e.g. using magnetic beads) followed by
gPCR to detect CD235ab mRNA could be performed. This approach would allow to verify
de novo expression of CD235ab by psoriasis PMNs.

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

different when comparing healthy control and psoriasis samples: CD11c, CD124, CD215, &-
Opioid receptor, CD261, CD267 and MSC (W5C5). For all those antigens the expression levels
were considerably low and there was often a large variance either in the HD or in the PsorP
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cohort between different donors. Therefore, only three markers will be discussed in more

detail because they showed the most promising differences (between patients and healthy

controls).

CD11c is found on a variety of blood cells in humans, e.g. DCs, monocytes but also to a
lower extend on PMNs and B cells (Boltjes and van Wijk 2014). CD11c was found to be
important for phagocytosis and considered as an important mediator for DC antigen
presentation (Sadhu et al. 2007) (Collin et al. 2013) but is also described on memory B
cells in tonsils. These memory B cells were found to expand into circulation upon
autoimmune reactions (Karnell et 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 autoimmune-diseased
individuals, i.e. psoriasis patients, show enhanced 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.

CD261 belongs to the TNFR superfamily. In healthy individuals only weak expression of
CD261 is mainly found on immature B cells of the bone marrow (Rudolf-Oliveira et al.
2018). €D267, frequently referred to as TACI (Transmembrane Activator and CAML
Interactor), was shown to mediate inhibition of B cell activation. TACI7- mice show strong
B cell activation and accumulation in the spleen that causes splenomegaly (Yan et al.
2001). In B cells of psoriasis patients, the expression of CD261 is enhanced whereas the
expression of TACl 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 like lymphoma or leukemia (Gelfand et al. 2006).

Differentially expressed surface markers on T-cells: For T cells only two surface antigens were

found to be differentially expressed in psoriasis patients: CX3CR1 and CD244. Both are

decreased for patient-derived T cells.

CX3CR1 is a known mediator for both leukocyte adhesion and migration (Imai et al. 1997).
The observed decrease of CX3CR1 on T cells from psoriasis patients would indicate that
psoriasis T cells have attenuated ability to adhere and migrate. Opposite results were
expected and therefore there is no conclusive explanation for these findings.

Interestingly, low expression of CD244 is implicated in activating NK and CD8 T cell
immunity (Chlewicki et al. 2008). Hence, low expression of CD244 on psoriatic T-cells is
well in line with a hyperactive immune system in psoriasis in general.

Differentially expressed surface markers on monocytes: The majority of differentially

expressed antigens was detected on monocytes (see Table 4.1 and Figure 6.7D). 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 characteristics are
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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 CD16 staining to unequivocally identify different
monocyte populations:

e CD13is was found to be upregulated on monocytes from psoriasis patients. Interestingly,
CD13 is also upregulated on monocytes after trauma (Huschak et al. 2003). In line with
the pathogenesis of plaque psoriasis lesions usually form at the sites of trauma and
pressure (Koebner phenomenon).

e Interestingly, CD162/PSGL-1 was found to be upregulated on psoriatic monocytes. PSGL-
1 is essential for monocyte homing and initial tethering (Huo and Xia 2009). Surprisingly,
PSGL-1 is therefore the only homing receptor found to be upregulated in this screen, and
therefore possibly indicating the tendency of psoriasis monocytes to infiltrate the skin.

e Furthermore, CD154/CD40L, is overexpressed on monocytes of SLE patients and its
expression correlates with disease severity. As an explanation, Katsiari et al. suggested a
T cell independent CD40L-mediated cell-cell interaction that induces humoral immunity
in SLE (Katsiari et al. 2002). The present study identified enhanced expression of CD40L
on monocytes which assumingly has a similar function as in SLE.

e Most importantly, compared to healthy controls, monocytes from psoriasis patients
express elevated levels of platelet antigens, namely CD41 and CD61 (see Table 4.1 and
Figure 6.7D). In this study, this finding was due to aggregate formation between
monocytes and platelets in the blood of psoriasis patients (see Figure 6.8).
Monocyte/PMN-platelet aggregates will further be elucidated in the next paragraph.

Due to sample limitations in general, all these findings still need further validation using more
patient samples before initializing follow-up studies to elucidate the exact role and function
of the described surface molecules in psoriasis. Analysis in the present study focused further
on PMNs as suspected cellular key drivers in psoriasis.

5.2.2. Blood-derived PMNs from psoriasis patients have a defined “platelet surface antigen
signature”

In order to identify additional differences in blood samples from healthy individuals and
psoriasis patients, principal component analysis (PCA) of data generated by the
LEGENDScreen™ was performed. PCA uncovered specific clusters of protein expression in
healthy individuals and psoriasis patients, i.e. certain combinations of surface antigens
allowing discrimination between the two groups. Importantly, most significant results in PCA
were obtained for PMNs, revealing strong clustering of patients’” PMNs. The five antigens
which in combination define “psoriasis PMNs” in whole blood are: CD6, CD11c, CD41, CD61
and CD235ab (Figure 4.2). This study further focused on the expression of CD6, CD41 and CD61
on psoriasis PMNs.
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CD6 is important for T cell activation (Carrasco et al. 2017) and CD6-ligands like CD166 (Bowen
et al. 1995) and CD318 (Enyindah-Asonye et al. 2017) are expressed on epithelial cells e.g.
keratinocytes. Importantly, anti-CD6 antibodies are currently tested in clinical trials as a new
T cell-based therapy for psoriasis in India (Srivastava 2017). Assuming a high expression of CD6
on PMNs of psoriasis patients, it can be hypothesized that anti-CD6 therapy not only
intervenes with chronic manifestation of psoriasis induced by T cells but also prevents acute
events driven by PMNs. Therefore, the investigation of CD6 expression on psoriasis PMNs was
also of therapeutic interest and a potential role of CD6 on PMNs in psoriasis was assumed.
Surprisingly, after re-gating of obtained LEGENDScreen™ data, it became apparent that 4 out
of 5 psoriasis patients had very high CD6 expression levels on PMNs whereas 4 out of 5 healthy
controls had no CD6 surface expression on PMNs (data not shown). Unfortunately, these
findings could not be verified in additional patient samples. CD6 expression was neither
detected on PMNs from psoriasis patients nor from healthy controls (data not shown).
Therefore, it can be assumed that this “positive hit” was due to a kit effect, showing a false
positive CD6 staining for psoriasis PMNs. Actually, during further evaluation of the results
obtained by the LEGENDScreen™, it became apparent that mainly patients and healthy
controls were measured with 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) and further investigations focused on platelet-PMN interactions in psoriasis.

CD11c is a known marker found on different cell subsets in human blood, e.g. DCs, monocytes
but also granulocytes (Boltjes and van Wijk 2014) and is considered to be important for
phagocytosis and for DC antigen presentation (Sadhu et al. 2007) (Collin et al. 2013). As PMNs
are able to act as APCs (Vono et al. 2017) it can be hypothesized that CD11c is also found on
PMNs (see 5.2.1., similar to CD209) and displays similar functions there. Of note, CD11c
expression and function on psoriasis PMNs was not further evaluated in this study.
Furthermore, enhanced CD235ab expression was already detected as individual marker and
has already been discussed in detail (see 5.2.1.).

Notable, two of the five combination markers, namely CD41 and CD61, are known platelet
antigens which usually act in concert and are necessary for platelet adhesion and aggregation
(Mateo et al. 1996) (Anderson et al. 1991). The relevance of surface antigens CD41 and CD61
(in the context of psoriasis) was evidenced by further analysis (see 4.2.-4.4.) and hence will be
discussed in the following sections (5.2.3.-5.2.6.).

PCA analysis of LEGENDScreen™ data revealed that blood-derived cells from psoriasis patients
and healthy controls can be distinguished by specific surface antigens that are differentially
expressed in these two groups. Importantly, PCA shows strong clustering especially for
psoriasis PMNs, additionally uncovering a clear platelet signature on PMNs from psoriasis
patients.
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5.2.3. Platelet-PMN aggregates - a novel requisite for skin and cardiovascular manifestations of
psoriasis?

Intriguingly, the present study identified a distinct “platelet signature” for circulating PMNs in
psoriasis with two dominant markers: CD41 and CD61 (Figure 4.2). Expression of CD41 is
commonly associated with CD61 and both proteins are required for platelet adhesion and
aggregation (Mateo et al. 1996) (Anderson et al. 1991). CD41 and CD61 expression in this
study was detected on PMNs due to platelet-PMN aggregates in circulation (confirmed by
FACS and fluorescence microscopy, see Figure 4.3 and Figure 4.4). Importantly, the presence
of platelet-PMN aggregates found in blood of psoriasis patients was also evident in IMQ-
challenged mice (Figure 4.4), an established model system of psoriasiform skin inflammation.
Of note, expression of the adhesion molecule P-selectin was shown to correlate with psoriasis
severity (Ludwig et al. 2004). Although the present screen did not show enhanced expression
of P-selectin (CD62P) in psoriasis patients (data not shown) further immunofluorescence
microscopy identified platelets in platelet-PMNs aggregates which were predominantly
activated and expressed CD62P (Figure 4.4). Although these findings are in good agreement
with previous results (Ludwig et al. 2004), platelet-PMN aggregates were so far not studied in
psoriasis and their impact on disease pathology has not been investigated: a potential etiology
of platelet involvement was proposed - but not proven experimentally (Tamagawa-Mineoka
2015).

The present study experimentally evidences that platelet counts in psoriatic blood are greatly
increased compared to blood from healthy controls. This is in agreement with previous
findings which show an increased platelet mass index and volume in psoriasis furthermore
correlating with arthritis. Thus, in psoriatic arthritis platelet mass index and volume can serve
as a clinical marker (Canpolat et al. 2010) (Unal 2016). The elevated number of platelets might
explain the increase in platelet-PMN aggregates found in psoriatic blood. Nevertheless,
elevated platelet counts could be a secondary effect of increased hematopoiesis in response
to inflammation, including megakaryocyte production in the bone marrow (Masamoto and
Kurokawa 2016).

Also, a specific role of platelets in the development of skin lesions in psoriasis has not been
reported yet. Here, in an IMQ mouse model of psoriasis significant amelioration of skin
inflammation was reported upon platelet depletion: reduced ear swelling, decreased
epidermal thickness, undetectable platelet-PMN/monocyte aggregates in the blood and also
no detectable immune infiltrates in the skin (Figure 4.6 and Figure 4.7). In contrast, in human
psoriatic lesions, PMNs are found in close proximity or even co-localized with platelets (Figure
4.5). This strongly indicates that PMNs rely on platelets to extravasate and cause inflammation
in psoriatic lesions. Potential mechanisms of platelet-PMN extravasation are discussed in the
following section (5.2.3.).

In summary, the present study for the first time provides solid evidence that platelet-PMN
aggregates are highly relevant for skin pathology in psoriasis. Given the debated role of T-cells,
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PMNs and endothelial cells in psoriasis it is worthwhile to investigate the role of platelets as
new players in the pathogenesis of psoriasis as well as the mechanism underlying platelet-
PMN aggregate formation and infiltration of the skin.

5.2.4. Potential mechanisms of platelet-PMN extravasation

Importantly, platelet aggregates are present in psoriatic skin (Figure 4.5), frequently
accompanied by PMNs. These results are well in line with the recently published process of
PMNs actively scanning for activated platelets prior to extravasation (Sreeramkumar et al.
2014). Also, platelets adhere at sites of inflammation and subsequently “capture” neutrophils
or monocytes and promote extravasation (Zuchtriegel et al. 2016). Ludwig et al. showed that
leukocyte rolling depends on PSGL1-P-selectin interactions and that rolling is enhanced by
platelet-leukocyte aggregate formation (Ludwig et al. 2004). In combination with active
migration of platelets (Gaertner et al. 2017) it is assumable that platelet-leukocyte 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 validated. Currently ongoing experiments are focusing on shedding light to
the mechanism of PMN-platelet aggregate formation and extravasation. The most important
interaction of PMNs and platelets was shown for PSGL-1 (PMNs) and P-selectin (platelets). The
impact of PSGL-1-P-selectin interactions on PMN extravasation in an IMQ-induced psoriatic
mouse model is currently investigated by neutralizing PSGL-1 as previously described
(Sreeramkumar et al. 2014). It is assumed that disruption of platelet-PMN interactions can
prevent PMN infiltration of psoriatic skin.

Another component involved in leukocyte and platelet extravasation is the endothelium
which is activated in psoriasis (Lee et al. 1994). Activated endothelium imparts enhanced
attraction of platelets and other blood cells in turn augmenting extravasation. Interestingly,
adherence of neutrophils is greatly increased in psoriasis which depends on activated
endothelial cells (Wetzel et al. 2006). Of note, endothelial leakage is known for a long time in
acute and chronic inflammation, facilitating extravasation of blood cells (McDonald et al.
1999). This also applies for psoriasis which, in rare cases, is associated with largely increased
capillary permeability causing a hypovolemic shock; this phenomenon is commonly referred
to as leaky syndrome (Bressan et al. 2017). There is evidence that endothelial permeability
largely controls and affects angiogenesis. In line with this, angiogenesis is increased in
psoriasis and new micro-vessels form in psoriatic lesions. Activated endothelium and
angiogenesis of new micro-vessels would facilitate access of platelets and blood cells to sites
of inflammation. In line, the vascular endothelial growth factor (VEGF) which regulates
angiogenesis is associated with psoriasis. Keratinocyte-derived VEGF induces angiogenesis
and supports hyperproliferation of the keratinocytes in the epidermis of psoriatic lesions.
Furthermore, a pro-angiogenic role is attributed to IL-17, an accepted key mediator in the
pathogenesis of psoriasis (Heidenreich et al. 2009). IL-17 induces expression of VEGF (Pan et
al. 2015) (You et al. 2017) and angiogenesis. Thus, VEGF inhibitors (blocking angiogenesis) are
considered to be efficient for treatment of psoriasis (Li et al. 2014).
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Furthermore, in arthritis, platelets were shown to increase vascular permeability which is
strongly regulated by serotonin (Cloutier et al. 2012). Current studies investigate, whether
PMN influx of the skin is mediated by serotonin-driven vascular permeability or if platelet-
PMN interaction/aggregate formation is necessary for PMN skin infiltration in an IMQ-induced
psoriasis mouse model. As disease progression in psoriasis is improved by serotonin re-uptake
inhibitors (Thorslund et al. 2013), the application of serotonin re-uptake inhibitors 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 IMQ-induced mouse model of psoriasiform inflammation (Figure 4.6 and Figure
4.7). These data are consistent with results from experiments performed for another
inflammatory disease of the skin, namely atopic dermatitis (AD): platelet-leukocyte
aggregates are also found in the blood of mice suffering from AD and platelet depletion
drastically reduced inflammation of the skin (Tamagawa-Mineoka et al. 2007). In humans, AD
patients (the majority are children) suffer from severely itchy skin which could originate from
pruritus-inducing chemical mediators. Such chemical mediators, e.g. histamines, can be
provided by platelets (Tamagawa-Mineoka 2015). The fact that other inflammatory skin
diseases like AD also profit from platelet-depletion, shows that the beneficial platelet
depletion in the IMQ-induced 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, Rosacea, Sweet Syndrome, Behcget’s Syndrome
or contact dermatitis (Dainichi et al. 2014) (Villarreal-Villarreal et al. 2016). These analyses
could reveal similar results as seen for psoriasis patients and uncover platelet-PMN
aggregation as a common mechanism in inflammatory skin diseases. Thus, reduced platelet
aggregation could also ameliorate skin pathologies in a broader sense.

This study for the first time presents solid data that instigate intervention with platelet-
physiology as an opportunity to ameliorate pathologic skin condition in psoriasis. Data in this
study show that platelets infiltrate the skin (Figure 4.5 and Figure 4.7) and might therefore
either independently contribute to disease severity or by formation of platelet-PMN
aggregates (Li et al. 2015). Interestingly, enhanced numbers of “free” PMNs are present in the
blood of platelet-depleted mice, whereas skin infiltration of PMNs is absent (Figure 4.7). The
absence of PMNs in the skin in combination with enhanced numbers of PMNs in the blood
indicates that PMNs get “trapped” in the blood likely because the signal for skin infiltration is
lacking due to loss of platelet-mediated skin homing. Thus, it is assumed that PMNs rely on
platelets to infiltrate the skin in psoriasis and both, platelets and PMNs, are inevitable for a
fulminant skin inflammation in psoriasis.

To further elucidate the underlying mechanisms of platelet-PMN 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 antibody-screen
(LEGENDScreen™) including additional platelet and PMN markers could be performed
focusing on differentially expressed markers on platelets that are bound by PMNs. This screen
may potentially identify antigens that reveal the molecular basis for platelet-assisted skin
homing of PMNs. Alternatively, proteome analysis would be a promising, however also
challenging, approach because separation of PMNs and platelets that already formed
aggregates is hard to accomplish

As previously discussed, in RA, platelet accumulations in synovial fluid attract PMNs to the site
of injury and PMNs subsequently are trapped in the fibrin network of platelets (Habets et al.
2013). These trapped PMNs become activated and release pro-inflammatory 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 patients (Hu et al. 2016) and that platelets evoke NETosis
(Caudrillier et al. 2012), it can be hypothesized that platelets might activate NET formation in
psoriatic lesions. Interestingly, in NETs coagulation factors are detected (Healy et al. 2016) and
there is emerging evidence that NETs participate in thrombosis (Kimball et al. 2016) —
establishing a second line of evidence for a close relationship of platelets and PMN in immune
responses of 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 inflammatory 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 see Figure 5.2). Then, PMNs get trapped and activated, release pro-
inflammatory mediators or NETs which in turn attract and activates more PMNs and other
blood cells. This mechanism would establish the formation of new lesions at the site of trauma
or pressure.
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Figure 5.2: Platelet-PMN interactions potentially cause the development of psoriatic lesions

@ A smallinjury of the skin actives platelets to close the wound by clot formation. In psoriasis activated platelets
either recruit PMNs to the site of injured skin or platelet-PMN aggregates already form in blood and migrate as
complex. @ Due a leaky and activated endothelium, platelet-PMN aggregates might easily reach the injured
skin. @ After skin infiltration, platelets can activate PMNs to induce NET formation which potentially leads to
skin inflammation.

5.2.5. Potential role of platelet-PMN aggregates in CVDs found in psoriasis patients

Platelet-aggregates detected in this study offer an explanation for psoriasis associated
cardiovascular comorbidities. Activated platelets form aggregates and recruited PMNs
establish inflammation. This platelet-PMN driven mechanism has been described for RA,
where activated platelets trap PMNs in the synovium, mediating PMN activation resulting in
inflammation (Habets et al. 2013). Dysregulation of hyperactivity of platelets yields in
thrombosis and/or cardiovascular diseases. Interestingly, suffering from severe psoriasis
serves as an independent risk factor for the occurrence of major cardiovascular events
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(Gelfand et al. 2006), substantiating the outlined interrelation of platelet-PMN aggregates and
psoriasis. Therefore, it can be assumed that platelets attract PMNs also to other tissues (e.g.
the heart) and induce inflammation. Hence, it 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 upon PMN-or platelet-depletion in circulation. This
might serve as a potential link between psoriatic skin inflammation and CVDs seen in psoriasis
patients and intervention with platelet-aggregation might simultaneously ameliorate psoriatic
skin lesions and co-morbidities like CVDs.

Interestingly, the cytokine IL-17 was not only identified as a driver for psoriatic inflammation
and but also for cardiovascular co-morbidities (Karbach et al. 2014). Antagonization of IL-17
expectedly reduced inflammation but also attenuated vascular diseases in a psoriatic mouse
model (Schuler et al. 2018). Given that IL-17 increases platelet aggregation (Maione et al.
2011), it was hypothesized that IL-17 might also be a potential target to ameliorate CVDs in
psoriasis. This could be further investigated using IL-17R conditional-platelet specific (Pf4-Cre)
knock-out mice in the IMQ-induced psoriatic mouse model. Presumably, these mice would
develop less CVDs compared to WT controls in psoriasiform inflammation.

Therefore, it can be assumed that targeting IL-17 in psoriasis is not only beneficial for chronic
T cell driven psoriasis but also for cardiovascular comorbidities and potentially also reduces
early inflammatory events induced by platelets.

5.2.6. Therapeutic implications

In this study, platelet depletion drastically ameliorates skin inflammation in an IMQ-induced
psoriatic mouse model. This was likely due to strong interactions and aggregate formation
with PMNs (Figure 4.6 and Figure 4.7).

It was hypothesized that platelet depletion is causative for reduced skin infiltration which
might be supported by reports on beneficial effects on psoriatic skin lesions in the human
system, by disrupting platelet aggregation e.g. using aspirin. Frequently, aspirin is prescribed
to prevent thrombosis. However, aspirin inhibits cyclooxygenase, synthesis of prostaglandins
and the formation of thromboxane A2. Therefore, it reduces pain, has an anti-inflammatory
effect and, most importantly in the current context, it prevents platelet activation and
aggregation (Mistry et al. 2017). Furthermore, aspirin reduces platelet-leukocyte aggregates
in thrombosis (Trelinski et al. 2009) indicating that disruption of platelet-leukocyte aggregates
indeed intervene with the induction of platelet-driven complications. Interestingly, beneficial
effects of aspirin are also assumed for a variety of different immune diseases like RA, MS, SLE
etc. (Habets et al. 2013).

Further investigations revealed case reports (reference see Table 6.1 and 6.3.2.) documenting
improvement of psoriatic skin conditions upon aspirin therapy. Although aspirin was primarily
prescribed to psoriasis patients to prevent cardiovascular comorbidities, it was also found to
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Discussion

induce regression of skin lesions. These findings are intriguing, because aspirin is a widely used
drug, with marginal side-effects at appropriate doses (Berkel 1999) (Kwok 2010). 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 inflammation and
whether the inhibition of platelet activation in this context is causative.

5.2.7. Conclusions part Il

To date, the initial trigger for immune infiltration of the skin in psoriasis is unknown. Here,
surface antigen expression of various cell populations was investigated using whole blood of
psoriasis patients and healthy controls. It was assumed that differential expression of surface
receptors might explain skin homing. Interestingly, circulating PMNs from psoriasis patients
do not present an altered expression of chemokine- or adhesion-receptors as could be
expected but a platelet signature, due to aggregate formation of platelets with PMNs, was
found. Additionally, platelets were detected in psoriatic lesions, frequently in close proximity
to PMNs. Strikingly, skin inflammation was greatly ameliorated and platelet-PMN-skin
infiltration was inhibited upon platelet depletion in an IMQ-induced psoriatic mouse model.
Thus, the present study is the first to provide solid evidence for an essential function of
platelets in the pathogenesis of psoriasis. Future experiments should aim to enhance our
understanding on the underlying mechanism of platelet-PMN 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 anti-coagulants like aspirin in
the context of psoriasis.
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6. Appendix
6.1. Neutrophil extracellular trap-associated RNA (naRNA) and LL37 complexes enable
self-amplifying inflammation in psoriasis

6.1.1. PMNs are not pre-activated and are viable in this experimental setting

250K = ‘05 ] @ 100-
0,058 ?
200K = l_ﬂ gg i °
©
10 o o 984 [+
q,: 150K = ﬂ E g)
@) a z 97 o
8)) PMNs + PBMCs © E -_5’.
100K 939 1o 3 ° 96 -
ok ] i R 95 .
L] @3 i
el oo Unstim.
0 T T T T T T ™ T Ty T
0 5 100K 150K 200K 250K 0? o 10? T 10?
FSC-A CD66b D
ey ooz 100+
10 2
A 8
3 2 o5
103 | 2
3 . =
| e °
Jod 3
W Fog7 93,0 90
T L} T T T
1D3 L] 103 ID4 10
N
B CD66b N

100 =

- = - |sotype control
Unstim. PMNs

Normalized to Mode

-10 o 103 |D‘1 )

CD62L
Figure 6.1: PMNs are not pre-activated and viable in this experimental setting

(A) FACS analysis of PMNs using anti-CD15, anti-CD66b, anti-CD14 and anti-CD62L antibodies against surface
antigens. Gating strategy is shown. CD15*CD66" and CD14" cells were considered as PMNs. (B) Histogram of one
respective donor for CD62L is shown. PMNs are not activated. (C) Aqua Live-dead flow cytometric viability
analysis of unstimulated PMNs after 4 h in culture (n=9 combined from several experiments) and (D) including
10 uM chloroquine (CQ) 30 min pre-incubation (n=5-8). C and D represent combined data (mean+SD) from ‘n’
biological replicates. A and B show results from one respective donor. * p<0.05 according to Wilcoxon signed
rank sum (D).
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6.1.2. Luminex analysis reveals a variety of cytokines and chemokines which are released by
PMNSs upon stimulation with RNA-LL37 complexes
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Figure 6.2: Luminex analysis of PMNs from two healthy donors

This analysis was performed at the NMI in Reutlingen (by Nicole Schneiderhan-Marra and Thomas Knorpp).
Luminex multiplex cytokine analysis from supernatants of PMNs from two donors. (A) PMNs release more TNF-
a, IL-6 and IL-1B when stimulated with RNA-LL37 complexes for 4 h (n=2). (B) PMNs release more IL-8, IL-16 and
MIP-1B when stimulated with RNA-LL37 complexes for 4 h (n=2).

6.1.3. T cells migrate towards SDF-1a
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Figure 6.3: Migration control of transwell migration assay

Total amount of migrated cells in transwell migration assays with total PBMCs in the upper and SDF-1a (100
ng/ml positive control) in the lower compartment (n=6-7, p>0.05 for treatments vs. media). (A) total migrated
CD4* T cells, (B) CD8* cells and (C) CD14*HLA-DR* monocytes are shown. Combined data (mean+SD) from ‘n’
biological replicates (each dot represents one donor) throughout. * p<0.05 according to Friedmann test with
Dunn’s correction (A, B), one-way ANOVA with Dunnett’s correction for multiple testing (C).
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6.1.4. IRS661 and IRS954 (in nanomolar concentrations) are not toxic for PMNs

ns ns Figure 6.4: IRS661 and IRS954 are not toxic for PMNs
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6.2. Platelet-PMN aggregates promote skin pathology in psoriasis

6.2.1. General workflow and gating strategy
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Figure 6.5: Workflow and gating strategy for LEGENDScreen™ from BiolLegend

(A) shows the general workflow of the LEGENDScreen™ using whole blood from 5 psoriasis patients and 5 sex-
and age-matched controls. After short erythrocyte lysis, the cell suspension was stained with CD15 PE-Cy7
(PMNs), CD3 AF488 (T cells), CD19 BV421 (B cells) and with Zombie yellow (dead cells). Then the screen was
performed following the manufacturer’s instructions (for further information see Materials and Methods). (B)
shows the gating strategy. PMNs were gated by CD15* and subsequently checked for CD16* (PE marker provided
in the kit) expression. For B and T cells, the lymphocytes were gated and checked for CD19* and CD3"* (or
CD19*CD20* double positives and CD3*CD4* double positives, with CD4 PE and CD20 PE provided by the kit).
Monocytes were gated by size and granularity but were checked for CD14* (PE provided by the kit) expression.
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6.2.2. Significant differences in surface antigen expression on B cells, T cells and monocytes
found in LEGENDScreen™ analysis
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Figure 6.6: Significant differences in surface antigen expression between psoriasis patients and healthy controls

(A) Surface antigen expression (MFI) on B cells which are significantly different (CD261, CD11c, CD124, CD215,
MSC, CD267 and 6- Opioid receptor; see Table 9 for further information) between healthy donors (HD) and
psoriasis patients (PsorP) n=5 each. (B) the same as (A) but for T cells (CD244 and CX3CR1). (C) the same as (A)
but for monocytes (CD56, CD61, CD162, Siglec-8, CD41, CD22, CD154, CD268, CD13, FceRla, CD21, IgD, CD20,
BTLA, CD89 and CD163). A-C represent combined data (mean+SD) from ‘n’ biological replicates. Statistical
analysis was performed by Marius Codrea and Simon Heumos from QBIC. * p<0.1 nominal by two-way ANOVA
followed by Tukey’s multiple comparisons correction.
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6.2.2. Surface antigen signature of monocytes, B and T cells (psoriasis patients vs. healthy

controls)
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Figure 6.7: Monocytes, B and T cells from
psoriasis patients have a different surface
antigen signature compared to healthy
controls

Principal component analysis of monocytes
(A), B cell (B) or T cell (C) surface antigens for
healthy donors (red) and psoriasis patients
(blue) (data obtained by LEGENDScreen™).
The top significant markers (based on
nominal p-value <0.1) which contribute to a
separation between patients and healthy
donors (n=5). A-C represent combined data
(mean+SD) from ‘n’ biological replicates
(each dot represents one donor).
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6.2.3. Platelet-monocyte aggregates are found in the blood of psoriasis patients
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Figure 6.8: Platelets cover the surface of monocytes in the blood of psoriasis patients

(A) Mean fluorescence intensity (MFI) extracted from the LEGENDscreen™ for CD41 (upper panel) and CD61
(lower panel) (healthy donor (HD) and psoriasis patient (PsorP); n=5 each). (B) FACS analysis showing % of CD41-
or CD61-positive PMNs (defined as CD15*CD66b* and CD41* or CD61*) analyzed in HD or PsorP (HD n=7, PsorP
n=5) in whole blood samples or (C) after Ficoll density gradient centrifugation. In A * p<0.1 nominal by two-way
ANOVA followed by Tukey’s multiple comparisons correction, in B and C * p<0.05 by unpaired Student’s t-Tests.

6.3. Supplementary references
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6.3.1. Leading causes of death worldwide (WHO, 2016)
24 May 2018

Of the 56.9 million deaths worldwide in 2016, more than half (54%) were due to
the top 10 causes. Ischaemic heart disease and stroke are the world’s biggest
killers, accounting for a combined 15.2 million deaths in 2016. These diseases
have remained the leading causes of death globally in the last 15 years.

Chronic obstructive pulmonary disease claimed 3.0 million lives in 2016, while
lung cancer (along with trachea and bronchus cancers) caused 1.7 million
deaths. Diabetes killed 1.6 million people in 2016, up from less than 1 million in
2000. Deaths due to dementias more than doubled between 2000 and 2016,
making it the 5th leading cause of global deaths in 2016 compared to 14th in
2000.

Lower respiratory infections remained the most deadly communicable disease,
causing 3.0 million deaths worldwide in 2016. The death rate from diarrhoeal
diseases decreased by almost 1 million between 2000 and 2016, but still caused
1.4 million deaths in 2016. Similarly, the number of tuberculosis deaths
decreased during the same period, but is still among the top 10 causes with a
death toll of 1.3 million. HIV/AIDS is no longer among the world's top 10 causes
of death, having killed 1.0 million people in 2016 compared with 1.5 million in
2000.

Road injuries killed 1.4 million people in 2016, about three-quarters (74%) of
whom were men and boys.

Top 10 global causes of deaths, 2016
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Source: Global Heaith Sstimates 2016: Desths by Couse, Age, Sex, by Country and by Region, 2000-2016. Geneva, World Heaith Organzation; 2018.
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6.3.2. Aspirin ameliorates psoriatic skin inflammation

April 30,2011
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even when usual therapy has failed? | have seen marked improvement in
three patients taking aspirin; results were even better than with
halobetasol (Ultravate) or calcipotriene (Dovonex) therapy. One patient
who stopped aspirin temporarily noticed an immediate flare-up. Restarting
the aspirin brought renewed improvement. One possible mechanism:
Aspirin slows cell growth and may therefore inhibit the hyperproliferation
or accelerated growth of skin cells that is characteristic of psoriasis. —
Watson Gutowski, DO, Newtown Square, Pa.

| was unable to find any reports or studies on the utility of aspirin in psoriasis.
According to the National Psoriasis Foundation website, aspirin and other
nonsteroidal anti-inflammatory drugs (NSAIDs) do not change psoriasis skin

lesions, although such agents do sometimes cause worsening. Certain NSAIDs,
such as indomethacin, have been reported to trigger flares of psoriasis. — Jeffrey
M. Weinberg, MD (150-10)
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5 Surprising Uses for Aspirin

The common over-the-counter pain reliever can do wonders you probably don't know about.

By Aleksandra Mencel

Last Updated: 7/29/2014

The benefits of aspirin far exceed temporary relief from fever, aches, and pains. Most people know that it can protect you from a heart attack or stroke, if taken

properly. Research suggests that it can reduce the risk of some cancers and Alzheimer's disease. But aspirin has many other potential health, beauty, and personal

benefits. Discover some of the amazing things that bottle in your medicine cabinet can do for you.

1. Treats skin conditions. Used as far back as the fifth century B.C. by Hippocrates to ease aches and pains, salicylic acid, a derivative of acetylsalicylic acid (aspirin), is a
powder extracted from the bark of a willow tree. It “helps remove excess oil and exfoliate dead cells on the skin's surface,” says Joshua Zeichner, MD, director of

casmetic and clinical research in dermatology at Mount Sinai Hospital in New York City, adding that it's "extremely useful in treating acne.”

By dissolving dead skin and helping to shed the skin's top layer, salicylic acid reduces the possibility of clogged pores - the comman culprit behind breakouts. It also
clears up redness and decreases swelling, which can alleviate symptoms of rosacea. People with psoriasis may also benefit from the salicylic acid in aspirin. “It can make

psoriasis lesions thinner and can help reduce itch," says Dr. Zeichner.

RELATED: 8 Easy Home Remedies for Acne

To make your own aspirin-based skin mask, crush up five uncoated aspirin pills and drop them inte a quarter-cup of warm, distilled water, Stir well until the concoction

develops a paste-like consistency. If you want, you can add a teaspoon of honey to the mix to reap the benefits of this natural antibacterial maisturizer. Once the

mixture is about the same temperature as your skin, apply to any parts of the body affected by acne or other kinds of inflammation, and leave on for about 10 minutes,

Wash off with warm water.

2. Gets rid of dandruff. Because of its moisturizing qualities, the same salicylic acid contained in face washes is also an ingredient in many dandruff shampoos.
“Applying aspirin mixed with shampoo to your scalp may help reduce scalp inflammation that causes dandruff and help exfoliate flakes on the skin,” says Zeichner.

To make the concaction, crush two or three uneoated aspirins and mix them into the narmal amount of shampeo used each time you wash your hair. Focus on your

scalp as you massage the mixture into hair and let it sit for three to five minutes before rinsing.

3. Soathes stings and bites. Zeichner says aspirin, with its anti-inflammatory properties, may help reduce the redness, swelling, and pain from bug bites. Make an

aspirin paste similar to the one used for problem skin or just dampen an uncoated aspirin and apply it to the affected area for a few minutes.

4. Removes stains. The salicylic acid in aspirin helps to neutralize stains by attacking the compounds found in sweat and breaking them down. Mix three crushed

aspirins and half a cup of warm water in a bowl. Submerge the stained portion of the clothing into the bowl for a few hours. Afterwards, wash the shirt as usual. You can

use any of the leftover mixture to remove nicotine or grass stains from hands by applying the solution and letting it sit for 15 minutes before washing hands thoroughly.

5. Makes your garden grow. Aspirin works just as well outside as it does on your skin by activating the plants’ natural defenses and preventing the formation of fungus.
It also increases growth rate. Dissolve an uncoated aspirin in cne gallen of water and spray onto any indoor and outdoer plants. It can also help prolong the life of fresh
cut flowers. According ta Judy Jernstedt, professor of plant sciences at UC Davis, the "salicylic acid reduces ethylene production, and with less ethylene present, floral

senescence is delayed and the flowers last longer. The anti-fungal properties of salicylic acid dissolved in the vase water may also slow growth of mold, which if it enters

the cut stem, can damage or clog the vascular tissue.” So be sure to add a ground aspirin to the water for your floral arrangement.

118



Statutory Declaration

Statutory Declaration

Hereby | affirm that | wrote this Doctoral thesis with the topic

“PMNSs, naRNA-LL37 complexes and platelets — a vicious inflammatory ‘trio’ in psoriasis “

independently and that | used no other aids than those cited. In each individual case, | have
clearly identified the source of the passages that are taken paraphrased from other works and
the linked manuscript. Moreover, | acknowledge the work done by collaborators. | affirm that

| performed the scientific studies according to the principles of good scientific practice.

Franziska Herster

Tlbingen, Germany

119



References

References

Abolmaali, S. S., A. M. Tamaddon and R. Dinarvand (2013). "A review of therapeutic challenges and
achievements of methotrexate delivery systems for treatment of cancer and rheumatoid
arthritis." Cancer Chemother Pharmacol 71(5): 1115-1130.

Al-Khafaji, A. B., S. Tohme, H. O. Yazdani, D. Miller, H. Huang and A. Tsung (2016). "Superoxide induces
Neutrophil Extracellular Trap Formation in a TLR-4 and NOX-dependent mechanism." Mol Med
22:621-631.

Alekseyenko, A. V., G. |. Perez-Perez, A. De Souza, B. Strober, Z. Gao, M. Bihan, ... M. J. Blaser (2013).
"Community differentiation of the cutaneous microbiota in psoriasis." Microbiome 1(1): 31.

Almehmadi, M., B. F. Flanagan, N. Khan, S. Alomar and S. E. Christmas (2014). "Increased numbers and
functional activity of CD56(+) T cells in healthy cytomegalovirus positive subjects." Immunology
142(2): 258-268.

Altincicek, B., S. Stotzel, M. Wygrecka, K. T. Preissner and A. Vilcinskas (2008). "Host-derived
extracellular nucleic acids enhance innate immune responses, induce coagulation, and prolong
survival upon infection in insects." J Immunol 181(4): 2705-2712.

Anderson, G. P., J. G. van de Winkel and C. L. Anderson (1991). "Anti-GPIIb/llla (CD41) monoclonal
antibody-induced platelet activation requires Fc receptor-dependent cell-cell interaction." Br J
Haematol 79(1): 75-83.

Anderson, K. V., L. Bokla and C. Nusslein-Volhard (1985). "Establishment of dorsal-ventral polarity in
the Drosophila embryo: the induction of polarity by the Toll gene product.”" Cell 42(3): 791-798.

Angelo, L. S., P. P. Banerjee, L. Monaco-Shawver, J. B. Rosen, G. Makedonas, L. R. Forbes, . . . J. S.
Orange (2015). "Practical NK cell phenotyping and variability in healthy adults." Immunol Res
62(3): 341-356.

Atanasova, M. and A. Whitty (2012). "Understanding cytokine and growth factor receptor activation
mechanisms." Crit Rev Biochem Mol Biol 47(6): 502-530.

Balato, A., M. Schiattarella, S. Lembo, M. Mattii, N. Prevete, N. Balato and F. Ayala (2013). "Interleukin-
1 family members are enhanced in psoriasis and suppressed by vitamin D and retinoic acid."
Arch Dermatol Res 305(3): 255-262.

Baliwag, J., D. H. Barnes and A. Johnston (2015). "Cytokines in psoriasis." Cytokine 73(2): 342-350.

Barrat, F. J. and R. L. Coffman (2008). "Development of TLR inhibitors for the treatment of autoimmune
diseases." Immunol Rev 223: 271-283.

Barrat, F. J., T. Meeker, J. Gregorio, J. H. Chan, S. Uematsu, S. Akira, . . . R. L. Coffman (2005). "Nucleic
acids of mammalian origin can act as endogenous ligands for Toll-like receptors and may
promote systemic lupus erythematosus." J Exp Med 202(8): 1131-1139.

Bates, D., Machler, M. Bolker, B. and Walker, S. (2015). "Fitting Linear Mixed-Effects Models Using
Imed." Journal of Statistical Software(1).

Behzad, A. R., D. C. Walker, T. Abraham, J. McDonough, S. Mahmudi-Azer, F. Chu, ... P. D. Pare (2010).
"Localization of DNA and RNA in eosinophil secretory granules." Int Arch Allergy Immunol 152(1):
12-27.

Berger, M., C. Y. Hsieh, M. Bakele, V. Marcos, N. Rieber, M. Kormann, . .. D. Hartl (2012). "Neutrophils
express distinct RNA receptors in a non-canonical way." J Biol Chem 287(23): 19409-19417.

Berkel, H. J. (1999). "Does an ‘aspirin-a-day’ keep the doctor away?" Br J Cancer 81(1).

Bernstein, K. E., Z. Khan, J. F. Giani, D. Y. Cao, E. A. Bernstein and X. Z. Shen (2018). "Angiotensin-
converting enzyme in innate and adaptive immunity." Nat Rev Nephrol 14(5): 325-336.

Berrettini, M., P. Parise, V. Constantini, S. Grasselli and G. G. Nenci (1985). "Platelet activation in
psoriasis." Thromb Haemost 53(2): 195-197.

Bissonnette, R., K. Papp, C. Maari, Y. Yao, G. Robbie, W. |. White, . .. B. White (2010). "A randomized,
double-blind, placebo-controlled, phase | study of MEDI-545, an anti-interferon-alfa monoclonal
antibody, in subjects with chronic psoriasis." J Am Acad Dermatol 62(3): 427-436.

120



References

Blanco, F., J. Kalsi and D. A. Isenberg (1991). "Analysis of antibodies to RNA in patients with systemic
lupus erythematosus and other autoimmune rheumatic diseases." Clin Exp Immunol 86(1): 66-
70.

Bleul, C. C., R. C. Fuhlbrigge, J. M. Casasnovas, A. Aiuti and T. A. Springer (1996). "A highly efficacious
lymphocyte chemoattractant, stromal cell-derived factor 1 (SDF-1)." J Exp Med 184(3): 1101-
1109.

Bochner, B. S. (2009). "Siglec-8 on human eosinophils and mast cells, and Siglec-F on murine
eosinophils, are functionally related inhibitory receptors.” Clin Exp Allergy 39(3): 317-324.
Boehncke, W. H. (2018). "Systemic Inflammation and Cardiovascular Comorbidity in Psoriasis Patients:

Causes and Consequences." Front Immunol 9: 579.

Boeltz, S., P. Amini, H. J. Anders, F. Andrade, R. Bilyy, S. Chatfield, . .. M. Herrmann (2019). "To NET or
not to NET:current opinions and state of the science regarding the formation of neutrophil
extracellular traps." Cell Death Differ 26(3): 395-408.

Boltjes, A. and F. van Wijk (2014). "Human dendritic cell functional specialization in steady-state and
inflammation." Front Immunol 5: 131.

Bongartz, T., A. J. Sutton, M. J. Sweeting, |. Buchan, E. L. Matteson and V. Montori (2006). "Anti-TNF
antibody therapy in rheumatoid arthritis and the risk of serious infections and malignancies:
systematic review and meta-analysis of rare harmful effects in randomized controlled trials."
JAMA 295(19): 2275-2285.

Bowen, M. A,, D. D. Patel, X. Li, B. Modrell, A. R. Malacko, W. C. Wang, . . . et al. (1995). "Cloning,
mapping, and characterization of activated leukocyte-cell adhesion molecule (ALCAM), a CD6
ligand." J Exp Med 181(6): 2213-2220.

Bradbury, L. E., G. S. Kansas, S. Levy, R. L. Evans and T. F. Tedder (1992). "The CD19/CD21 signal
transducing complex of human B lymphocytes includes the target of antiproliferative antibody-
1 and Leu-13 molecules." J Immunol 149(9): 2841-2850.

Branzk, N., A. Lubojemska, S. E. Hardison, Q. Wang, M. G. Gutierrez, G. D. Brown and V.
Papayannopoulos (2014). "Neutrophils sense microbe size and selectively release neutrophil
extracellular traps in response to large pathogens." Nat Immunol 15(11): 1017-1025.

Branzk, N. and V. Papayannopoulos (2013). "Molecular mechanisms regulating NETosis in infection and
disease." Semin Immunopathol 35(4): 513-530.

Brembilla, N. C., L. Senra and W. H. Boehncke (2018). "The IL-17 Family of Cytokines in Psoriasis: IL-17A
and Beyond." Front Immunol 9: 1682.

Brentano, F., O. Schorr, R. E. Gay, S. Gay and D. Kyburz (2005). "RNA released from necrotic synovial
fluid cells activates rheumatoid arthritis synovial fibroblasts via Toll-like receptor 3." Arthritis
Rheum 52(9): 2656-2665.

Bressan, A. L., D. Pereira, P. M. Medeiros, S. Carneiro and L. Azulay-Abulafia (2017). "How relevant are
vascular endothelial growth factor and intercellular adhesion molecule in the systemic capillary
leak syndrome of psoriasis?" An Bras Dermatol 92(6): 826-829.

Bretz, F., Hothorn, T., and Westfall, P.H. (2011). "Multiple comparisons using R." International
Statistical Review 79(2).

Brinkmann, V., B. Laube, U. Abu Abed, C. Goosmann and A. Zychlinsky (2010). "Neutrophil extracellular
traps: how to generate and visualize them." J Vis Exp(36).

Brinkmann, V., U. Reichard, C. Goosmann, B. Fauler, Y. Uhlemann, D. S. Weiss, . . . A. Zychlinsky (2004).
"Neutrophil extracellular traps kill bacteria." Science 303(5663): 1532-1535.

Brinkmann, V. and A. Zychlinsky (2012). "Neutrophil extracellular traps: is immunity the second
function of chromatin?" J Cell Biol 198(5): 773-783.

Brockmann, K., A. Apel, C. Schulte, N. Schneiderhan-Marra, C. Pont-Sunyer, D. Vilas, . . . W. Maetzler
(2016). '"Inflammatory profile in LRRK2-associated prodromal and clinical PD." J
Neuroinflammation 13(1): 122.

Brown, G. D, J. A. Willment and L. Whitehead (2018). "C-type lectins in immunity and homeostasis."
Nat Rev Immunol 18(6): 374-389.

121



References

Brown, G. T. and T. M. Mclntyre (2011). "Lipopolysaccharide signaling without a nucleus: kinase
cascades stimulate platelet shedding of proinflammatory IL-1beta-rich microparticles." J
Immunol 186(9): 5489-5496.

Brown, P. M., A. G. Pratt and J. D. Isaacs (2016). "Mechanism of action of methotrexate in rheumatoid
arthritis, and the search for biomarkers." Nat Rev Rheumatol 12(12): 731-742.

Bruce, L. J., J. D. Groves, Y. Okubo, B. Thilaganathan and M. J. Tanner (1994). "Altered band 3 structure
and function in glycophorin A- and B-deficient (MkMk) red blood cells." Blood 84(3): 916-922.

Cabrera, S., N. Chinniah, N. Lock, G. D. Cains and J. Woods (2015). "Inter-observer reliability of the PASI
in a clinical setting." Australas J Dermatol 56(2): 100-102.

Cai, Y., C. Fleming and J. Yan (2012). "New insights of T cells in the pathogenesis of psoriasis." Cell Mol
Immunol 9(4): 302-309.

Caiazzo, G., G. Fabbrocini, R. Di Caprio, A. Raimondo, E. Scala, N. Balato and A. Balato (2018). "Psoriasis,
Cardiovascular Events, and Biologics: Lights and Shadows." Front Immunol 9: 1668.

Canene-Adams, K. (2013). "Preparation of formalin-fixed paraffin-embedded tissue for
immunohistochemistry." Methods Enzymol 533: 225-233.

Canpolat, F., H. Akpinar and F. Eskioglu (2010). "Mean platelet volume in psoriasis and psoriatic
arthritis." Clin Rheumatol 29(3): 325-328.

Carrasco, E., C. Escoda-Ferran, N. Climent, C. Miro-Julia, I. T. Simoes, M. Martinez-Florensa, . . . F.
Lozano (2017). "Human CD6 Down-Modulation following T-Cell Activation Compromises
Lymphocyte Survival and Proliferative Responses." Front Immunol 8: 769.

Caudrillier, A., K. Kessenbrock, B. M. Gilliss, J. X. Nguyen, M. B. Marques, M. Monestier, ... M. R. Looney
(2012). "Platelets induce neutrophil extracellular traps in transfusion-related acute lung injury."
J Clin Invest 122(7): 2661-2671.

Center, D. M. and W. Cruikshank (1982). "Modulation of lymphocyte migration by human lymphokines.
. Identification and characterization of chemoattractant activity for lymphocytes from mitogen-
stimulated mononuclear cells." J Immunol 128(6): 2563-2568.

Chanarat, P. and P. Chiewsilp (1975). "A simple method for the elimination of platelets from the
lymphocyte-platelet mixture by sucrose." Am J Clin Pathol 63(2): 237-239.

Chaplin, D. D. (2010). "Overview of the immune response." J Allergy Clin Immunol 125(2 Suppl 2): S3-
23.

Chen, K. W., M. Monteleone, D. Boucher, G. Sollberger, D. Ramnath, N. D. Condon, . . . K. Schroder
(2018). "Noncanonical inflammasome signaling elicits gasdermin D-dependent neutrophil
extracellular traps." Sci Immunol 3(26).

Chen, Q., L. Sun and Z. J. Chen (2016). "Regulation and function of the cGAS-STING pathway of cytosolic
DNA sensing." Nat Immunol 17(10): 1142-1149.

Chiba, K., W. Zhao, J. Chen, J. Wang, H. Y. Cui, H. Kawakami, . . . M. Kobayashi (2004). "Neutrophils
secrete MIP-1 beta after adhesion to laminin contained in basement membrane of blood
vessels." Br J Haematol 127(5): 592-597.

Chlewicki, L. K., C. A. Velikovsky, V. Balakrishnan, R. A. Mariuzza and V. Kumar (2008). "Molecular basis
of the dual functions of 2B4 (CD244)." J Immunol 180(12): 8159-8167.

Christen, U. and M. G. von Herrath (2004). "Induction, acceleration or prevention of autoimmunity by
molecular mimicry." Mol Immunol 40(14-15): 1113-1120.

Clark, S.R., A.C. Ma, S. A. Tavener, B. McDonald, Z. Goodarzi, M. M. Kelly, . . . P. Kubes (2007). "Platelet
TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood." Nat Med 13(4):
463-469.

Colak, E., A. Leslie, K. Zausmer, E. Khatamzas, A. V. Kubarenko, T. Pichulik, . . . A. N. Weber (2014). "RNA
and imidazoquinolines are sensed by distinct TLR7/8 ectodomain sites resulting in functionally
disparate signaling events." J Immunol 192(12): 5963-5973.

Collin, M., N. McGovern and M. Haniffa (2013). "Human dendritic cell subsets." Immunology 140(1):
22-30.

122



References

Conrad, C,, J. Di Domizio, A. Mylonas, C. Belkhodja, O. Demaria, A. A. Navarini, . . . M. Gilliet (2018).
"TNF blockade induces a dysregulated type | interferon response without autoimmunity in
paradoxical psoriasis." Nat Commun 9(1): 25.

Crocker, P. R., E. A. Clark, M. Filbin, S. Gordon, Y. Jones, J. H. Kehrl, . . . A. Varki (1998). "Siglecs: a family
of sialic-acid binding lectins." Glycobiology 8(2): v.

Czarnecka-Operacz, M. and A. Sadowska-Przytocka (2014). "The possibilities and principles of
methotrexate treatment of psoriasis - the updated knowledge." Postepy Dermatol Alergol 31(6):
392-400.

D'Andrea, G., M. Chetta and M. Margaglione (2009). "Inherited platelet disorders: thrombocytopenias
and thrombocytopathies." Blood Transfus 7(4): 278-292.

Dainichi, T., S. Hanakawa and K. Kabashima (2014). "Classification of inflammatory skin diseases: a
proposal based on the disorders of the three-layered defense systems, barrier, innate immunity
and acquired immunity." J Dermatol Sci 76(2): 81-89.

Daito, J., Y. Harada, P. Dai, Y. Yamaoka, R. Tamagawa-Mineoka, N. Katoh and T. Takamatsu (2014).
"Neutrophil Phagocytosis of Platelets in the Early Phase of 2,4,6-trinitro-1-chlorobenzene
(TNCB)-induced Dermatitis in Mice." Acta Histochem Cytochem 47(2): 67-74.

de Bruijne-Admiraal, L. G., P. W. Modderman, A. E. Von dem Borne and A. Sonnenberg (1992). "P-
selectin mediates Ca(2+)-dependent adhesion of activated platelets to many different types of
leukocytes: detection by flow cytometry." Blood 80(1): 134-142.

Desai-Mehta, A,, L. Lu, R. Ramsey-Goldman and S. K. Datta (1996). "Hyperexpression of CD40 ligand by
B and T cells in human lupus and its role in pathogenic autoantibody production." J Clin Invest
97(9): 2063-2073.

Dewitte, A., S. Lepreux, J. Villeneuve, C. Rigothier, C. Combe, A. Ouattara and J. Ripoche (2017). "Blood
platelets and sepsis pathophysiology: A new therapeutic prospect in critical ill patients?" Ann
Intensive Care 7(1): 115.

Di Cesare, A., P. Di Meglio and F. O. Nestle (2009). "The IL-23/Th17 axis in the immunopathogenesis of
psoriasis." J Invest Dermatol 129(6): 1339-1350.

Dillon, S., S. Agrawal, K. Banerjee, J. Letterio, T. L. Denning, K. Oswald-Richter, . . . B. Pulendran (2006).
"Yeast zymosan, a stimulus for TLR2 and dectin-1, induces regulatory antigen-presenting cells
and immunological tolerance." J Clin Invest 116(4): 916-928.

Dombrowski, Y., M. Peric, S. Koglin, C. Kammerbauer, C. Goss, D. Anz, . .. J. Schauber (2011). "Cytosolic
DNA triggers inflammasome activation in keratinocytes in psoriatic lesions." Sci Trans/ Med
3(82): 82ra38.

Dufour, F., T. Rattier, A. A. Constantinescu, L. Zischler, A. Morle, H. Ben Mabrouk, . . . O. Micheau
(2017). "TRAIL receptor gene editing unveils TRAIL-R1 as a master player of apoptosis induced
by TRAIL and ER stress." Oncotarget 8(6): 9974-9985.

Durr, U. H., U. S. Sudheendra and A. Ramamoorthy (2006). "LL-37, the only human member of the
cathelicidin family of antimicrobial peptides." Biochim Biophys Acta 1758(9): 1408-1425.
Eberle, F. C., J. Bruck, J. Holstein, K. Hirahara and K. Ghoreschi (2016). "Recent advances in

understanding psoriasis." F1000Res 5.

Edelheit, S., S. Schwartz, M. R. Mumbach, O. Wurtzel and R. Sorek (2013). "Transcriptome-wide
mapping of 5-methylcytidine RNA modifications in bacteria, archaea, and yeast reveals m5C
within archaeal mRNAs." PLoS Genet 9(6): e1003602.

Eigenbrod, T. and A. H. Dalpke (2015). "Bacterial RNA: An Underestimated Stimulus for Innate Immune
Responses." J Immunol 195(2): 411-418.

Eigenbrod, T., L. Franchi, R. Munoz-Planillo, C. J. Kirschning, M. A. Freudenberg, G. Nunez and A. Dalpke
(2012). "Bacterial RNA mediates activation of caspase-1 and IL-1beta release independently of
TLRs 3, 7, 9 and TRIF but is dependent on UNC93B." J Immunol 189(1): 328-336.

Eigenbrod, T., K. Pelka, E. Latz, B. Kreikemeyer and A. H. Dalpke (2015). "TLR8 Senses Bacterial RNA in
Human Monocytes and Plays a Nonredundant Role for Recognition of Streptococcus pyogenes."
JImmunol 195(3): 1092-1099.

123



References

Elzey, B. D., J. Tian, R. J. Jensen, A. K. Swanson, J. R. Lees, S. R. Lentz, . .. T. L. Ratliff (2003). "Platelet-
mediated modulation of adaptive immunity. A communication link between innate and adaptive
immune compartments." Immunity 19(1): 9-19.

Emilien, G., J. M. Maloteaux, C. Penasse, A. Goodeve and C. Casimir (2000). "Haemophilias: advances
towards genetic engineering replacement therapy." Clin Lab Haematol 22(6): 313-323.

Enyindah-Asonye, G., Y. Li, J. H. Ruth, D. S. Spassov, K. E. Hebron, A. Zijlstra, . . . F. Lin (2017). "CD318
is a ligand for CD6." Proc Natl Acad Sci U S A 114(33): E6912-E6921.

Erbs, E., L. Faget, G. Scherrer, A. Matifas, D. Filliol, J. L. Vonesch, . .. D. Massotte (2015). "A mu-delta
opioid receptor brain atlas reveals neuronal co-occurrence in subcortical networks." Brain Struct
Funct 220(2): 677-702.

Etzerodt, A. and S. K. Moestrup (2013). "CD163 and inflammation: biological, diagnostic, and
therapeutic aspects." Antioxid Redox Signal 18(17): 2352-2363.

Fiebiger, E., G. Stingl and D. Maurer (1996). "Anti-IgE and anti-Fc epsilon Rl autoantibodies in clinical
allergy." Curr Opin Immunol 8(6): 784-789.

Fischer, M. and M. Ehlers (2008). "Toll-like receptors in autoimmunity." Ann N Y Acad Sci 1143: 21-34.

Fredriksson, T. and U. Pettersson (1978). "Severe psoriasis--oral therapy with a new retinoid."
Dermatologica 157(4): 238-244.

Freund, |., T. Eigenbrod, M. Helm and A. H. Dalpke (2019). "RNA Modifications Modulate Activation of
Innate Toll-Like Receptors." Genes (Basel) 10(2).

Fuchs, K., Y. Cardona Gloria, O. O. Wolz, F. Herster, L. Sharma, C. A. Dillen, ... A. N. Weber (2018). "The
fungal ligand chitin directly binds TLR2 and triggers inflammation dependent on oligomer size."
EMBO Rep 19(12).

Fuchs, T. A., U. Abed, C. Goosmann, R. Hurwitz, I. Schulze, V. Wahn, . . . A. Zychlinsky (2007). "Novel
cell death program leads to neutrophil extracellular traps." J Cell Biol 176(2): 231-241.

Gaertner, F., Z. Ahmad, G. Rosenberger, S. Fan, L. Nicolai, B. Busch, . .. S. Massberg (2017). "Migrating
Platelets Are Mechano-scavengers that Collect and Bundle Bacteria." Cell 171(6): 1368-1382
el323.

Gaidt, M. M., F. Rapino, T. Graf and V. Hornung (2018). "Modeling Primary Human Monocytes with the
Trans-Differentiation Cell Line BLaER1." Methods Mol Biol 1714: 57-66.

Galli, S. J., N. Borregaard and T. A. Wynn (2011). "Phenotypic and functional plasticity of cells of innate
immunity: macrophages, mast cells and neutrophils." Nat Immuno/ 12(11): 1035-1044.

Gallo, R. L., K. J. Kim, M. Bernfield, C. A. Kozak, M. Zanetti, L. Merluzzi and R. Gennaro (1997).
"Identification of CRAMP, a cathelin-related antimicrobial peptide expressed in the embryonic
and adult mouse." J Biol Chem 272(20): 13088-13093.

Gallo, R. L.and V. Nizet (2008). "Innate barriers against infection and associated disorders." Drug Discov
Today Dis Mech 5(2): 145-152.

Ganguly, D., G. Chamilos, R. Lande, J. Gregorio, S. Meller, V. Facchinetti, . . . M. Gilliet (2009). "Self-
RNA-antimicrobial peptide complexes activate human dendritic cells through TLR7 and TLR8." J
Exp Med 206(9): 1983-1994.

Gantner, B. N., R. M. Simmons, S. J. Canavera, S. Akira and D. M. Underhill (2003). "Collaborative
induction of inflammatory responses by dectin-1 and Toll-like receptor 2." J Exp Med 197(9):
1107-1117.

Gaspari, A. A. (2006). "Innate and adaptive immunity and the pathophysiology of psoriasis." JAm Acad
Dermatol 54(3 Suppl 2): S67-80.

Gay, N. J.,, M. F. Symmons, M. Gangloff and C. E. Bryant (2014). "Assembly and localization of Toll-like
receptor signalling complexes." Nat Rev Immunol 14(8): 546-558.

Geijtenbeek, T. B., D. S. Kwon, R. Torensma, S. J. van Vliet, G. C. van Duijnhoven, J. Middel, ... Y. van
Kooyk (2000). "DC-SIGN, a dendritic cell-specific HIV-1-binding protein that enhances trans-
infection of T cells." Cell 100(5): 587-597.

Gelfand, J. M., A. L. Neimann, D. B. Shin, X. Wang, D. J. Margolis and A. B. Troxel (2006). "Risk of
myocardial infarction in patients with psoriasis." JAMA 296(14): 1735-1741.

124



References

Gelfand, J. M., D. B. Shin, A. L. Neimann, X. Wang, D. J. Margolis and A. B. Troxel (2006). "The risk of
lymphoma in patients with psoriasis." J Invest Dermatol 126(10): 2194-2201.

Georgala, S., A. C. Katoulis, G. D. Kylafis, E. Koumantaki-Mathioudaki, C. Georgala and K. Aroni (2001).
"Increased density of Demodex folliculorum and evidence of delayed hypersensitivity reaction
in subjects with papulopustular rosacea." J Eur Acad Dermatol Venereol 15(5): 441-444,

Gerrits, A. )., A. L. Frelinger, 3rd and A. D. Michelson (2016). "Whole Blood Analysis of Leukocyte-
Platelet Aggregates." Curr Protoc Cytom 78: 6 15 11-16 15 10.

Gestermann, N., J. Di Domizio, R. Lande, O. Demaria, L. Frasca, L. Feldmeyer, . . . M. Gilliet (2018).
"Netting Neutrophils Activate Autoreactive B Cells in Lupus." J Immunol 200(10): 3364-3371.

Ghoreschi, K., C. Weigert and M. Rocken (2007). "Immunopathogenesis and role of T cells in psoriasis."
Clin Dermatol 25(6): 574-580.

Gilliet, M., C. Conrad, M. Geiges, A. Cozzio, W. Thurlimann, G. Burg, . .. R. Dummer (2004). "Psoriasis
triggered by toll-like receptor 7 agonist imiquimod in the presence of dermal plasmacytoid
dendritic cell precursors." Arch Dermatol 140(12): 1490-1495.

Gilmour, J. and P. Lavender (2008). "Control of IL-4 expression in T helper 1 and 2 cells." Immunology
124(4): 437-444.

Gioti, A., B. Nystedt, W. Li, J. Xu, A. Andersson, A. F. Averette, . .. A. Scheynius (2013). "Genomic insights
into the atopic eczema-associated skin commensal yeast Malassezia sympodialis." MBio 4(1):
e00572-00512.

Giri, J. G., M. Ahdieh, J. Eisenman, K. Shanebeck, K. Grabstein, S. Kumaki, . . . D. Anderson (1994).
"Utilization of the beta and gamma chains of the IL-2 receptor by the novel cytokine IL-15."
EMBO J13(12): 2822-2830.

Golebiewska, E. M. and A. W. Poole (2015). "Platelet secretion: From haemostasis to wound healing
and beyond." Blood Rev 29(3): 153-162.

Graessel, A., S. M. Hauck, C. von Toerne, E. Kloppmann, T. Goldberg, H. Koppensteiner, . . . K. Suttner
(2015). "A Combined Omics Approach to Generate the Surface Atlas of Human Naive CD4+ T
Cells during Early T-Cell Receptor Activation." Mol Cell Proteomics 14(8): 2085-2102.

Griffiths, C. E. and J. N. Barker (2007). "Pathogenesis and clinical features of psoriasis." Lancet
370(9583): 263-271.

Habets, K. L., T. W. Huizinga and R. E. Toes (2013). "Platelets and autoimmunity." Eur J Clin Invest 43(7):
746-757.

Hawkes, J. E., T. C. Chan and J. G. Krueger (2017). "Psoriasis pathogenesis and the development of
novel targeted immune therapies." J Allergy Clin Immunol 140(3): 645-653.

Hayashi, F., T. K. Means and A. D. Luster (2003). "Toll-like receptors stimulate human neutrophil
function." Blood 102(7): 2660-2669.

Hayashi, M., K. Yanaba, Y. Umezawa, Y. Yoshihara, S. Kikuchi, Y. Ishiuji, . . . H. Nakagawa (2016). "IL-10-
producing regulatory B cells are decreased in patients with psoriasis." J Dermatol Sci 81(2): 93-
100.

Healy, L. D., C. Puy, A. Itakura, T. Chu, D. K. Robinson, A. Bylund, ... O. J. McCarty (2016). "Colocalization
of neutrophils, extracellular DNA and coagulation factors during NETosis: Development and
utility of an immunofluorescence-based microscopy platform." J Immunol Methods 435: 77-84.

Heidenreich, R., M. Rocken and K. Ghoreschi (2009). "Angiogenesis drives psoriasis pathogenesis." Int
J Exp Pathol 90(3): 232-248.

Heil, F., H. Hemmi, H. Hochrein, F. Ampenberger, C. Kirschning, S. Akira, . .. S. Bauer (2004). "Species-
specific recognition of single-stranded RNA via toll-like receptor 7 and 8." Science 303(5663):
1526-1529.

Hemmi, H., T. Kaisho, O. Takeuchi, S. Sato, H. Sanjo, K. Hoshino, . . . S. Akira (2002). "Small anti-viral
compounds activate immune cells via the TLR7 MyD88-dependent signaling pathway." Nat
Immunol 3(2): 196-200.

Hemmi, H., O. Takeuchi, T. Kawai, T. Kaisho, S. Sato, H. Sanjo, . . . S. Akira (2000). "A Toll-like receptor
recognizes bacterial DNA." Nature 408(6813): 740-745.

125



References

Hirahara, K. and T. Nakayama (2016). "CD4+ T-cell subsets in inflammatory diseases: beyond the
Th1/Th2 paradigm." Int Inmunol 28(4): 163-171.

Holzinger, D., D. Foell and C. Kessel (2018). "The role of S100 proteins in the pathogenesis and
monitoring of autoinflammatory diseases." Mol Cell Pediatr 5(1): 7.

Hong, J. a. B. D. (2012). "A Review of Drugs That Induce or Exacerbate Psoriasis." Psoriasis Forum 18(1).

Hornung, V. and E. Latz (2010). "Critical functions of priming and lysosomal damage for NLRP3
activation." Eur J Immunol 40(3): 620-623.

Hottz, E. D., F. A. Bozza and P. T. Bozza (2018). "Platelets in Immune Response to Virus and
Immunopathology of Viral Infections." Front Med (Lausanne) 5: 121.

Hu, S. C,, H. S. Yu, F. L. Yen, C. L. Lin, G. S. Chen and C. C. Lan (2016). "Neutrophil extracellular trap
formation is increased in psoriasis and induces human beta-defensin-2 production in epidermal
keratinocytes." Sci Rep 6: 31119.

Hueber, W., D. D. Patel, T. Dryja, A. M. Wright, I. Koroleva, G. Bruin, . . . F. Di Padova (2010). "Effects of
AIN457, a fully human antibody to interleukin-17A, on psoriasis, rheumatoid arthritis, and
uveitis." Sci Transl Med 2(52): 52ra72.

Huo, Y. and L. Xia (2009). "P-selectin glycoprotein ligand-1 plays a crucial role in the selective
recruitment of leukocytes into the atherosclerotic arterial wall." Trends Cardiovasc Med 19(4):
140-145.

Huschak, G., K. Zur Nieden, R. Stuttmann and D. Riemann (2003). "Changes in monocytic expression of
aminopeptidase N/CD13 after major trauma." Clin Exp Immunol 134(3): 491-496.

Ikeda, S., H. Takahashi, Y. Suga, H. Eto, T. Etoh, K. Okuma, . . . T. Kanekura (2013). "Therapeutic
depletion of myeloid lineage leukocytes in patients with generalized pustular psoriasis indicates
a major role for neutrophils in the immunopathogenesis of psoriasis." JAm Acad Dermatol 68(4):
609-617.

Imai, T., K. Hieshima, C. Haskell, M. Baba, M. Nagira, M. Nishimura, . .. O. Yoshie (1997). "Identification
and molecular characterization of fractalkine receptor CX3CR1, which mediates both leukocyte
migration and adhesion." Cell 91(4): 521-530.

Imhof, B. A. and D. Dunon (1995). "Leukocyte migration and adhesion." Adv Immunol 58: 345-416.

Iwai, N., M. Matsunaga, T. Kita, M. Tei and C. Kawai (1987). "Regulation of angiotensin converting
enzyme activity in cultured human vascular endothelial cells." Biochem Biophys Res Commun
149(3): 1179-1185.

Iwasaki, A. and R. Medzhitov (2015). "Control of adaptive immunity by the innate immune system."
Nat Immunol 16(4): 343-353.

Jaffrey, S. R. (2014). "An expanding universe of mRNA modifications." Nat Struct Mol Biol 21(11): 945-
946.

Janeway, C. A., Jr. (1989). "Approaching the asymptote? Evolution and revolution inimmunology." Cold
Spring Harb Symp Quant Biol 54 Pt 1: 1-13.

Janke, M., J. Poth, V. Wimmenauer, T. Giese, C. Coch, W. Barchet, . .. G. Hartmann (2009). "Selective
and direct activation of human neutrophils but not eosinophils by Toll-like receptor 8." J Allergy
Clin Immunol 123(5): 1026-1033.

Jia, L. and C. Wu (2014). "The biology and functions of Th22 cells." Adv Exp Med Biol 841: 209-230.

Jiang, S., X. Li, N. J. Hess, Y. Guan and R. |. Tapping (2016). "TLR10 Is a Negative Regulator of Both
MyD88-Dependent and -Independent TLR Signaling." J Immunol 196(9): 3834-3841.

Jindal, S. and N. Jindal (2018). "Psoriasis and Cardiovascular Diseases: A Literature Review to Determine
the Causal Relationship." Cureus 10(2): e2195.

Johansson, H. J., H. Vallhov, T. Holm, U. Gehrmann, A. Andersson, C. Johansson, ... A. Scheynius (2018).
"Extracellular nanovesicles released from the commensal yeast Malassezia sympodialis are
enriched in allergens and interact with cells in human skin." Sci Rep 8(1): 9182.

Jorch, S. K. and P. Kubes (2017). "An emerging role for neutrophil extracellular traps in noninfectious
disease." Nat Med 23(3): 279-287.

126



References

Jungi, T. W., M. O. Spycher, U. E. Nydegger and S. Barandun (1986). "Platelet-leukocyte interaction:
selective binding of thrombin-stimulated platelets to human monocytes, polymorphonuclear
leukocytes, and related cell lines." Blood 67(3): 629-636.

Kahlenberg, J. M. and M. J. Kaplan (2013). "Little peptide, big effects: the role of LL-37 in inflammation
and autoimmune disease." J Immunol 191(10): 4895-4901.

Karbach, S., A. L. Croxford, M. Oelze, R. Schuler, D. Minwegen, J. Wegner, . . . T. Munzel (2014).
"Interleukin 17 drives vascular inflammation, endothelial dysfunction, and arterial hypertension
in psoriasis-like skin disease." Arterioscler Thromb Vasc Biol 34(12): 2658-2668.

Karnell, J. L., V. Kumar, J. Wang, S. Wang, E. Voynova and R. Ettinger (2017). "Role of CD11c(+) T-bet(+)
B cells in human health and disease." Cell Immunol 321: 40-45.

Karre, K., H. G. Ljunggren, G. Piontek and R. Kiessling (1986). "Selective rejection of H-2-deficient
lymphoma variants suggests alternative immune defence strategy." Nature 319(6055): 675-678.

Katsiari, C. G., S. N. Liossis, V. L. Souliotis, A. M. Dimopoulos, M. N. Manoussakis and P. P. Sfikakis
(2002). "Aberrant expression of the costimulatory molecule CD40 ligand on monocytes from
patients with systemic lupus erythematosus." Clin Immunol 103(1): 54-62.

Kawai, T. and S. Akira (2011). "Toll-like receptors and their crosstalk with other innate receptors in
infection and immunity." Immunity 34(5): 637-650.

Kayal, L., S. Jayachandran and K. Singh (2014). "ldiopathic thrombocytopenic purpura." Contemp Clin
Dent 5(3): 410-414.

Khan, Z., X. Z. Shen, E. A. Bernstein, J. F. Giani, M. Eriguchi, T. V. Zhao, . . . K. E. Bernstein (2017).
"Angiotensin-converting enzyme enhances the oxidative response and bactericidal activity of
neutrophils." Blood 130(3): 328-339.

Kim, D. S., D. Shin, M. S. Lee, H. J. Kim, D. Y. Kim, S. M. Kim and M. G. Lee (2016). "Assessments of
neutrophil to lymphocyte ratio and platelet to lymphocyte ratio in Korean patients with psoriasis
vulgaris and psoriatic arthritis." J Dermatol 43(3): 305-310.

Kim, J. and J. G. Krueger (2017). "Highly Effective New Treatments for Psoriasis Target the IL-23/Type
17 T Cell Autoimmune Axis." Annu Rev Med 68: 255-269.

Kim, Y. K., J. S. Shin and M. H. Nahm (2016). "NOD-Like Receptors in Infection, Immunity, and Diseases."
Yonsei Med J 57(1): 5-14.

Kimball, A. S., A. T. Obi, J. A. Diaz and P. K. Henke (2016). "The Emerging Role of NETs in Venous
Thrombosis and Immunothrombosis." Front Immunol 7: 236.

Kircik, L. H. and J. Q. Del Rosso (2009). "Anti-TNF agents for the treatment of psoriasis." J Drugs
Dermatol 8(6): 546-559.

Kolaczkowska, E. and P. Kubes (2013). "Neutrophil recruitment and function in health and
inflammation." Nat Rev Immunol 13(3): 159-175.

Kopfnagel, V., S. Wagenknecht, J. Harder, K. Hofmann, M. Kleine, A. Buch, . .. T. Werfel (2018). "RNase
7 Strongly Promotes TLR9-Mediated DNA Sensing by Human Plasmacytoid Dendritic Cells." J
Invest Dermatol 138(4): 872-881.

Koupenova, M., B. E. Kehrel, H. A. Corkrey and J. E. Freedman (2017). "Thrombosis and platelets: an
update." Eur Heart J 38(11): 785-791.

Krueger, A., N. Zietara and M. Lyszkiewicz (2017). "T Cell Development by the Numbers." Trends
Immunol 38(2): 128-139.

Kruger, P., M. Saffarzadeh, A. N. Weber, N. Rieber, M. Radsak, H. von Bernuth, . . . D. Hartl (2015).
"Neutrophils: Between host defence, immune modulation, and tissue injury." PLoS Pathog 11(3):
€1004651.

Kuznik, A., M. Bencina, U. Svajger, M. Jeras, B. Rozman and R. Jerala (2011). "Mechanism of endosomal
TLR inhibition by antimalarial drugs and imidazoquinolines." J Immunol 186(8): 4794-4804.

Kwok, C. S. L., Y.K. (2010). "Critical Overview on the Benefits and Harms of Aspirin." pharmaceuticals.

Lacy, P. (2006). "Mechanisms of degranulation in neutrophils." Allergy Asthma Clin Immunol 2(3): 98-
108.

Lande, R, E. Botti, C. Jandus, D. Dojcinovic, G. Fanelli, C. Conrad, . .. L. Frasca (2014). "The antimicrobial
peptide LL37 is a T-cell autoantigen in psoriasis." Nat Commun 5: 5621.

127



References

Lande, R., D. Ganguly, V. Facchinetti, L. Frasca, C. Conrad, J. Gregorio, ... M. Gilliet (2011). "Neutrophils
activate plasmacytoid dendritic cells by releasing self-DNA-peptide complexes in systemic lupus
erythematosus." Sci Trans/ Med 3(73): 73ral9.

Lande, R., J. Gregorio, V. Facchinetti, B. Chatterjee, Y. H. Wang, B. Homey, . . . M. Gilliet (2007).
"Plasmacytoid dendritic cells sense self-DNA coupled with antimicrobial peptide." Nature
449(7162): 564-569.

Lederman, S., M. J. Yellin, A. M. Cleary, A. Pernis, G. Inghirami, L. E. Cohn, . . . L. Chess (1994). "T-
BAM/CD40-L on helper T lymphocytes augments lymphokine-induced B cell Ig isotype switch
recombination and rescues B cells from programmed cell death." J Immunol 152(5): 2163-2171.

Lee, M. L., T.To, E. Nicholson and L. Schrieber (1994). "Endothelial cell adhesion molecules in psoriasis."
Australas J Dermatol 35(2): 65-70.

Lemaitre, B., E. Nicolas, L. Michaut, J. M. Reichhart and J. A. Hoffmann (1996). "The dorsoventral
regulatory gene cassette spatzle/Toll/cactus controls the potent antifungal response in
Drosophila adults." Cell 86(6): 973-983.

Lenth, R. V. (2016). "Least-Squares Means: The R Package Ismeans." Journal of Statistical Software
69(1).

Li, J., K. Kim, A. Barazia, A. Tseng and J. Cho (2015). "Platelet-neutrophil interactions under
thromboinflammatory conditions." Cell Mol Life Sci 72(14): 2627-2643.

Li, J. L., C. C. Goh, J. L. Keeble, J. S. Qin, B. Roediger, R. Jain, . .. L. G. Ng (2012). "Intravital multiphoton
imaging of immune responses in the mouse ear skin." Nat Protoc 7(2): 221-234.

Li, M., Y. Zhou, G. Feng and S. B. Su (2009). "The critical role of Toll-like receptor signaling pathways in
the induction and progression of autoimmune diseases." Curr Mol Med 9(3): 365-374.

Li, Q., Y. Kim, J. Namm, A. Kulkarni, G. R. Rosania, Y. H. Ahn and Y. T. Chang (2006). "RNA-selective, live
cell imaging probes for studying nuclear structure and function." Chem Biol 13(6): 615-623.

Li, W., X. Y. Man, J. Q. Chen, J. Zhou, S. Q. Cai and M. Zheng (2014). "Targeting VEGF/VEGFR in the
treatment of psoriasis." Discov Med 18(98): 97-104.

Li, X. D. and Z. J. Chen (2012). "Sequence specific detection of bacterial 23S ribosomal RNA by TLR13."
Elife 1: e00102.

Lim, K., Y. M. Hyun, K. Lambert-Emo, T. Capece, S. Bae, R. Miller, . .. M. Kim (2015). "Neutrophil trails
guide influenza-specific CD8(+) T cells in the airways." Science 349(6252): aaa4352.

Lin, A. M., C. J. Rubin, R. Khandpur, J. Y. Wang, M. Riblett, S. Yalavarthi, ... A. T. Bruce (2011). "Mast
cells and neutrophils release IL-17 through extracellular trap formation in psoriasis." J Immunol
187(1): 490-500.

Lindau, D., J. Mussard, B. J. Wagner, M. Ribon, V. M. Ronnefarth, M. Quettier, . . . P. Decker (2013).
"Primary blood neutrophils express a functional cell surface Toll-like receptor 9." Eur J Immunol
43(8): 2101-2113.

Lisman, T. (2018). "Platelet-neutrophil interactions as drivers of inflammatory and thrombotic
disease." Cell Tissue Res 371(3): 567-576.

Liu, X., M. Alexiou, N. Martin-Orozco, Y. Chung, R. I. Nurieva, L. Ma, . .. C. Dong (2009). "Cutting edge:
A critical role of B and T lymphocyte attenuator in peripheral T cell tolerance induction." J
Immunol 182(8): 4516-4520.

Liu, X., Z. Zhang, J. Ruan, Y. Pan, V. G. Magupalli, H. Wu and J. Lieberman (2016). "Inflammasome-
activated gasdermin D causes pyroptosis by forming membrane pores." Nature 535(7610): 153-
158.

Loo, Y. M. and M. Gale, Jr. (2011). "Immune signaling by RIG-I-like receptors." Immunity 34(5): 680-
692.

Lood, C., Arve S., Ledbetter J.A., Elkon K.B. (2016). "TLR8 activation shifts neutrophils from
phagocytosis to NETosis through furin-dependent shedding of FcgRIIA." J Immunol 196(1).

Lood, C,, L. P. Blanco, M. M. Purmalek, C. Carmona-Rivera, S. S. De Ravin, C. K. Smith, ... M. J. Kaplan
(2016). "Neutrophil extracellular traps enriched in oxidized mitochondrial DNA are
interferogenic and contribute to lupus-like disease." Nat Med 22(2): 146-153.

128



References

Lu, H., G. N. Dietsch, M. A. Matthews, Y. Yang, S. Ghanekar, M. Inokuma, . .. R. M. Hershberg (2012).
"VTX-2337 is a novel TLR8 agonist that activates NK cells and augments ADCC." Clin Cancer Res
18(2): 499-509.

Lu, J., Y. Ding, X. Yi and J. Zheng (2016). "CD19+ B cell subsets in the peripheral blood and skin lesions
of psoriasis patients and their correlations with disease severity." Braz J Med Biol Res 49(9):
e5374.

Ludwig, R.J., C. Herzog, A. Rostock, F. R. Ochsendorf, T. M. Zollner, D. Thaci, .. . W. H. Boehncke (2007).
"Psoriasis: a possible risk factor for development of coronary artery calcification." Br J Dermatol
156(2): 271-276.

Ludwig, R.J., J. E. Schultz, W. H. Boehncke, M. Podda, C. Tandi, F. Krombach, ... T. M. Zollner (2004).
"Activated, not resting, platelets increase leukocyte rolling in murine skin utilizing a distinct set
of adhesion molecules." J Invest Dermatol 122(3): 830-836.

Maione, F., C. Cicala, E. Liverani, N. Mascolo, M. Perretti and F. D'Acquisto (2011). "IL-17A increases
ADP-induced platelet aggregation." Biochem Biophys Res Commun 408(4): 658-662.

Marble, D. J., K. B. Gordon and B. J. Nickoloff (2007). "Targeting TNFalpha rapidly reduces density of
dendritic cells and macrophages in psoriatic plaques with restoration of epidermal keratinocyte
differentiation." J Dermatol Sci 48(2): 87-101.

Marcinkiewicz, M. and S. Majewski (2016). "The role of antimicrobial peptides in chronic inflammatory
skin diseases." Postepy Dermatol Alergol 33(1): 6-12.

Martinod, K., T. Witsch, K. Farley, M. Gallant, E. Remold-O'Donnell and D. D. Wagner (2016).
"Neutrophil elastase-deficient mice form neutrophil extracellular traps in an experimental
model of deep vein thrombosis." J Thromb Haemost 14(3): 551-558.

Masamoto, Y. and M. Kurokawa (2016). "Inflammation-induced emergency megakaryopoiesis:
inflammation paves the way for platelets." Stem Cell Investig 3: 16.

Mateo, A., J. M. Perez de la Lastra, J. J. Garrido and D. Llanes (1996). "Platelet activation studies with
anti-CD41/61 monoclonal antibodies." Vet Immunol Immunopathol 52(4): 357-362.

Matsukura, S., F. Kokubu, M. Kurokawa, M. Kawaguchi, K. leki, H. Kuga, . . . M. Adachi (2007). "Role of
RIG-I, MDA-5, and PKR on the expression of inflammatory chemokines induced by synthetic
dsRNA in airway epithelial cells." Int Arch Allergy Immunol 143 Suppl 1: 80-83.

Mayadas, T. N., X. Cullere and C. A. Lowell (2014). "The multifaceted functions of neutrophils." Annu
Rev Pathol 9: 181-218.

McDonald, C. J. and P. Calabresi (1973). "Occlusive vascular disease in psoriatic patients." N Engl J Med
288(17): 912.

McDonald, D. M., G. Thurston and P. Baluk (1999). "Endothelial gaps as sites for plasma leakage in
inflammation." Microcirculation 6(1): 7-22.

Medzhitov, R., P. Preston-Hurlburt and C. A. Janeway, Jr. (1997). "A human homologue of the
Drosophila Toll protein signals activation of adaptive immunity." Nature 388(6640): 394-397.

Mehta, N. N,, Y. Yu, R. Pinnelas, P. Krishnamoorthy, D. B. Shin, A. B. Troxel and J. M. Gelfand (2011).
"Attributable risk estimate of severe psoriasis on major cardiovascular events." Am J Med
124(8): 775 e771-776.

Melchers, F. (2015). "Checkpoints that control B cell development." J Clin Invest 125(6): 2203-2210.

Menten, P., A. Wuyts and J. Van Damme (2002). "Macrophage inflammatory protein-1." Cytokine
Growth Factor Rev 13(6): 455-481.

Menter, A. and C. E. Griffiths (2007). "Current and future management of psoriasis." Lancet 370(9583):
272-284.

Messerli, F. H., S. Bangalore, C. Bavishi and S. F. Rimoldi (2018). "Angiotensin-Converting Enzyme
Inhibitors in Hypertension: To Use or Not to Use?" J Am Coll Cardiol 71(13): 1474-1482.

Mistry, D. A., A. Chandratreya and P. Y. F. Lee (2017). "A Systematic Review on the Use of Aspirin in the
Prevention of Deep Vein Thrombosis in Major Elective Lower Limb Orthopedic Surgery: An
Update from the Past 3 Years." Surg J (N Y) 3(4): e191-e196.

Morrell, C. N., A. A. Aggrey, L. M. Chapman and K. L. Modjeski (2014). "Emerging roles for platelets as
immune and inflammatory cells." Blood 123(18): 2759-2767.

129



References

Morton, H. C. and P. Brandtzaeg (2001). "CD89: the human myeloid IgA Fc receptor." Arch Immunol
Ther Exp (Warsz) 49(3): 217-229.

Mueller, A., A. Meiser, E. M. McDonagh, J. M. Fox, S. J. Petit, G. Xanthou, ... J. E. Pease (2008). "CXCL4-
induced migration of activated T lymphocytes is mediated by the chemokine receptor CXCR3." J
Leukoc Biol 83(4): 875-882.

Muruve, D. A, V. Petrilli, A. K. Zaiss, L. R. White, S. A. Clark, P. J. Ross, . . . J. Tschopp (2008). "The
inflammasome recognizes cytosolic microbial and host DNA and triggers an innate immune
response." Nature 452(7183): 103-107.

Nair, R. P., P. E. Stuart, |. Nistor, R. Hiremagalore, N. V. C. Chia, S. Jenisch, . . . J. T. Elder (2006).
"Sequence and haplotype analysis supports HLA-C as the psoriasis susceptibility 1 gene." Am J
Hum Genet 78(5): 827-851.

Nestle, F. O., C. Conrad, A. Tun-Kyi, B. Homey, M. Gombert, O. Boyman, . . . M. Gilliet (2005).
"Plasmacytoid predendritic cells initiate psoriasis through interferon-alpha production." J Exp
Med 202(1): 135-143.

Nestle, F. O., P. Di Meglio, J. Z. Qin and B. J. Nickoloff (2009). "Skin immune sentinels in health and
disease." Nat Rev Immunol 9(10): 679-691.

Neumann, A., L. Vollger, E. T. Berends, E. M. Molhoek, D. A. Stapels, M. Midon, . . . M. von Kockritz-
Blickwede (2014). "Novel role of the antimicrobial peptide LL-37 in the protection of neutrophil
extracellular traps against degradation by bacterial nucleases." J Innate Immun 6(6): 860-868.

No, H. K., Y.l. Cho, H. R. Kim and S. P. Meyers (2000). "Effective deacetylation of chitin under conditions
of 15 psi/121 degrees C." J Agric Food Chem 48(6): 2625-2627.

Noll, F., J. Behnke, S. Leiting, K. Troidl, G. T. Alves, H. Muller-Redetzky, . . . S. Fischer (2017). "Self-
extracellular RNA acts in synergy with exogenous danger signals to promote inflammation." PLoS
One 12(12): e0190002.

Noviski, M., J. L. Mueller, A. Satterthwaite, L. A. Garrett-Sinha, F. Brombacher and J. Zikherman (2018).
"IgM and IgD B cell receptors differentially respond to endogenous antigens and control B cell
fate." Elife 7.

O'Brien, X. M., B. M. Biron and J. S. Reichner (2017). "Consequences of extracellular trap formation in
sepsis." Curr Opin Hematol 24(1): 66-71.

O'Neill, L. A., D. Golenbock and A. G. Bowie (2013). "The history of Toll-like receptors - redefining innate
immunity." Nat Rev Immunol 13(6): 453-460.

Olsson, A. K. and J. Cedervall (2016). "NETosis in Cancer - Platelet-Neutrophil Crosstalk Promotes
Tumor-Associated Pathology." Front Immunol 7: 373.

Oosting, M., S. C. Cheng, J. M. Bolscher, R. Vestering-Stenger, T. S. Plantinga, I. C. Verschueren, . .. L.
A. Joosten (2014). "Human TLR10 is an anti-inflammatory pattern-recognition receptor." Proc
Natl Acad Sci U S A 111(42): EA478-4484.

Pan, B., J. Shen, J. Cao, Y. Zhou, L. Shang, S. Jin, ... Y. Yu (2015). "Interleukin-17 promotes angiogenesis
by stimulating VEGF production of cancer cells via the STAT3/GIV signaling pathway in non-
small-cell lung cancer." Sci Rep 5: 16053.

Papayannopoulos, V. (2018). "Neutrophil extracellular traps in immunity and disease." Nat Rev
Immunol 18(2): 134-147.

Papayannopoulos, V., K. D. Metzler, A. Hakkim and A. Zychlinsky (2010). "Neutrophil elastase and
myeloperoxidase regulate the formation of neutrophil extracellular traps." J Cell Biol 191(3):
677-691.

Parkin, J. and B. Cohen (2001). "An overview of the immune system." Lancet 357(9270): 1777-1789.

Pawar, R. D., A. Ramanjaneyulu, O. P. Kulkarni, M. Lech, S. Segerer and H. J. Anders (2007). "Inhibition
of Toll-like receptor-7 (TLR-7) or TLR-7 plus TLR-9 attenuates glomerulonephritis and lung injury
in experimental lupus." J Am Soc Nephrol 18(6): 1721-1731.

Pelletier, M., L. Maggi, A. Micheletti, E. Lazzeri, N. Tamassia, C. Costantini, . .. M. A. Cassatella (2010).
"Evidence for a cross-talk between human neutrophils and Th17 cells." Blood 115(2): 335-343.

Pera, M. F., B. Reubinoff and A. Trounson (2000). "Human embryonic stem cells." J Cell Sci 113 ( Pt 1):
5-10.

130



References

Pfaff, C. M., Y. Marquardt, K. Fietkau, J. M. Baron and B. Luscher (2017). "The psoriasis-associated IL-
17A induces and cooperates with IL-36 cytokines to control keratinocyte differentiation and
function." Sci Rep 7(1): 15631.

Phillipson, M., B. Heit, P. Colarusso, L. Liu, C. M. Ballantyne and P. Kubes (2006). "Intraluminal crawling
of neutrophils to emigration sites: a molecularly distinct process from adhesion in the
recruitment cascade." J Exp Med 203(12): 2569-2575.

Phillipson, M. and P. Kubes (2011). "The neutrophil in vascular inflammation." Nat Med 17(11): 1381-
1390.

Pietrzak, A., E. Grywalska, M. Socha, J. Rolinski, K. Franciszkiewicz-Pietrzak, L. Rudnicka, . . . D.
Krasowska (2018). "Prevalence and Possible Role of Candida Species in Patients with Psoriasis:
A Systematic Review and Meta-Analysis." Mediators Inflamm 2018: 9602362.

Pillay, J., I. den Braber, N. Vrisekoop, L. M. Kwast, R. J. de Boer, J. A. Borghans, . . . L. Koenderman
(2010). "In vivo labeling with 2H20 reveals a human neutrophil lifespan of 5.4 days." Blood
116(4): 625-627.

Pilsczek, F. H., D. Salina, K. K. Poon, C. Fahey, B. G. Yipp, C. D. Sibley, . . . P. Kubes (2010). "A novel
mechanism of rapid nuclear neutrophil extracellular trap formation in response to
Staphylococcus aureus." J Immunol 185(12): 7413-7425.

Pinheiro, J. C., and Bates, D. (2000). Mixed-Effects Models in S and S-PLUS., Springer.

Polat, M., G. Bugdayci, H. Kaya and H. Oguzman (2017). "Evaluation of neutrophil-to-lymphocyte ratio
and platelet-to-lymphocyte ratio in Turkish patients with chronic plaque psoriasis." Acta
Dermatovenerol Alp Pannonica Adriat 26(4): 97-100.

Poltorak, A., X. He, I. Smirnova, M. Y. Liu, C. Van Huffel, X. Du, . . . B. Beutler (1998). "Defective LPS
signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene." Science 282(5396): 2085-
2088.

Postlethwaite, A. E. and T. M. Chiang (2007). "Platelet contributions to the pathogenesis of systemic
sclerosis." Curr Opin Rheumatol 19(6): 574-579.

Prince, L. R., M. K. Whyte, |. Sabroe and L. C. Parker (2011). "The role of TLRs in neutrophil activation."
Curr Opin Pharmacol 11(4): 397-403.

Prinz, J. C. (2003). "The role of T cells in psoriasis." J Eur Acad Dermatol Venereol 17(3): 257-270.

Proost, P., A. Mortier, T. Loos, J. Vandercappellen, M. Gouwy, |. Ronsse, . . . J. Van Damme (2007).
"Proteolytic processing of CXCL11 by CD13/aminopeptidase N impairs CXCR3 and CXCR7 binding
and signaling and reduces lymphocyte and endothelial cell migration." Blood 110(1): 37-44.

Rabeony, H., M. Pohin, P. Vasseur, |. Petit-Paris, J. F. Jegou, L. Favot, . . . F. Morel (2015). "IMQ-induced
skin inflammation in mice is dependent on IL-1R1 and MyD88 signaling but independent of the
NLRP3 inflammasome." Eur J Immunol 45(10): 2847-2857.

Rademacher, F., M. Simanski and J. Harder (2016). "RNase 7 in Cutaneous Defense." Int J Mol Sci 17(4):
560.

Raulet, D. H. (2006). "Missing self recognition and self tolerance of natural killer (NK) cells." Semin
Immunol 18(3): 145-150.

Regan, T., K. Nally, R. Carmody, A. Houston, F. Shanahan, J. Macsharry and E. Brint (2013).
"Identification of TLR10 as a key mediator of the inflammatory response to Listeria
monocytogenes in intestinal epithelial cells and macrophages." J Immunol 191(12): 6084-6092.

Reinholz, M., T. Ruzicka and J. Schauber (2012). "Cathelicidin LL-37: an antimicrobial peptide with a
role in inflammatory skin disease." Ann Dermatol 24(2): 126-135.

Relloso, M., A. Puig-Kroger, O. M. Pello, J. L. Rodriguez-Fernandez, G. de la Rosa, N. Longo, . .. A. L.
Corbi (2002). "DC-SIGN (CD209) expression is IL-4 dependent and is negatively regulated by IFN,
TGF-beta, and anti-inflammatory agents." J Immunol 168(6): 2634-2643.

Roelofs, M. F., W. C. Boelens, L. A. Joosten, S. Abdollahi-Roodsaz, J. Geurts, L. U. Wunderink, ... T. R.
Radstake (2006). "Identification of small heat shock protein B8 (HSP22) as a novel TLR4 ligand
and potential involvement in the pathogenesis of rheumatoid arthritis." J Immunol 176(11):
7021-7027.

131



References

Roth, S., M. Agthe, S. Eickhoff, S. Moller, C. M. Karsten, N. Borregaard, . .. T. Laskay (2015). "Secondary
necrotic neutrophils release interleukin-16C and macrophage migration inhibitory factor from
stores in the cytosol." Cell Death Discov 1: 15056.

Rudolf-Oliveira, R. C. M., M. Auat, C. C. Cardoso, I. M. Santos-Pirath, B. G. Lange, J. Pires-Silva, . . . M.
C. Santos-Silva (2018). "Determination of normal expression patterns of CD86, CD210a, CD261,
CD262, CD264, CD358, and CD361 in peripheral blood and bone marrow cells by flow
cytometry." Immunol Lett 194: 44-55,

Ruggeri, Z. M. (2007). "The role of von Willebrand factor in thrombus formation." Thromb Res 120
Suppl 1: S5-9.

Sadhu, C., H. J. Ting, B. Lipsky, K. Hensley, L. F. Garcia-Martinez, S. I. Simon and D. E. Staunton (2007).
"CD11c/CD18: novel ligands and a role in delayed-type hypersensitivity." J Leukoc Biol 81(6):
1395-1403.

Saitoh, T., J. Komano, Y. Saitoh, T. Misawa, M. Takahama, T. Kozaki, . . . S. Akira (2012). "Neutrophil
extracellular traps mediate a host defense response to human immunodeficiency virus-1." Cell
Host Microbe 12(1): 109-116.

Sakurai, D., Y. Kanno, H. Hase, H. Kojima, K. Okumura and T. Kobata (2007). "TACI attenuates antibody
production costimulated by BAFF-R and CD40." Eur J Immunol 37(1): 110-118.

Savchenko, A. S., K. Martinod, M. A. Seidman, S. L. Wong, J. I. Borissoff, G. Piazza, .. . D. D. Wagner
(2014). "Neutrophil extracellular traps form predominantly during the organizing stage of
human venous thromboembolism development.” J Thromb Haemost 12(6): 860-870.

Schauber, J. and R. L. Gallo (2007). "Expanding the roles of antimicrobial peptides in skin: alarming and
arming keratinocytes." J Invest Dermatol 127(3): 510-512.

Schon, M. P., S. M. Broekaert and L. Erpenbeck (2017). "Sexy again: the renaissance of neutrophils in
psoriasis." Exp Dermatol 26(4): 305-311.

Schon, M. P. and L. Erpenbeck (2018). "The Interleukin-23/Interleukin-17 Axis Links Adaptive and
Innate Immunity in Psoriasis." Front Immunol 9: 1323.

Schuler, R., A. Brand, S. Klebow, J. Wild, F. P. Veras, E. Ullmann, . .. S. Karbach (2018). "Antagonization
of IL-17A Attenuates Skin Inflammation and Vascular Dysfunction in Mouse Models of Psoriasis."
J Invest Dermatol.

Selders, G. S., A. E. Fetz, M. Z. Radic and G. L. Bowlin (2017). "An overview of the role of neutrophils in
innate immunity, inflammation and host-biomaterial integration." Regen Biomater 4(1): 55-68.

Sharma, R. C., A. J. Murphy, M. G. DeWald and R. T. Schimke (1993). "A rapid procedure for isolation
of RNA-free genomic DNA from mammalian cells." Biotechniques 14(2): 176-178.

Sheremata, W. A., W. Jy, L. L. Horstman, Y. S. Ahn, J. S. Alexander and A. Minagar (2008). "Evidence of
platelet activation in multiple sclerosis." J Neuroinflammation 5: 27.

Simanski, M., B. Koten, J. M. Schroder, R. Glaser and J. Harder (2012). "Antimicrobial RNases in
cutaneous defense." J Innate Immun 4(3): 241-247.

Simon, S. I., A. R. Burns, A. D. Taylor, P. K. Gopalan, E. B. Lynam, L. A. Sklar and C. W. Smith (1995). "L-
selectin (CD62L) cross-linking signals neutrophil adhesive functions via the Mac-1 (CD11b/CD18)
beta 2-integrin." J Immunol 155(3): 1502-1514.

Singh, D., R. Qj, J. L. Jordan, L. San Mateo and C. C. Kao (2013). "The human antimicrobial peptide LL-
37, but not the mouse ortholog, mCRAMP, can stimulate signaling by poly(l:C) through a FPRL1-
dependent pathway." J Biol Chem 288(12): 8258-8268.

Sivasubramaniyan, K., A. Harichandan, S. Schumann, M. Sobiesiak, C. Lengerke, A. Maurer, . .. H. J.
Buhring (2013). "Prospective isolation of mesenchymal stem cells from human bone marrow
using novel antibodies directed against Sushi domain containing 2." Stem Cells Dev 22(13): 1944-
1954,

Slusher, K. B. (2010). "Factor V Leiden: a case study and review." Dimens Crit Care Nurs 29(1): 6-10.

Smith, S. A, R.J. Travers and J. H. Morrissey (2015). "How it all starts: Initiation of the clotting cascade."
Crit Rev Biochem Mol Biol 50(4): 326-336.

132



References

Sollberger, G., A. Choidas, G. L. Burn, P. Habenberger, R. Di Lucrezia, S. Kordes, . . . A. Zychlinsky (2018).
"Gasdermin D plays a vital role in the generation of neutrophil extracellular traps." Sci Immunol
3(26).

Sorensen, 0., K. Arnljots, J. B. Cowland, D. F. Bainton and N. Borregaard (1997). "The human
antibacterial cathelicidin, hCAP-18, is synthesized in myelocytes and metamyelocytes and
localized to specific granules in neutrophils." Blood 90(7): 2796-2803.

Sorensen, O. E., P. Follin, A. H. Johnsen, J. Calafat, G. S. Tjabringa, P. S. Hiemstra and N. Borregaard
(2001). "Human cathelicidin, hCAP-18, is processed to the antimicrobial peptide LL-37 by
extracellular cleavage with proteinase 3." Blood 97(12): 3951-3959.

Sreeramkumar, V., J. M. Adrover, |. Ballesteros, M. |. Cuartero, J. Rossaint, I. Bilbao, . . . A. Hidalgo
(2014). "Neutrophils scan for activated platelets to initiate inflammation." Science 346(6214):
1234-1238.

Srivastava, A. (2017). "ltolizumab in Psoriasis." Indian J Dermatol 62(4): 418-421.

Stark, S. and C. Watzl (2006). "2B4 (CD244), NTB-A and CRACC (CS1) stimulate cytotoxicity but no
proliferation in human NK cells." Int Immunol 18(2): 241-247.

Steinberg, B. E. and S. Grinstein (2007). "Unconventional roles of the NADPH oxidase: signaling, ion
homeostasis, and cell death." Sci STKE 2007(379): pell.

Strange, P., K. D. Cooper, E. R. Hansen, G. Fisher, J. K. Larsen, D. Fox, . .. O. Baadsgaard (1993). "T-
lymphocyte clones initiated from lesional psoriatic skin release growth factors that induce
keratinocyte proliferation." J Invest Dermatol 101(5): 695-700.

Sumida, H., K. Yanagida, Y. Kita, J. Abe, K. Matsushima, M. Nakamura, . . . T. Shimizu (2014). "Interplay
between CXCR2 and BLT1 facilitates neutrophil infiltration and resultant keratinocyte activation
in a murine model of imiquimod-induced psoriasis." J Immunol 192(9): 4361-4369.

Sweeney, C. M., A. M. Tobin and B. Kirby (2011). "Innate immunity in the pathogenesis of psoriasis."
Arch Dermatol Res 303(10): 691-705.

Tabeta, K., K. Hoebe, E. M. Janssen, X. Du, P. Georgel, K. Crozat, . . . B. Beutler (2006). "The Unc93b1
mutation 3d disrupts exogenous antigen presentation and signaling via Toll-like receptors 3, 7
and 9." Nat Immunol 7(2): 156-164.

Taguchi, T., J. L. Mitcham, S. K. Dower, J. E. Sims and J. R. Testa (1996). "Chromosomal localization of
TIL, a gene encoding a protein related to the Drosophila transmembrane receptor Toll, to human
chromosome 4p14." Genomics 32(3): 486-488.

Takahashi, T., N. N. Kulkarni, E. Y. Lee, L. J. Zhang, G. C. L. Wong and R. L. Gallo (2018). "Cathelicidin
promotes inflammation by enabling binding of self-RNA to cell surface scavenger receptors." Sci
Rep 8(1): 4032.

Tamagawa-Mineoka, R. (2015). "Important roles of platelets as immune cells in the skin." J Dermatol
Sci 77(2): 93-101.

Tamagawa-Mineoka, R., N. Katoh and S. Kishimoto (2009). "Platelets play important roles in the late
phase of the immediate hypersensitivity reaction." J Allergy Clin Immunol 123(3): 581-587, 587
e581-589.

Tamagawa-Mineoka, R., N. Katoh and S. Kishimoto (2010). "Platelet activation in patients with
psoriasis: increased plasma levels of platelet-derived microparticles and soluble P-selectin." J
Am Acad Dermatol 62(4): 621-626.

Tamagawa-Mineoka, R., N. Katoh, E. Ueda, K. Masuda and S. Kishimoto (2008). "Elevated platelet
activation in patients with atopic dermatitis and psoriasis: increased plasma levels of beta-
thromboglobulin and platelet factor 4." Allergol Int 57(4): 391-396.

Tamagawa-Mineoka, R., N. Katoh, E. Ueda, H. Takenaka, M. Kita and S. Kishimoto (2007). "The role of
platelets in leukocyte recruitment in chronic contact hypersensitivity induced by repeated
elicitation." Am J Pathol 170(6): 2019-2029.

Tamassia, N., F. Arruda-Silva, F. Calzetti, S. Lonardi, S. Gasperini, E. Gardiman, . . . M. A. Cassatella
(2018). "A Reappraisal on the Potential Ability of Human Neutrophils to Express and Produce IL-
17 Family Members In Vitro: Failure to Reproducibly Detect It." Front Immunol 9: 795.

133



References

Tamassia, N., F. Arruda-Silva, H. L. Wright, R. J. Moots, E. Gardiman, F. Bianchetto-Aguilera, . .. M. A.
Cassatella (2019). "Human neutrophils activated via TLR8 promote Th17 polarization through IL-
23." J Leukoc Biol.

Tang, Y. Q., M. R. Yeaman and M. E. Selsted (2002). "Antimicrobial peptides from human platelets."
Infect Immun 70(12): 6524-6533.

Tecchio, C., A. Micheletti and M. A. Cassatella (2014). "Neutrophil-derived cytokines: facts beyond
expression." Front Immunol 5: 508.

Terui, T., K. Takahashi, M. Funayama, A. Terunuma, M. Ozawa, S. Sasai and H. Tagami (2001).
"Occurrence of neutrophils and activated Thl cells in UVB-induced erythema." Acta Derm
Venereol 81(1): 8-13.

Tewary, P., G. de la Rosa, N. Sharma, L. G. Rodriguez, S. G. Tarasov, O. M. Howard, . .. J. J. Oppenheim
(2013). "beta-Defensin 2 and 3 promote the uptake of self or CpG DNA, enhance IFN-alpha
production by human plasmacytoid dendritic cells, and promote inflammation." J Immunol
191(2): 865-874.

Thomas, C. J. and K. Schroder (2013). "Pattern recognition receptor function in neutrophils." Trends
Immunol 34(7): 317-328.

Tjabringa, G. S., D. K. Ninaber, J. W. Drijfhout, K. F. Rabe and P. S. Hiemstra (2006). "Human cathelicidin
LL-37 is a chemoattractant for eosinophils and neutrophils that acts via formyl-peptide
receptors." Int Arch Allergy Immunol 140(2): 103-112.

Tofts, P. S., T. Chevassut, M. Cutajar, N. G. Dowell and A. M. Peters (2011). "Doubts concerning the
recently reported human neutrophil lifespan of 5.4 days." Blood 117(22): 6050-6052; author
reply 6053-6054.

Tomaiuolo, M., L. F. Brass and T. J. Stalker (2017). "Regulation of Platelet Activation and Coagulation
and Its Role in Vascular Injury and Arterial Thrombosis." Interv Cardiol Clin 6(1): 1-12.

Trelinski, J., M. Tybura, P. Smolewski, T. Robak and K. Chojnowski (2009). "The influence of low-dose
aspirin and hydroxyurea on platelet-leukocyte interactions in patients with essential
thrombocythemia." Blood Coagul Fibrinolysis 20(8): 646-651.

Tsai, Y. C. and T. F. Tsai (2017). "Anti-interleukin and interleukin therapies for psoriasis: current
evidence and clinical usefulness." Ther Adv Musculoskelet Dis 9(11): 277-294.

Tsan, M. F. and B. Gao (2004). "Endogenous ligands of Toll-like receptors." J Leukoc Biol 76(3): 514-
519.

Tsoi, L. C.,, S. L. Spain, J. Knight, E. Ellinghaus, P. E. Stuart, F. Capon, . .. R. C. Trembath (2012).
"Identification of 15 new psoriasis susceptibility loci highlights the role of innate immunity." Nat
Genet 44(12): 1341-1348.

Turner, J., Y. Cho, N. N. Dinh, A. J. Waring and R. I. Lehrer (1998). "Activities of LL-37, a cathelin-
associated antimicrobial peptide of human neutrophils." Antimicrob Agents Chemother 42(9):
2206-2214.

Unal, M. (2016). "Platelet mass index is increased in psoriasis. A possible link between psoriasis and
atherosclerosis." Arch Med Sci Atheroscler Dis 1(1): e145-e149.

Vale, A. M. and H. W. Schroeder, Jr. (2010). "Clinical consequences of defects in B-cell development."
J Allergy Clin Immunol 125(4): 778-787.

Valladeau, J. and S. Saeland (2005). "Cutaneous dendritic cells." Semin Immunol 17(4): 273-283.

van der Fits, L., L. I. van der Wel, J. D. Laman, E. P. Prens and M. C. Verschuren (2004). "In psoriasis
lesional skin the type | interferon signaling pathway is activated, whereas interferon-alpha
sensitivity is unaltered." J Invest Dermatol 122(1): 51-60.

van der Linden, M., G. H. A. Westerlaken, M. van der Vlist, J. van Montfrans and L. Meyaard (2017).
"Differential Signalling and Kinetics of Neutrophil Extracellular Trap Release Revealed by
Quantitative Live Imaging." Sci Rep 7(1): 6529.

van Montfoort, M. L., F. Stephan, M. N. Lauw, B. A. Hutten, G. J. Van Mierlo, S. Solati, . . . S. Zeerleder
(2013). "Circulating nucleosomes and neutrophil activation as risk factors for deep vein
thrombosis." Arterioscler Thromb Vasc Biol 33(1): 147-151.

134



References

Vierbuchen, T., C. Bang, H. Rosigkeit, R. A. Schmitz and H. Heine (2017). "The Human-Associated
Archaeon Methanosphaera stadtmanae Is Recognized through Its RNA and Induces TLRS8-
Dependent NLRP3 Inflammasome Activation." Front Immunol 8: 1535.

Villarreal-Villarreal, C. D., J. Ocampo-Candiani and A. Villarreal-Martinez (2016). "Sweet Syndrome: A
Review and Update." Actas Dermosifiliogr 107(5): 369-378.

Viret, C. and C. A. Janeway, Jr. (1999). "MHC and T cell development." Rev Immunogenet 1(1): 91-104.

Vono, M., A. Lin, A. Norrby-Teglund, R. A. Koup, F. Liang and K. Lore (2017). "Neutrophils acquire the
capacity for antigen presentation to memory CD4(+) T cells in vitro and ex vivo." Blood 129(14):
1991-2001.

Wang, S., M. B. Voisin, K. Y. Larbi, J. Dangerfield, C. Scheiermann, M. Tran, . .. S. Nourshargh (2006).
"Venular basement membranes contain specific matrix protein low expression regions that act
as exit points for emigrating neutrophils." J Exp Med 203(6): 1519-1532.

Wang, S., C. Yan, X. Zhang, D. Shi, L. Chi, G. Luo and J. Deng (2018). "Antimicrobial peptide modification
enhances the gene delivery and bactericidal efficiency of gold nanoparticles for accelerating
diabetic wound healing." Biomater Sci 6(10): 2757-2772.

Wang, W., H. Zhou and L. Liu (2018). "Side effects of methotrexate therapy for rheumatoid arthritis: A
systematic review." Eur J Med Chem 158: 502-516.

Wang, Y., B. Agerberth, A. Lothgren, A. Almstedt and J. Johansson (1998). "Apolipoprotein A-l binds
and inhibits the human antibacterial/cytotoxic peptide LL-37." J Biol Chem 273(50): 33115-
33118.

Warnatsch, A., M. loannou, Q. Wang and V. Papayannopoulos (2015). "Inflammation. Neutrophil
extracellular traps license macrophages for cytokine production in atherosclerosis." Science
349(6245): 316-320.

Warren, H.S., A. L. Jones, C. Freeman, J. Bettadapura and C. R. Parish (2005). "Evidence that the cellular
ligand for the human NK cell activation receptor NKp30 is not a heparan sulfate
glycosaminoglycan." J Immunol 175(1): 207-212.

Wasilewska, A., M. Winiarska, M. Olszewska and L. Rudnicka (2016). "Interleukin-17 inhibitors. A new
era in treatment of psoriasis and other skin diseases." Postepy Dermatol Alergol 33(4): 247-252.

Wetzel, A., T. Wetzig, U. F. Haustein, M. Sticherling, U. Anderegg, J. C. Simon and A. Saalbach (2006).
"Increased neutrophil adherence in psoriasis: role of the human endothelial cell receptor Thy-1
(CD90)." J Invest Dermatol 126(2): 441-452.

Wu, Y. W., W. Tang and J. P. Zuo (2015). "Toll-like receptors: potential targets for lupus treatment."
Acta Pharmacol Sin 36(12): 1395-1407.

Xiao, T. S. (2015). "The nucleic acid-sensing inflammasomes." Immunol Rev 265(1): 103-111.

Xu, T., L. Zhang, Z. H. Geng, H. B. Wang, J. T. Wang, M. Chen and J. G. Geng (2007). "P-selectin cross-
links PSGL-1 and enhances neutrophil adhesion to fibrinogen and ICAM-1 in a Src kinase-
dependent, but GPCR-independent mechanism." Cell Adh Migr 1(3): 115-123.

Yalcinkaya, M., Yuksel, S. (2013). "Investigation of LL-37-mediated siRNA transfection." Turk J Biol 37:
426-432.

Yan, M., H. Wang, B. Chan, M. Roose-Girma, S. Erickson, T. Baker, . . . V. M. Dixit (2001). "Activation
and accumulation of B cells in TACI-deficient mice." Nat Immunol 2(7): 638-643.

Yao, Y., L. Richman, C. Morehouse, M. de los Reyes, B. W. Higgs, A. Boutrin, . . . B. Jallal (2008). "Type |
interferon: potential therapeutic target for psoriasis?" PLoS One 3(7): e2737.

Ye, L, C. Lv, G. Man, S. Song, P. M. Elias and M. Q. Man (2014). "Abnormal epidermal barrier recovery
in uninvolved skin supports the notion of an epidermal pathogenesis of psoriasis." J Invest
Dermatol 134(11): 2843-2846.

Yipp, B. G. and P. Kubes (2013). "NETosis: how vital is it?" Blood 122(16): 2784-2794.

Yipp, B. G., B. Petri, D. Salina, C. N. Jenne, B. N. Scott, L. D. Zbytnuik, . . . P. Kubes (2012). "Infection-
induced NETosis is a dynamic process involving neutrophil multitasking in vivo." Nat Med 18(9):
1386-1393.

135



References

Yizengaw, E., M. Getahun, F. Tajebe, E. Cruz Cervera, E. Adem, G. Mesfin, . .. P. Kropf (2016). "Visceral
Leishmaniasis Patients Display Altered Composition and Maturity of Neutrophils as well as
Impaired Neutrophil Effector Functions." Front Immunol 7: 517.

Yost, J. and J. E. Gudjonsson (2009). "The role of TNF inhibitors in psoriasis therapy: new implications
for associated comorbidities." F1000 Med Rep 1.

You, T., Y. Bi, J. Li, M. Zhang, X. Chen, K. Zhang and J. Li (2017). "IL-17 induces reactive astrocytes and
up-regulation of vascular endothelial growth factor (VEGF) through JAK/STAT signaling." Sci Rep
7:41779.

Yousefi, S. and H. U. Simon (2016). "NETosis - Does It Really Represent Nature's "Suicide Bomber"?"
Front Immunol 7: 328.

Yu, Y. and K. Su (2013). "Neutrophil Extracellular Traps and Systemic Lupus Erythematosus." J Clin Cell
Immunol 4.

Zhang, L. J., G. L. Sen, N. L. Ward, A. Johnston, K. Chun, Y. Chen, . .. R. L. Gallo (2016). "Antimicrobial
Peptide LL37 and MAVS Signaling Drive Interferon-beta Production by Epidermal Keratinocytes
during Skin Injury." Immunity 45(1): 119-130.

Zhang, X., K. Oglecka, S. Sandgren, M. Belting, E. K. Esbjorner, B. Norden and A. Graslund (2010). "Dual
functions of the human antimicrobial peptide LL-37-target membrane perturbation and host cell
cargo delivery." Biochim Biophys Acta 1798(12): 2201-2208.

Zhang, Z., G. Cherryholmes, F. Chang, D. M. Rose, |. Schraufstatter and J. E. Shively (2009). "Evidence
that cathelicidin peptide LL-37 may act as a functional ligand for CXCR2 on human neutrophils."
Eur J Immunol 39(11): 3181-3194.

Zhao, B. S. and C. He (2015). "Pseudouridine in a new era of RNA modifications." Cell Res 25(2): 153-
154.

Zuchtriegel, G., B. Uhl, D. Puhr-Westerheide, M. Pornbacher, K. Lauber, F. Krombach and C. A. Reichel
(2016). "Platelets Guide Leukocytes to Their Sites of Extravasation." PLoS Biol 14(5): e1002459.

136



