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Abstract English

Neutrophils, representing the largest population of circulating granulocytes, are equipped with
a great variety of highly efficient effector functions. Historically, neutrophils have been
considered as critical players of the immune system by phagocytosing invading pathogens or
eliminating those by degranulation. However, in the past decades, a rather new effector
function has received increasing interest. The discovery of the neutrophils capability to form
and extrude net-like structures, so called neutrophil extracellular traps (NETS), via a process
called NETosis, has shaped various research fields. NETs have been continuously linked to a
plethora of pathologies. Research increasingly demonstrates the tremendous implication of
NETSs in disease progression and patient prognosis in autoimmune disorders, cardiovascular
diseases, wound healing and tissue regeneration, cancer as well as acute respiratory distress
syndrome and Covid-19. NETosis is a highly versatile process, following various signalling
cascades depending on the inducing stimulus, and is yet not fully understood. However,
pharmacological inhibition of NET formation, to alleviate disease burden and complications is
of critically high interest. Previous studies have attributed potent immunomodulatory,
regenerative and tissue-protective effects to the secretome of o-irradiation-stressed peripheral
blood mononuclear cells (PBMCsec). Nevertheless, the effect of PBMCsec on neutrophils has
never been investigated. In this dissertation, it is demonstrated that PBMCsec prevents NET
formation in in vitro experiments in calcium ionophore and phorbol 12 myristate 13 acetate
(PMA) activated neutrophils. Furthermore, it was shown that the purified individual substance
classes present in PBMCsec alone do not exert significantly reduced rates of NET formation.
This indicates that an interplay of several substance classes or the whole secretome is required
for this inhibitory effect. In depth analysis revealed that PBMCsec most likely inhibits NET
formation via a dual mechanism. It was demonstrated that reactive oxygen species production
is prevented upon PBMCsec-treatment, accompanied by the upregulation of anti-oxidative
factors. Furthermore, one of the key enzymes required for NETosis, protein arginine deiminase
4 (PADA4), appears to be modulated by PBMCsec as a reduced enzymatic activity was
observed. Together, these findings suggest a potent therapeutic potential of PBMCsec for a
diverse set of NETs-associated diseases. These data lay the foundation for future disease-

targeted studies investigating the in vivo effect of PBMCsec.
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Abstract German

Neutrophile, die die grof3te Population zirkulierender Granulozyten darstellen, sind mit einer
Vielzahl hocheffizienter Effektorfunktionen ausgestattet. In der Vergangenheit wurden
Neutrophile als entscheidende Akteure des Immunsystems betrachtet, indem sie eindringende
Pathogene phagozytieren oder diese durch Degranulation eliminierten. In den letzten
Jahrzehnten hat jedoch eine neue Effektorfunktion zunehmend an Interesse gewonnen. Die
Entdeckung der Fahigkeit, dass Neutrophile netzartige Strukturen, sogenannte extrazellulare
Traps (NETSs), Uber einen als NETose bezeichneten Prozess zu bilden und auszuschiitten, hat
verschiedenste Forschungsgebiete zunehmend gepragt. NETs wurden fortlaufend mit einer
grol3en Anzahl von Pathologien in Verbindung gebracht. Neue Forschungserkentnisse zeigen
zunehmend die enorme Bedeutung von NETs fir den Krankheitsverlauf und die
Patientenprognose bei Autoimmunerkrankungen, Herz-Kreislauf-Erkrankungen, Wundheilung
und Geweberegeneration, Krebs sowie akutem Atemnotsyndrom und Covid-19. NETose ist
ein sehr Vvielseitiger Prozess, der je nach auslésendem Stimulus verschiedenen
Signalkaskaden folgt und noch nicht vollstandig verstanden ist. Die pharmakologische
Inhibierung der NET-Bildung, zur Linderung von Krankheitslast und Komplikationen, ist jedoch
von 2uCerst hohem Interesse. Fr¢her e -Srahlungi en  hall
gestressten mononuklearen Zellen des peripheren Blutes (PBMCsec) starke immun-
modulatorische, regenerative und gewebeschiitzende Wirkungen zugeschrieben. Dennoch
wurde die Wirkung von PBMCsec auf Neutrophile bis dato noch nicht untersucht. In dieser
Dissertation wird gezeigt, dass PBMCsec die NET-Bildung in in vitro Experimenten in
Kalziumionophor- und Phorbol-12-Myristat-13-Acetat  (PMA)-aktivierten  Neutrophilen
verhindert. Weiterhin konnte gezeigt werden, dass die in PBMCsec vorhandenen gereinigten
Einzelsubstanzklassen allein keine signifikante Reduktion der NET-Bildung bewirken. Dies
weist darauf hin, dass fiur diese Hemmuwirkung ein Zusammenspiel mehrerer Substanzklassen
bzw. des gesamten Sekretoms erforderlich ist. Eine detailiertere Analyse ergab, dass
PBMCsec hochstwahrscheinlich die NET-Bildung Uber einen dualen Mechanismus hemmt. Es
wurde gezeigt, dass die Produktion reaktiver Sauerstoffspezies bei PBMCsec-Behandlung
verhindert wird, begleitet von der Hochregulierung antioxidativer Faktoren. Darlber hinaus
scheint eines der fir NETose erforderlichen Schliisselenzyme, Protein-Arginin-Deiminase 4
(PAD4), durch PBMCsec moduliert zu werden, da eine verringerte enzymatische Aktivitat
beobachtet wurde. Zusammen deuten diese Ergebnisse auf ein starkes therapeutisches
Potenzial von PBMCsec fir eine Vielzahl von NET-assoziierten Erkrankungen hin. Diese
Daten bilden die Grundlage fiur zukinftige krankheitsbezogene Studien zur Untersuchung der

in vivo Wirkung von PBMCsec.
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| NTRODUCTI ON

1  Neutrophil granulocytes

Human blood not only provides living cells and tissues with oxygen and nutrients, contains
platelets contributing to clotting in case of damaged vessels, but also delivers immune cells,
including granulocytes, monocytes, T and B cells, to sites of infection.! Neutrophil
granulocytes, also referred as polymorphonuclear leukocytes, contribute critically to the innate
immune system as first line defenders, act as modulators of adaptive immune responses and
additionally aid maintaining homeostasis.?* More than 10! neutrophils are produced per day
within the bone marrow (BM), making them the most common leukocyte found in the
circulation.® The term polymorphonuclear leukocyte is derived from the uniquely characteristic
segmented nucleus which precisely distinguishes neutrophils morphologically from other
granulocytes as basophils or eosinophils.® Besides different nuclear morphology, the varying
granulocyte populations exert diverse cell type-specific functions. Basophils are mainly
considered to take part in chronic allergy and allergy-induced inflammation, function as antigen
presenting cells (APCs), and regulate immune cell memory and Th2 cell function.’” 3
Eosinophils, the second least represented granulocyte population in the circulation, are
critically involved in the control of parasitic infections but emerging evidence additionally
suggests crucial contribution to bacterial and viral defence.'* Neutrophils were initially
considered as solely phagocytic cells which aid in the resolution of inflammation and clearance
of infections by engulfing and destroying pathogens, foreign material as well as dead cells and
damaged tissue.* However, increasing evidence accumulates indicating not only a pro-
resolving involvement of neutrophils in various pathologies but also contribution to tissue

damage in case of dysregulated effector functions.*1%-2!

1.1  Neutrophil lineage committed g ranulopoiesis

Neutrophils are produced at extensively high rates in the BM on a daily basis from
hematopoietic stem cells. Upon terminally differentiation, they leave the BM and progress to
patrol the circulation for signs of disturbed homeostasis and infection.?? In general,

granulopoiesis describes the development of all cells belonging to the granulocyte-lineage with



the commonality of a high abundance of secretory granules. Specific neutrophil-lineage
commitment is dependent on various factors including key transcription factors, inflammatory
state, and environmental influence.?? Granulocyte development is initiated with the
differentiation of hematopoietic stem cells into several intermediate multipotent progenitors
which differentiate into granulocyte-monocyte progenitors (GMP)(Figure 1).>%2 Neutrophil
lineage commitment is marked by further differentiation to myeloblasts followed by
differentiation to promyelocytes, myelocytes, metamyelocytes and band cells. The final
differentiation of band cells results in mature neutrophils.?® To initiate commitment to
myelopoiesis, the transcription factor PU.1 is of crucial importance. PU.1 expression increases
throughout maturation from the promyelocyte stage.?*?> While GMP development is dependent
on high expression levels of PU.1, continuous high expression favours monocyte-macrophage
development. The transcription factor CCAAT/enhancer-binding protein alpha (C/EBP-U)
antagonizes PU.1 function, thereby driving granulocyte differentiation.?® Additionally,
granulocyte-colony stimulating factor (G-CSF), a target of C/EBP-U, further prom
neutrophil-lineage commitment in GMPs.?” However, neutrophil complexity and heterogeneity
is reflected by the fact, that other cytokines including interleukin-6 (IL6) and granulocyte-
macrophage-colony stimulating factor (GM-CSF) can partially compensate in case of absence
of G-CSF to ensure that at least some neutrophils are generated.?®?® Another essential
transcription factor is growth factor independent-1 (Gfil), which is upregulated in stem cells at
the point of granulocyte-lineage commitment (Figure 1). High expression of Gfil represses
monocyte-lineage favouring transcription factors and restricts stem cell proliferation promoting
progressive differentiation.3*32 C/EBP-U f urt her contri butes to granul
early stages of neutrophil development by inhibiting the cell-cycle regulator E2F1.333* Several

transcription factors are required to ensure the further differentiation beyond promyelocytes.

At the myelocyte stage, C/EBP-U expression increases which is ¢
transcription of granule proteins.?>33¢ While C/EBP-U expressi on gradually d
the myeloblast stage, C/EBP-U peak expression l evel s - overl e

metamyelocyte stage. Other C/EBP family members including C/EBP- , C/EPB-2 , CFEBP

and C/EBP-¢ s how continuously increasing expression
onwards.? During final maturation steps, neutrophil nuclei undergo several changes from a

round shape to banded nuclei and eventually to a lobulated morphology. Progressive

neutrophil differentiation is accompanied with changes in the expression of several factors

involved in the retention or release of neutrophils from the BM. CXC chemokine receptor 4
(CXCR4) and integrin U4b1 (VLA4) arlikeraetepiordr egul at
(TLR4) are upregulated.® BM stromal cells express chemokine stromal-derived factor-1/SDF-

1 (CXCL12) and vascular adhesion molecule 1 (VCAM1), ligands for CXCR4 and VLA4

respectively.® It was shown that CXCR4-CXCL12 interaction represents a key mechanism

2



retaining neutrophils within the BM.3” Only 1-2% of neutrophils enter the circulation under
homeostatic conditions, highlighting the tight regulation of neutrophil liberation from the BM.*®
G-CSF stimulates neutrophil release by interfering with CXCR4-CXCL12 interactions and
upregulation of additional CXCR2 ligands by the endothelium outside of the BM.384°

Neutrophils were initially believed to be short-lived cells with a restricted life-span of only 1.5
and 8 hours in mice and humans, respectively.*?> More recent studies revealed that under
homeostatic conditions neutrophils appear to survive longer with an average circulatory
lifespan of up to 12.5 hours in mice and 5.4 days in humans, however in this study all
neutrophils, including those in the BM were assessed.* Several studies reported a several fold
extended lifespan upon neutrophil activation due to infection or inflammation resulting in a
persisting tissue infiltration. 34244 Aged circulatory neutrophils eventually return to the BM or
alternatively die in peripheral tissues, both fates resulting in phagocytosis by dendritic cells
(DCs) or macrophages (MAC).*>#¢ Phagocytosis of dying neutrophils was shown to function
as feed-forward loop dampening neutrophil development in the bone marrow.*¢ Both DCs and
MAC produce IL23 upon neutrophil phagocytosis, thereby initiating IL17 production of T

leukocytes, which in turn drives G-CSF dependent neutrophil precursor differentiation.46-0

segmented,
HSC GMP myeloblast  promyelocyte myelocyte  metamyelocyte band cell mature neutrophil T)

C/EBP-q,
Gfil

C/EBP-B, C/EBP-5, C/EBP-T
C/EBP-g

gene expression

neutrophil development

Figure 1 Gene expression during granulopoiesis.

Hematopoietic stem cells (HSC) differentiate upon G-CSF stimulus via several progenitor steps under the influence

of C/EBP-U and Gfi 1 | mormocyte pragenitdrsq@MP) véthin the bone marrow. C/EBP-U e »gion e

peaks at myeloblast and promyeloblast stages. With progressing differentiation towards mature neutrophils C/EBP-

b, CHIEBaPnd €/ EBBression increases and peaks when neutrophi

released into the blood stream. This figure was created with BioRender.com.



1.2 Neutrophil effector functions

The decision of a neutrophil towards one of its effector functions, phagocytosis, degranulation
or neutrophil extracellular trap (NET) formation, is a highly complex and yet poorly understood
phenomenon.®® Within the circulation, neutrophils function as counterpart to tissue-resident
macrophages by phagocytosing cell remnants and apoptotic cells.>?>% Certain cytokines,
including the transcription factor GM-CSF, favour phagocytosis.>**¢ Additionally, caspase-
mediated programmed cell death leads to the exposure of modified phosphatidylserine
residues which facilitates the recognition of these cells for phagocytosis.>’°® Recognition of
phosphatidylserines, accompanied by firm adhesion by tethering receptors, including PSGL1
for activated platelets and Tim4 for apoptotic cells, triggers phagocytosis.>*%° In contrast, the
effect of neutrophil-platelet aggregates appears to be more complex and context dependent.>!
The formation of these aggregates initially depends on the interaction of platelet P-selectin and
neutrophil PSGL1 receptor.5-%° Upon binding, both neutrophils and platelets upregulate factors
further promoting strong and stable adhesion including integrins on neutrophils and fibrinogen
on platelets.®®%” In dependence of overall environmental conditions, including metabolic,
activation state and the interaction with the extracellular matrix, there are three possible
outcomes of this interaction: 1) neutrophils dissociate from platelets thereby resolving the
aggregate and may migrate towards sites of inflammation to exert effector functions 72, 2)
neutrophils phagocytose platelets in response to recognition of features of activated platelets
as for example anionic phospholipids 7274, 3) the induction of NET formation.” In general, it
appears as NET formation in vivo is triggered when inflammatory stimuli, regardless whether
endogenous or microbial, exceeds a certain threshold of platelet activation.®>"¢7” Furthermore,
certain stimuli, including monosodium urate crystals cannot be phagocytosed and alternatively
trigger NET formation.’”® Taken together, although not yet fully understood, pH of the
microenvironment, metabolic and activation state of neutrophils, overall inflammatory state of
immune cells and within tissues, distinct signalling cues as well as the size of the triggering
stimuli contribute to the delicate fate decision of neutrophil effector functions.®! In contrast,
degranulation is a tightly regulated receptor-coupled process requiring triggers distinctive of

phagocytosis and NET formation.

1.2.1 Degranulation

One key mechanism of neutrophil granulocytes is the rapid release of preformed granules,
which are packed with toxic cargo including antimicrobial peptides and several proteases.®8!

There are at least three different types of granules (primary/azurophilic, secondary/specific,

4



tertiary/gelatinase granules) and some further subtypes as well as secretory vesicles have
been suggested.® It is believed that neutrophil granules contribute to the influence of both
adaptive and innate immune responses.88® Neutrophil granules are obtained sequentially
during differentiation and are named according to their timely appearance and major contents
(Table 1). Primary granules are already formed at the promyelocyte stage and contain a large
set of antimicrobial proteins and factors with antimicrobial activity, including serine proteases,
myeloperoxidase (MPO), defensins and lysozyme.®1#* Granule proteases of primary granules
were found to be activated prior to their incorporation into granules resulting in extensively
potent and toxic contents that are readily available.®> A high heterogeneity can be observed
amongst primary granules as some are directed to cell surface trafficking, marked by
expressing Slp1/JFC1 and Rab27, while others are prone to fuse with the phagosome lacking
the before mentioned proteins.®® Some granules were found to lack U-defensins while
exhibiting all other characteristics of primary granules suggesting even greater granule
heterogeneity.®” Both, secondary and tertiary granules are formed from the myelocyte stage
throughout band stage and share similar cargo and thus also functions.®-8” Approximately two-
third of the peroxidase-negative granules contain lipocalin, MMP9 and lactoferrin and are
suggested to be a hybrid form of granule subtype.®” Furthermore, additional categorization of
tertiary granules containing ficolin 1 as a ficolin 1-rich subtype was suggested. However, little
is known about this potential subtype and requires more detailed research.®88° During band
and segmented stages of differentiation, secretory vesicles are formed by endocytosis.® In
contrast to primary granules, which can also fuse with the phagosome, secondary as well as
tertiary granules and secretory vesicles are restricted to releasing their contents by fusion with
the plasma membrane and are additionally believed to aid in neutrophil adherence to
previously activated endothelium.®”%° Mobilization and release of granules and their content is
a tightly regulated process allowing selective degranulation upon specific receptor-coupling
leading to distinct signalling events specific for each granule type.” Neutrophil degranulation
is triggered by the ligation of Fco receptors, Mac-1 or G protein-coupled receptors (GPCRSs) by
a diverse set of stimuli including chemokines, complement fragments, cytokines, bacterial
products and endothelial adhesion molecules.®* Priming stimuli such as tumour necrosis factor
(TNF), platelet-activating factor or GM-CSF induce markedly enhanced degranulation
responses.®? Albeit different downstream signalling events are induced upon receptor ligation
they all coincide to the induction of calcium flux and the activation of Rac2.%® Selective granule
extrusion is further mediated by their individual requirements of certain calcium
concentrations.®”®3 Rac2, a member of the Rho GTPase subfamily, is required for actin
skeleton remodelling thereby allowing granule mobilization.®*°” Rac2 deficiency in mice results
in impaired primary granule release while secondary and tertiary granule degranulation was

not affected, indicating the presence of additional factors influencing actin reorganization at
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least in mice.?¢*® GPCR or Fca receptor ligation results in the translocation of the Src-family
kinase members Hck and Fgr to primary and secondary granules respectively.%192 Even
though yet not well understood, the Src-family kinases appear to activate p38 mitogen
activated protein kinase (MAPK) leading to actin rearrangement and facilitating the
degranulation of all three granule types.®® p38 MAPK is suggested to function in a similar
manner to Rac2 as it is capable of inducing actin remodelling via heat shock protein 27
(HSP27).1%* An additional mode of action for selective degranulation is indicated by the ligation
of toll like receptor 9 (TLR9) which activates NF-kB-mediated transcription of inducible nitric
oxide synthase (iNOS).1%51% |t was observed in macrophages that iNOS is capable of
activating Src-kinases and could therefore be the signalling pathway by which TLR9 ligation
results in primary granule degranulation.'°®1%7 |n addition to actin skeleton remodelling, an
increased calcium concentration is an indispensable mechanism for functional degranulation.
GPCR mediated calcium release is conducted via the activation of phospholipase C and
subsequent inositol-triphosphate (IP3) and diacylglycerol (DAG) production. IP3 contributes to
calcium liberation stored in the endoplasmic reticulum (ER) while DAG mediates protein kinase
C (PKC) dependent store-operated channel activation.1%81%° Additionally, other stimuli such as
hypoxia or FcoRIIA-mediated phagocytosis further enhance degranulation via AKT signalling
or Src-family kinase mediated IP; and DAG production.1%1% Activation of neutrophils via
complement receptor 1 (CR1) and CR3 leads to the phosopholipase D dependent liberation of
phosphatidic acid that can be converted into DAG, thus facilitating degranulation.®” The final
step of degranulation requires the fusion of the granule and target membrane. This mechanism
is dependent on the binding of vesicle-associated membrane protein (VAMP also referred as
SNARE) to cognate SNAREs (t-SNARE) found at the phagosome or plasma membrane.!!
The main SNAREs involved in neutrophil degranulation are syntaxin 6 and SNAP-23. Selective
degranulation is further dependent on VAMP-SNARE interaction as VAMP-1 and VAMP-7
mediate the release of primary granules while VAMP-2 directs the release of tertiary
granules.!'#114 The fusion of granules with phagosomes is exclusively observed for primary
granules and seems to be mediated by Rab GTPases, specifically Rab5a.1°! Contrary, another
Rab GTPase, Rab27a appears to be inflicted in degranulation of all three granule subtypes.®’
Released neutrophil granule contents such as MPO or elastase not only contribute to
antimicrobial host defence but also function in an autocrine and paracrine manner modulating
the mode of neutrophil cell death, life-span and function.'*>1¥” MPO is capable of regulating
Mac-1 expression and activation of MAPK/ERK as well as PI3K/Akt pathways which contribute
to the prolongation of neutrophil life-span by preserving anti-apoptotic proteins. This feed-
forward loop may amplify neutrophil persistence and thus the inflammatory response.15118.119

Contrasting, a pro-resolving regulatory role was attributed to lactoferrin by its ability to stimulate



IL10 secretion from macrophages and selectively inhibiting activation and migration of

neutrophils.120121

Table 1 Nomenclature and key molecules found within neutrophil granules

Nomenclature [Primary granules | Secondary granules | Tertiary granules \?eescircitac;ry
Alternative Azurophilic Specific aranules Gelatinase
nomenclature |granules P 9 granules
Identifying f/li/irlgggrlg;(idase Lipocalin 2 (NGAL), | Gelatinase B Albumin, CD45,
markers (MPO), CD63 CD66b (MMP9), CD11b Mac-1, CD13
Lactoferrin,
_— . Defensins, Pentraxin 3, Cathelicidin (CAP- o
Arnot;g;lncsroblal Cap57, Lysozyme, 18), Lysozyme, gpg;phox’
P Lysozyme Haptoglobin, Gp91Phox, Gp22Prhox P
Gp91rhox Gp22Phox
Neutrophil
elastase, MMP25,
Proteases Cathepsin G, uPA, MMP8 MMP25, MMP8 Proteinase 3
Proteinase 3
Adhesion Mac-1, CD6®, Mac-1, CD67 Mac-1, CD67
molecules CD67
Complement
uPAR, Laminin- receptor 1,
receptor, T CDh14, F (
Receptors CD63 thrombospondin Ficolin-1 Clg-receptor,
receptor formylpeptide
receptor
Trafficking VAMP-1, VAMP- VAMP-7,
and docking |7, Rab5/Rab27a Mttty VAMP-2, VAMP-7 | pab3d

The distinct distribution of individual molecules allows for the delicate differentiation between the three individual
granule subtypes as well as the secretory vessels. In addition to the frequently used identifying markers, these
granules and vesicles can further be distinguished by the presence or absence of certain antimicrobial proteins,
functional proteases and receptors.

1.2.2 Phagocytosis

Phagocytosis by neutrophils is less well described compared to other effector functions and
the majority of the molecular understanding of phagocytosis is derived from studies based on
macrophages.’??> However, together with macrophages neutrophils belong to professional
phagocytes capable of internalizing opsonized bacteria, invading pathogens or dead cells.®*122
So far, two general mechanisms of phagocytosis have been identified including the trigger
mechanism and the zipper mechanism.'?3124 Distinct signalling by a limited number of
pathogens including for example Salmonella or Shigella, initiates the trigger mechanism
resulting in the formation of plasma membrane protrusions surrounding the engulfed
target.12>125 On the other hand, the zipper mechanism involves a large number of surface

receptors that sequentially bind to target ligands thereby wrapping the target particles of a
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great variety of pathogens.'?® The main receptor relevant for neutrophil phagocytosis is the
complement receptor 3, a Fco class receptor recognizing IgG. Additionally, even though not
considered as phagocytic receptors, NOD receptors and TLRs may increase phagocytosis
upon activation.’?®> Phagocytosis is initiated by lateral clustering of complement receptor 3
(CR3 or Mac-1) and regulated by a balance between complement C5a receptor (C5aR or
CD88) and CR3.110126.127 pharmacological inhibition or genetic deletion of C5aR as well as
reduced expression of CR3 results in defective phagocytosis in both human and mouse
neutrophils with subsequent defective intracellular killing of bacteria.'?’'?® |t appears as
neutrophils are equipped with an intracellular self-regulating mechanism as certain granule
components, including neutrophil elastase (NE), cathepsin G and proteinase 3, are capable of
cleaving C5aR.1%12° The influence of granule contents is further complexed by its context-
dependent involvement. While C5a induces the release of NE and thereby the reduction of
C5aR, TLR9 ligation mediates the additional release of proteinase 3, both leading to
compromised phagocytosis.®® Under normal conditions persuading phagocytosis, receptor
activation induces lipid remodelling within the cell membrane accompanied by actin
cytoskeleton rearrangement. This membrane reorganization is required for proper
pathogen/particle internalization within the phagosome.*° The initial composition of a fully
formed phagosome is not automatically antimicrobial. Phagosome maturation describes the
process by which the fully formed, yet not fully functional phagosome acquires the contents
essential for intracellular killing.*?? To fully cover the events during neutrophil phagocytosis, it
is noteworthy that this process shares several parallels with the endocytic pathway.** One
major difference between macrophage and neutrophil phagocytosis is characterized by the
fact that conventional endosomes as well as lysosomes are absent in neutrophils and not
readily available.'?? The antimicrobial effect observed in neutrophil phagosomes is derived by
their fusion with preformed granules and secretory vesicles.’®? Similar to other effector
functions, phagocytosis impacts neutrophil life-span. Usually, neutrophil apoptosis is
accelerated upon phagocytosis of opsonized bacteria in a reactive oxygen species (ROS)-
dependent manner that results in caspase 8 activation.*3133134 Qverall, it is still not fully

understood how neutrophils decide whether to phagocytose or to form NETs.13®

1.2.3 Neutrophil Extracellular Trap formation (NETosis)

Neutrophil extracellular trap (NET) formation was initially described as programmed cell death
distinct from necrosis and apoptosis as potent host defence mechanism to trap and kill invading
pathogens including a diverse set of bacteria, fungi and viruses.*¢4! Besides neutrophils,

other leukocytes such as macrophages, basophils, eosinophils and mast cells were described
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to release extracellular DNA resembling extracellular traps.#?145 However, increasing
evidence accumulates that NET formation, also called NETosis, does not inevitably result in
cell death as vital NETosis may also occur without cell lysis.*39146-149 Fyrthermore, NETosis is
frequently considered as a double-edged sword of innate immunity as neutrophils are capable
of forming NETs also in sterile inflammation thereby eliciting damage to host cells.47:150.151
While the presence or increased occurrence of NETs has been associated to various
pathologies, thereby demonstrating the pathophysiological relevance of NET formation, the
exact molecular and cellular mechanisms underlying this process are not yet fully understood
and are still continuously being discovered.'®> NETs mainly consist of condensed chromatin
and DNA, forming web-like structures with a pore size of approximately 200 nm.**® Nuclear
proteins such as histones, a diverse set of granule proteins including NE and MPO, as well as

cytosolic proteins and actin are attached to these structures.%41%
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Figure 2 NET formation pathways (NETosis).

Two major NET formation pathways have been suggested. The classic and more common lytic form, usually termed
as NETosis or NET formation is characterized by striking intracellular re- and disassembly of the nucleus and the
cytoskeleton, followed by chromatin decondensation and membrane rupture eventually leading to the release of
NETs and remnants of the cellular body. During non-lytic NET formation neutrophils only partially degranulate and
extrude NET components for extracellular NET assembly. Neutrophils performing this form of NET formation remain
capable of phagocytosis. Adapted from Papayannopoulos et al. 2018.157



1.2.3.1 Neutrophil activation and NETosis initiatio  n

The ultimate prerequisite for NETosis is the preceding activation of neutrophils, as resting
neutrophils do not form NETSs in non-inflammatory conditions.*® Neutrophil activation involves
a broad spectrum of surface receptors.148158-160 Genetically modified mice representing with a
deficiency in Toll-like receptor 2 (TLR2) or complement component 3, or with generally
impaired interleukin-1 (IL1)-receptor/TLR signalling were unable to form NETs upon
stimulation with Staphylococcus aureus, indicating an involvement in NETosis signalling in
terms of specific bacterial stimuli.1*® Furthermore, ligands of tumour necrosis factor (TNF), Fc
and G-protein-coupled receptors (GPCRs) were observed to initiate NETs formation.1%8-1¢0 |n
addition to this diverse set of surface receptors, neutrophils express surface proteins such as

CD18, a, 2 integrin, which enables them to form NETs upon encountering activated platelets,

bacteria or viruses, which further highlights the miscellaneous activating possibilities of
neutrophils.”6160-162 Besijdes plasma membrane surface receptors, neutrophils additionally
express nucleotide oligomerization domain (NOD)-like receptors which have been shown to
induce NETosis upon activation.’®? Additional routes of neutrophil activation circumventing
surface receptor ligation have been described for ROS or bacterial toxins, such as nigericin
and ionomycin, 117163164 Activation of neutrophils leading to NETosis signalling initiation
subsequently leads to increased intracellular calcium concentrations due to the liberation of
calcium storages of the endoplasmic reticulum (ER).1%51¢8 Ligation of Fco receptors, GPCRs,
complement receptors or TLR4 contribute to calcium release from the ER which is usually
followed by additional calcium influx upon opening of plasma membrane channels.65168
Calcium chelation was observed to impair NET formation in stimuli-dependent manner as well
as in dependence of extracellular or intracellular calcium chelation. Extracellular calcium
chelation prevents phorbol myristate acetate (PMA)-, IL8-, calcium ionophore- (ionomycin and
nicericin) and Pseudomonas aeruginosa-stimulated NET formation.1°8.163.169 \While intracellular
calcium chelation also inhibits IL8, calcium ionophore- and PMA-induced NET release, it does
not affect NET formation upon Candida albicans or group B Streptococcus stimulation.63170
Even though the exact cellular processes dependent on increased calcium concentrations
during NETosis signalling are not yet entirely understood, increased calcium availability is

widely accepted to be a key requirement for fully functional NET formation and release.®

1.2.3.2 Morphodynamics

A multitude of morphological changes of neutrophils have been well described in the context

of migration to inflamed or infected tissue where high flexibility is inevitable for proper
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transmigration and extravasation.* Several changes during NETosis initiation have been
observed, however it is not yet clear whether the observed morphodynamics are required for
functional NET formation.'® It was observed that upon activation neutrophils spread prior to
shedding of plasma membrane microvesicles followed by rounding up.**'"2 It is suggested
that the increased cell spreading is accompanied by the activation or upregulation of
extracellular matrix (ECM) surface receptors, which further promotes NETosis. ’6:160.161.173.174
Nevertheless, it was shown that at least upon PMA stimulation, neutrophils enter NETosis
despite being seeded on substrate surfaces lacking integrin ligands.!”* Plasma membrane
microvesicles, shed by activated neutrophils, are annexin V positive and contain cytosolic
granules.”? It was suggested that these microvesicles may serve as messengers contributing
to systemic effects, including for example the promotion of thrombosis.”® Furthermore, it is
hypothesized that the presence of annexin V subjects the microvesicles to phagocytosis by
macrophages without inducing further inflammatory responses.’® Despite the lack of complete
understanding of the exact role and involvement of the neutrophil-derived microvesicles, it was
shown that they contribute to the limitation of bacterial growth, activation of platelets,
downregulation of macrophage activation and stimulate endothelial cells to secrete cytokines

such as IL6 and |L8.177-180

1.2.3.3 Involvement of kinase signalling pathways

Elevated levels of calcium as well as cytokine engagement has been shown to be involved in

the activation of several kinases and cell cycle regulators during NETosis.!°8181183 The protein

kinase C (PKC), specifically the isoforms PKCU, PKC, 1 and PKCg, are activated by calcium
and phorbol esters in a phospholipid-dependent manner. PKC serves as critical cell cycle
regulator and mediates ionomycin-, PMA-, IL8-, C. albicans-, group B Streptococcus- and
platelet-activating factor-induced NETosis.1%816318L184 gGtimulation of neutrophils with PMA
additionally revealed the involvement of cyclin-dependent kinase 6, regulating G1/S phase
transition during the cell cycle, as well as the Raf-MEK-ERK MAP kinase pathway.!®
Contrasting, monosodium urate crystal- as well as S. aureus-induced NET release is mediated
by the SYK-PI3K-mTorc2 pathway.'’® Furthermore, activating mutations in the non-receptor
tyrosine kinase Janus kinase 2 (JAK2) were observed to enhance neutrophils tendency to
release NETs.!8 Taken together, this highlights the delicate stimulus-dependent heterogeneity

of neutrophil downstream signalling.*?

11



1.2.3.4 The role of r eactive oxygen species

Reactive oxygen species (ROS) are dually implicated in NETosis, as they are a direct product
of NET formation but also serve as activating stimuli for resting neutrophils.'*”163 |n neutrophils
ROS are either derived from mitochondria or NADPH oxidase.'!’'% An increase in ROS
production is observed rapidly within 20 minutes after neutrophil stimulation with calcium
ionophores, C. albicans, group B Streptococcus, PMA or S. aureus. Similar to calcium and
kinase signalling, the production of ROS of different origin is highly stimulus
dependent.117152163 Fyrthermore, it was proposed that certain stimuli, including PMA or S.
aureus seem to strictly depend on NADPH oxidase derived ROS, as neutrophils from patients
suffering from chronic granulomatous disease lack functional NADPH oxidase and fail to form
NETSs upon stimulation.*® The critical role of NADPH oxidase is further highlighted as inhibition
of NADPH oxidase was shown to indirectly decrease histone citrullination by mediating protein
arginine deiminase 4 (PAD4) activity, thereby compromising NET formation.#8” NADPH
oxidase activation is mainly PKC-mediated but other kinase pathways, such as the c-Raf-MEK-
ERK cascade as well as Akt, were shown to promote the assembly of functional NADPH
oxidase.® The mode of action activating NADPH oxidase during NETosis appears to be highly
stimulus-specific, since its induction in neutrophils stimulated with parasites was shown to be
c-Raf-MEK-ERK signalling-dependent but PKC-independent.® It is noteworthy that both, PKC
and the c-Raf-MEK-ERK cascade stimulate Mcl-1 expression, which is the main protein in
neutrophils exerting an anti-apoptotic effect, which may explain the association with

suppressed apoptosis in activated neutrophils dedicated to NETosis.18%:18°

Contrasting, Leishmania donovani, Paracoccidioides brasiliensis, C. albicans, calcium and
potassium ionophores, soluble immune complexes, monosodium urate crystals as well as S.
aureus do not depend on NADPH oxidase, thereby indicating an involvement of mitochondrial
ROS (mtROS).163170.173.190-192 gtimylation of NADPH oxidase-deficient neutrophils lead to
robust NETosis induction relying on mtROS, which is believed to be produced due to increased
calcium concentrations. This mode of action is commonly referred as NADPH-independent
NETosis.’® However, it was shown that mtROS activates NADPH oxidase, thereby further
promoting NETosis.'®® Based on these findings,it was suggested to omit t|

oxidase-dependent NETosiso and redppbaodeint WWETbsimiot o
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1.2.3.5 The involvement of protein arginine deiminase 4 in DNA

decondensation

One of the main features distinguishing NETosis from other forms of cell death is marked by
chromatin decondensation, which is not seen in necrosis, pyroptosis or apoptosis, where
chromatin remains unchanged or becomes condensed.!®4!%® During NETosis, chromatin
heterogeneity is lost and decondensation is mediated by posttranslational histone
modifications. In contrast to marginally described histone acetylation, citrullination of histones
has been well described and is considered to drive NET formation.'%*1% Furthermore, histone
modification by serine protease mediated cleavage is also considered as critical step during
NET formation.’®” The PAD family comprises five isoforms, which are expressed in mammals
and catalyse citrullination.’®®1%° PAD4 is primarily expressed in granulocytes and is the only
subtype that holds a nuclear localization signal.?°°2%* However, precise localization has been
observed inconsistently as cytosolic activity was reported, yet visualization of PAD4 showed a
nuclear localization.172201.202 |t was shown that PAD4 activation occurs in a calcium-dependent
manner. Interestingly, in vitro PAD4 enzyme activity required higher calcium concentrations as
were observed intracellularly in activated neutrophils, indicating that additional or alternative
pathways are contributing to PAD4 activation.2°32% Furthermore, it was suggested that ROS
may also contribute to PAD4 activation, however, direct evidence has not been shown yet.2%
PAD4 specifically citrullinates histones H3, H4, H2A and the linker histone H1 at different
arginines.?°-2° Neutrophils obtained from PAD4 knockout mice were shown to lack
citrullinated histones and fail to undergo NETosis upon a plethora of stimuli.187:219-212 |n gddition
to neutrophil activation in an inflammatory milieu, PAD4 was also described to be required
during sterile inflammation, including cancer and deep vein thrombosis.?221® Despite
guestionable specificity, pharmacological inhibition of PADs was described to reduce NET
extrusion in primary human and mouse neutrophils. 21421® However, contradictory reports
describe NETosis lacking citrullinated histones upon PMA stimulation and some studies
showed no inhibitory effect of pharmacological PAD inhibitors upon bacterial-, PMA- or calcium
ionophore-induced NETosis.®3184 Additionally, NETosis was observed in PAD4 knockout mice
exposed to C. albicans.?? It is suggested that other PAD family members, specifically PAD2
contribute to protein citrullination, thereby substituting potential PAD4 deficiency.??1-222 Even
though delayed, chromatin decondensation was observed in PAD4-deficient neutrophil-like
HL60 cells.'”? These findings propose that PAD4 enzymatic activity may be critical during a
specific phase of decondensation, such as initiation, but not exclusively required for fully
functional chromatin decondensation.’®> Nevertheless, it is widely accepted that PAD4

mediated histone citrullination is a prerequisite for end-stage NETosis.163:224.225
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1.2.3.6 Cellular adaptations required for the release of NET content

Nuclear as well as cytoplasmic rearrangement during NETosis resembles morphological
changes observed during migration and cell division. It involves lamin remodelling and pore
formation in the nuclear envelope before it eventually ruptures.!l’171.226-228 Activation of
neutrophils induces local discontinuities of the lamin networks which are believed, even though
not vyet fully proven, to be mediated by either PAD4 and/or PKC-induced
phosphorylation.1’1227:228 The complete sequence of actions occurring during NETosis are not
fully uncovered yet and several controversial observations have been described. These
include that nuclear envelope vesiculation occurs during suicidal and vital NETosis.!1713°
During classical suicidal NETosis, this vesiculation is believed to mediate the disintegration of
the nuclear envelope which subsequently facilitates the release of chromatin into the
cytosol.*17:22% Furthermore, it is hypothesized that the nuclear envelope is vesiculated but not
ruptured during vital NETosis. Electron microscopy of stimulated neutrophils suggests that
these vesicles bud off of the outer nuclear membrane prior to exocytosis at the plasma
membrane.'* However, these findings have fuelled controversial discussions as it remains to
elucidate how these vesicles are formed without rupturing the inner nuclear membrane yet
forming with only a single-membrane.’®>172 Contrasting, high-resolution, live-cell imaging
revealed that the nuclear membrane breaks at various sites instead of being disintegrated by

vesiculation.1%2172

To ensure proper release of nuclear contents into the extracellular space, a great variety of
cytoskeletal rearrangements has to be performed including the disassembly of microtubules,
actin filaments as well as vimentin intermediate filaments.’%172182.230 |t \was shown that the
pharmacological stabilization of the actin cytoskeleton, by actin filament polymerization,
resulted in compromised NET formation.’*172 Contrary, NETosis was also observed to be
impaired if drugs inducing actin filament depolymerisation were applied early after neutrophil
stimulation, thus suggesting a specifically and temporally requirement of actin destabilization

during later stages of NETosis.152171:172

The molecular mechanisms underlying the extrusion of NET contents into the extracellular
space remain mostly unknown. However, it has been suggested that plasma membrane
rupture follows a multistep process with progressively increasing membrane permeability.1
Despite contradictory findings, it was recently proposed that the eventual extracellular DNA
release takes place as passive phenomenon due to chromatin-swelling mediated mechanical
rupture, rather than being actively mediate as it appeared to be independent of MPO,

glycolysis, metabolism and ATP."
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1.2.3.7 Suicidal versus non-lytic NETosis

The tremendous diversity of neutrophil effector functions is further expanded by their capability
to undergo a non-lytic form of NETosis retaining other effector functions and not altering their
viability. Initially, this phenomenon was described as vital NETosis observed in neutrophils in
presence of LPS stimulated platelets.*” Due to the discrepancy in describing a form of cell
deat h usi ng tthecelltDeathMNonfenclattra Committee recommended omitting
this specific terminology.?®! The extrusion of nuclear content from viable neutrophils was
observed in vivo in skin infected with gram-positive bacteria. This process was induced by the
activation of the complement system and interaction with TLR2. In this context, nuclear-free
neutrophils retained functional chemotactic and phagocytic ability.*4® Furthermore, release of
mitochondrial DNA was observed in GM-CSF primed neutrophils upon LPS stimulation in a
NADPH oxidase-dependent mechanism.'#>232 Suicidal, or lytic NETosis and non-lytic NET
extrusion can be distinguished by three fundamental differences. Firstly, certain stimuli,
including microbial-specific molecular patterns, TLR2 and complement activation, seem to
trigger non-lytic NET extrusion in a drastically more rapid fashion.3%147.148 Secondly, non-lytic
NET extrusion is associated with retaining other neutrophil effector functions such as
degranulation and phagocytosis.'#1"® And lastly, molecular mechanisms required for non-lytic
NET release differ as this phenomenon relies on vesicular trafficking of nuclear content to the

plasma membrane where it is released eventually.*®

1.3 Neutrophils and NETs in disease

Neutrophil effector functions, specifically NET formation has been linked to protection in
various pathologies as means of host defence. NETs were shown to immobilize pathogens
and prevent pathogen spreading as well as penetration into the bloodstream.3"148 However,
deficiency, mutation or impaired function of several factors required for functional NET
extrusion, including for example MPO and NADPH oxidase, were associated with increased
disease burden and poor prognosis in various pathologies.’®>2* Furthermore, patients
suffering from defects of neutrophil functions, as seen in chronic granulomatous disease,
Chédiak-Higashi disease, leukocyte adhesion deficiencies or the Papillon-Lefévre syndrome
present with high incidences of recurrent infections, chronic non-resolving inflammation and
hyper-inflammation, mainly due to the incompetency of proper pathogen clearance.?3%2%
Accumulating evidence has linked dysregulated and excessive NET occurrence with heavily
promoting host damage in infection as well as sterile inflammation and several pathologies

including thrombosis, pulmonary diseases, rheumatoid arthritis, systemic lupus

15



erythematosus, sepsis, inflammatory skin diseases and chronic wounds, diabetes and

associated complications, Covid-19 as well as heart failure to name only a few (Figure
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Figure 3 Implications of NETs in pathologies.

NETs and NET-contents are potent drivers of various diseases and pathologic conditions. Direct contact of NETs
to tissue induces tissue damage and inflammation. Vascular occlusion is favoured by NETs and NET-platelet
aggregates. Continuous exposure to NETs-contents may induce the production of autoantibodies resulting in
autoimmunity. Prolonged and/or excessive infiltration and persistence of neutrophils and NETs within wounds is
associated with delayed or impaired wound healing. Diseases named in this figure are not necessarily caused by
NETSs but strongly correlate with NET formation. This figure was created with BioRender.com

1.3.1 Cardiovascular disease s

1.3.1.1 Atherosclerosis

Atherosclerosis onset is marked by endothelial cell damage resulting in the deposition of lipids
followed by plaque formation.?*> Endothelial cell damage may be neutrophil-induced or a result
of hyperlipidemia, which was also shown to promote neutrophilia thereby indicating a
feedforward loop with detrimental consequences.?*324 NETs were detected in human plaques
and in superficial erosions in close proximity of apoptotic endothelial cell clusters.?*>245 Murine
models of atherosclerosis revealed a sterile inflammation-induced production of cytokines
triggering neutrophils to form NETs.?*® The considerable influence of NETs in atherosclerosis
was further proven as atherosclerotic plaques were approximately 3-fold smaller in
ApoE/NE/proteinase 3 deficient mice compared to controls and DNase | treatment of control
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animals showed a comparable plague size reduction.?*® Inhibition of NET formation by using a
PAD4 inhibitor, chlor-amidine, yielded a significant reduction in atherlosclerotic lesion size,
delayed thrombosis in carotid artery, decreased neutrophil recruitment and NET

formation.247:248

1.3.1.2 Vascular occlusion and thrombosis

NETs formed within the circulation provide a scaffold promoting deep vein thrombosis
(DVT).2* It was shown that DVT treatment with PAD4 inhibitors and DNase | prevented
thrombosis in mouse models.?*22%° Release of von Willebrand factor (VWF) and P-selectin
from the endothelium recruit neutrophils and initiate NETs formation.2*®251 P-selectin
dependent accumulation of neutrophils further recruits platelets, which are then stimulated to
produce thromboxane A2 that subsequently triggers endothelial cells to upregulate intercellular
adhesion molecule 1 (ICAM1) surface expression, thereby ensuring firm adhesion of
neutrophils.?? Additionally, platelet-derived high mobility group protein B1 (HMGB1) as well as
integrins and ROS promote NET formation.?°1252 Besides mechanical occlusion, Factor Xlla is
recruited by NETs and contributes to coagulation and the mobilization of VWF, Factor Xlla and
P-selectin containing Weibel-Palade bodies from endothelial cells.?*32%* Binding of NET
derived histones to fibrin and VWF leads to additional recruitment of red blood cells and
platelets.?*>?° Formation of neutrophil-platelet aggregates themselves also trigger a robust
pro-coagulant response by enhancing the intravascular tissue factor activity.25%2% Endogenous
anticoagulants such as thrombomodulin may be degraded or modified by neutrophil proteases,
specifically NE, or inactivated by oxidases.?*®?" Activated platelets are major contributors to

thrombosis and are highly responsive to histone mediated activation via TLR2 and TLR4.%8:2%°

1.3.1.3 Acute Myocardial infarction

Acute myocardial infarction (AMI) represents one of the most common cardiac emergencies
and usually results of ischemic heart diseases such as coronary artery stenosis, thrombosis or
the rupture of a coronary atherosclerotic plaque.?®®261 AMI is accompanied by cardiac wound
healing, necrosis, inflammation and increased leukocyte influx into the infarcted zone.?®! High
numbers of neutrophils infiltrate the infarcted area within hours post AMI where they interact
with danger associated molecular patterns (DAMPS), released by necrotic and apoptotic
myocytes, which in turn induces an inflammatory response.??2¢3 Tissue damage, reduced

resolution of inflammation and poor patient prognosis is associated with excessive neutrophil
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infiltration or delayed regression due to accumulation of inflammatory mediators.1%21264 |n
addition to the preceding involvement of NETs in atherothrombosis generation and
accumulation in coronary thrombi, NETs continue to interact with platelets during AMI and were
shown to further promote platelet activation and express functional tissue factor.?%> Specifically
histone H3 and H4 were found to induce thrombin generation in a platelet-dependent manner,
thereby promoting thrombogenesis.?¢52%¢ Both, DNA-histone complexes as well as double
stranded DNA, which represent key components of NETs, were observed at increased levels
at the culprit site and were found to be correlated with the coronary thrombus NET burden.
Furthermore, the latter showed a positive correlation with the infarct size, which highlights the
detrimental involvement of NETs in the infarcted myocardium. In terms of NET clearance,
DNase activity was observed to negatively correlate with the area at risk, infarct size and NET
burden.?5

1.3.1.4 Anti -neutrophil cytoplasmic antibody associated vasculitis

Vasculitis describes a diverse group of conditions marked by inflammation of blood vessels
leading to organ ischaemia and damage. Due to the enormous heterogeneity observed in
vasculitis no consensus on exact nomenclature and characterization has been found yet.
However, it can be classified broadly according to the size of the vessel involved (e.g. large:
aorta; small: intraparenchymal arteries, arterioles, capillaries, venules) and the presence or
absence of autoantibodies.?®” Anti-neutrophil cytoplasmic antibody (ANCA) associated
vasculitis (AAV) describes an exceptional form of vasculitis characterized by tissue damage,
endothelial injury and inflammation of blood vessels featuring the loss of tolerance towards the
neutrophil granule proteins proteinase 3 (PR3) or MPO.%%8 AAV is associated with severe organ
damage or life-threatening complications and is typically characterized by microvascular
endothelial inflammation leading to progressive tissue injury, fibrosis and ultimately to loss of
function.?®® Several hypotheses have been established which factors could cause AAVs. On
the one hand, it appears as genetic predispositions may be involved to a certain extent.
However, it was also suggested that increased exposure of neutrophil antigens to DCs may
induce loss of tolerance.?®®*?’* Immunological loss of tolerance of T cells and B cells to
neutrophil granule proteins results in the development of ANCAs which not only target PR3 or
MPO, but also contribute to neutrophil activation. Neutrophil activation by ANCAs leads to
cytoskeletal alterations, generation of ROS and an upregulation of adhesion molecules,
resulting in neutrophil accumulation at already stressed tissue sites, where they further
promote tissue injury and additionally release autoantigens by degranulation of NET

formation.?’>2"> Released autoantigens are processed by antigen presenting cells with
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subsequent antigen recognition by T cells, which eventually results in a vicious cycle of
continuous inflammation, ANCA production and neutrophil activation.?’® Furthermore, AAVs
are associated with an increased risk of cardiovascular events including myocardial infarction,
stroke or cardiovascular death and additional dysregulation of either the immune or

coagulation system reinforces the risk of venous thromboembolism.277-27°

1.3.2 Autoimmunity

NETs, specifically certain components such as MPO, DNA, citrullinated proteins and
proteinase 3, were proposed to promote autoimmune diseases by providing a source of self-
antigens. This phenomenon was first discovered in kidney biopsies from patients presenting
with ANCA-associated vasculitis and was further corroborated by studies evaluating NETs
deposition in patients suffering from rheumatoid arthritis (RA) and systemic lupus
erythematosus (SLE).**’

1.3.2.1 Rheumatoid arthritis

Antibodies targeting citrullinated proteins were detected in two thirds of RA patients.?° RA is
a chronic inflammatory disease primarily affecting the joints, however in severe manifestations
it is associated with neutropenia, splenomegaly and excessive systemic inflammation.?80281 |t
was shown that neutrophils derived from RA patients are highly prone to spontaneously form
NETSs as well as upon stimuli, including antibodies targeting citrullinated proteins, TNF-U, IL-
17 and immune complexes.?82284 This observation is due to a pre-activation of neutrophils by
the rheumatoid factor which drives neutrophils to excessively produce ROS, form NETs and
degranulate, thereby further extruding self-antigens.?®® Targeting PAD4 in animal models of
RA using a pan-PAD inhibitor showed alleviation of disease burden, marked by reduced
erosive changes and inflammation.?®® Furthermore, a therapeutic scheme using monoclonal
antibodies against citrullinated histones showed similar results as PAD4 inhibition in a
collagen-induced RA model.?®” However, a NETs-dependent mechanism driving RA severity
has been challenged by the observation that the excessive citrullination of proteins, present in
the synovial fluid of human arthritic joints, resembles citrullination seen in T cell-derived pore-

forming toxin treated neutrophils.®
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1.3.2.2 Systemic lupus erythematosus

SLE is an autoimmune disease characterized by large numbers of autoantibodies, which are
mainly directed against nuclear antigens, the generation of immune complexes and abnormal
myeloid as well as lymphoid cells.??228 Patients suffering from SLE show reduced NETs
clearance, which is thought to result from impaired DNA degradation, due to DNase inhibitors
and antibodies binding to NETs.28° NETs are believed to worsen SLE severity by stimulating
plasmacytoid dendritic cells (pDCs) to abundantly produce type | interferons via TLR9 and
TLR7 signalling.?°%-2°2 In addition to pDCs, NETs activate macrophages in a feedforward loop
resulting in further neutrophil stimulation to produce NETs.?*? It is suggested that the prolonged
persistence of NETs as well as individual NETs components lead to complement activation,
which in turn further promotes disease activity.?°* Studies in a murine SLE model revealed that
inhibition of NETs alleviated SLE pathogenesis by additionally reducing organ damage and
reduction of vascular injury.?®>2% NETs targeted therapy may also suppress macrophage
activation, thereby limiting immune complex formation, which contributes to the suppression of

the adaptive immune response in SLE.?!

1.3.2.3 Diabetes

Despite highly contrasting causative events, neutrophil effector functions and response to
infection are exceedingly dysregulated in both, Type 1 Diabetes (T1D) and Type 2 Diabetes

(T2D).2°” While T1D represents an autoimmune disorder marked by T cell orchestrated

pancreatic . cell loss accompanied by insulin deficiency, T2D is an acquired disease

characterized by defective insulin production in combination with insulin resistance in the liver
and skeletal muscle.?®82% Patients with diabetes are reportedly at high risk of infection at the
urinary tract, respiratory system and especially the skin.%%3°1 Hyperglycaemia and advanced
glycation end products are critical factors altering neutrophil function.®%22% |t was observed
that neutrophil phagocytosis as well as chemotaxis were reduced in diabetic patients.** Other
effector functions such as pro-inflammatory cytokine release, ROS production and NET
formation, were found to be increased in diabetic patients.3%3% Increased NET burden is
associated with complications including retinopathy, attendant cardiovascular diseases and
impaired resolution of infection, specifically in diabetic foot ulcera.*°” Elevated levels of glucose
concentrations promote increased rates of NET formation as well as amplified ROS
production.3%>3% This triggers a feedforward loop, since ROS serves as potent trigger of NET
formation itself. Furthermore, it was found that NETs persist in patients with diabetes up to one

year despite normalisation of their blood glucose levels.3®® Potent proteases such as NE
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showed higher enzymatic activity in diabetic patients, further exacerbating inflammation.3*°
Furthermore, both, human and murine neutrophils isolated from diabetic patients or
experimentally induced diabetes were already primed to undergo NETosis.’® Several
therapeutic approaches targeting PAD4 or ROS showed promising results specifically in terms

of improved wound healing.3%5311

1.3.3 Wound healing

Wound healing is a tightly controlled process marked by four phases: haemostasis,
infl