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Zusammenfassung Vi

Zusammenfassung

Die extrakapillare proliferative Glomerulonephritist durch eine glomerulare Nekrose
gekennzeichnet. Sterbende Zellen setzen intraasduProteine frei, die alslamage-
associated molecular patterns agieren, um das angeborene Immunsystem zu aleiviém
Vorfeld haben wir bereits gezeigt, dass sterbendaeulliszellen Histone freisetzen, welche
Endothelzellen zerstéren und den TLR2/4 Rezepttwviaken konnen. Dies fuhrt zu einer
tubularen-interstitiellen Entziindungsreaktion beptsschem oder post-ischamischem akuten
Nierenversagen (ANV). Weiterhin haben andere Asdggiippen bereits gezeigt, dass
extrazellulare Histone Organversagen bei akutegenachadigung, Schlaganfall, Peritonitis
und retinaler Dysfunktion verursachen konnen, uadsddie Blockade von extrazellularen
Histonen sich als ein vorteilhaftes Herangehen dés Fortschreiten der Erkrankung
prasentiert. In dieser Doktorarbeit haben wir di¢hpgenen Effekte extrazellularer Histone
wahrend nektorisierender Glomerulonephritis untetsuDies wurde unter Verwendung
eines Tiermodells, welches auf einen nekrotisiezantiyp der schweren Glomerulonephritis
basiert, erforscht. Nekrotisierende Glomerulondghriwurde mittels einer einzigen
intravenosen Injektion von 10D Schaf GBM Antiserum induziert. Um den Einflussr de
Histon-Neutralisierung zu untersuchen, haben wieriAntikorper verwendet, der von dem
BWA-3 Klon isoliert wurde. Dieser Antikorper beditdie Fahigkeit, extrazellulare Histone
in-vitro undin-vivo zu neutralisieren. Nach 7 Tagen wurden die Niergnweiteren Analyse

enthommen.

Anti-GBM-behandelte Mause wiesen eine ansteigendetefurie (Albumin/Kreatinin
Verhaltnis), Plasma-Kreatinin und Harnstoff Wertef.aDies war mit einer reduzierten
Anzahl von Podozyten, ansteigender halbmondformiGdomeruli und infiltrierender
Neutrophilen und Makrophagen in der Niere verbunditeressanterweise wurde die
Proteinurie durch die Neutralisierung extrazelletdHistone reduziert, was zu einem
verminderten Podozytenschaden fuhrte. Weiterhin dv@s mit einer verbesserten renalen
Funktionfahigkeit verbunden im Sinne von niedrigBtasma-Kreatinin und Harnstoff
Werten, und mit einer Abnahme der Neutrophilen uidkrophagen Infiltration und
Aktivierung in der Niere. Die Blockade von Histonesduzierten auch die renale mRNA
Expression von TNF-und Fibrinogen in den glomerularen Kapillaren gigant, was mit
geringeren Glomerulosklerose, Halomonden und dirtmrlaren Atrophie assoziiert wdn-

vitro Studien zeigten, dass extrazellulare Histone uBd@sNverbundene Histone glomerulére
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Endothelzellen, Podozyten und parietale Epithedpellin einem Dosis-abhangigen
Zusammenhang zerstéren konnen. Histon-neutralisiereMittel, wie Anti-Histon 1gG,
aktives Protein C oder Heparin unterdriickten dmgetoxischen Effekte. Die Stimulation
von BMDCs mit Histonen regulierte die Expressiom vAktivierungsmarkern, einschlie3lich
MHC-II, CD48, CD80 und CD86 hoch sowie steigerte Eroduktion von TNFeund IL-6.

Bisherig wurde von anderen sowie uns berichtets éasn Patienten mit ANCA-assoziierter
Vaskulitis zu einer Uberexpression des TLR2/4 Remspim Vergleich zu gesunden
Glomeruli kommt. Die Histon Toxizitat bei Glomer@x-vivo war abhéngig von der TLR2/4
Rezeptor Achse, da das Ausschalten von TLR2/4 scAwachung der Histon-induzierten
renalen thrombotischen Angiopathie und glomerul®ehkrose in Mausen fuhrte. Anti-GBM
Glomerulonephritis involviert NET Formation und kakire Nekrose, wahrend die Blockade
von NETs durch PAD Inhibierung oder praventive Adiston IgG Injektion signifikant alle
Parameter der Glomerulonephritis reduzierten, &irefglich vaskuldare Nekrose,
Podozytenverlust, Albuminurie, Produktion von Zytwn, Rekrutierung und Aktivierung
von glomerularen Leukozyten, und glomeruldrer Halbdformation. Um Histone als
therapeutisches Ziel zu evaluieren, wurden Maugebereits etablierter Glomerulonephritis
mit drei verschiedenen Histon-neutralisierendentdtit wie Anti-Histon IgG, aktiviertes
Protein C und Heparin, behandelt. Interessanteeyeigeisen alle drei Mittel eine
gleichwertige Effektivitat auf, was zur reduziert&womerulonephritis beitrug, wohingegen

die Kombinationstherapie keinen additiven Effekitéa

Zusammenfassend zeigen die Ergebnisse dieser Arbests NET-verbundene Histone,
welche wahrend der Glomerulonephritis freigesetzterden, zytotoxische und
immunostimulierende Effekte hervorrufen, und dass MNeutralisierung extrazellularer
Histone als potentielle Therapie bei bestehendesm@tulonephritis eingesetzt werden

konnte.
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Summary

Crescentic glomerulonephritis is characterized mmgrular necrosis. Dying cells release
intracellular proteins that act as danger-assatiatelecular patterns to activate the innate
immune system. Previously, we have demonstrateddihag tubular cells release histones,
which can kill endothelial cells and activate tbé-like receptor 2/4 (TLR2/4). This drives
tubulointerstitial inflammation in septic or posthemic acute kidney injury (AKI).
Furthermore, other groups have also reported tttedeellular histones cause organ damage
during acute lung injury, stroke, peritonitis anetimal dysfunction, and that blocking
extracellular histones represents a beneficial agygdr during the disease progression. In this
thesis, we investigated whether extracellular mssocan elicit similar pathogenic effects
during necrotizing glomerulonephritis. To do so, w&d an animal model based on the
necrotizing type of severe glomerulonephritis. Ncr glomerulonephritis was induced in
mice by a single intravenous injection of 100uleghanti-GBM antiserum. The impact of
histone neutralization was studied by using anbandiy isolated from the BWA-3 clone,
which had the capacity to neutralize released eelitdar histonesn-vivo andin-vitro. After

7 days, mice were sacrificed and kidneys were catefor further data analysis. Proteinuria

was assessed in spot urine samples.

Anti-GBM treated mice showed increased proteinatbumin/creatinine ratio), plasma
creatinine and BUN levels. This was associated watlmeduced number of podocytes,
increased crescentic glomeruli and the infiltratafnneutrophils and macrophages into the
kidney. Interestingly, neutralization of extracéiuhistones significantly reduced proteinuria
leading to less podocyte damage. This was linkeahtamproved renal function defined by
lower plasma creatinine and BUN levels, and wittearease in neutrophil and macrophage
infiltration and activation in kidney. Histone blaxe also significantly reduced renal mMRNA
expression of TNFe and fibrinogen in the glomerular capillaries, whigas associated with
less glomerulosclerosis, crescents and tubulamplayrdn-vitro studies demonstrated that
extracellular histones and NETs-related histondgglamerular endothelial cells, podocytes
and parietal epithelial cells in a dose-dependemtmar. Histone-neutralizing agents such as
anti-histone IgG, activated protein C or heparievented this cytotoxic effect. Stimulation of
BMDCs with histones upregulated the expressiomefactivation marker including MHC-I1,
CD48, CD80 and CD86 significantly as well as inseghthe production of TN&-and IL-6.
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It has been previously reported by others includisgthat in biopsies from patients with
ANCA-associated vasculitis showed an over-expressfahe TLR2/4 receptor compared to
the healthy glomeruli. Histone toxicity on glomerek-vivo was also dependent on the
TLR2/4 receptor axis given that the lack of TLRZ#tenuated histone-induced renal
thrombotic microangiopathy and glomerular necrasisiice. Anti-GBM glomerulonephritis

involved NET formation and vascular necrosis, wiblecking NET formation via PAD

inhibitor or pre-emptive anti-histone IgG injecti@ngnificantly reduced all parameters of
glomerulonephritis including vascular necrosis, gode loss, albuminuria, cytokine

induction, recruitment and activation of glomerulaukocytes, and glomerular crescent
formation. Finally, to evaluate histones as a thewfic target, mice with established
glomerulonephritis were treated with three différeistone-neutralizing agents such as anti-
histone IgG, recombinant activated protein C antiégparin. Interestingly, all agents were
equally effective in abrogating severe glomeruldwijs, while combination therapy had no

additive effect.

In summary, the results of this thesis indicatet tN&T-related histones released during
glomerulonephritis elicit cytotoxic and immunostilatory effects and that neutralizing
extracellular histones, therefore, represents amnpial therapeutic approach when applied

during already established glomerulonephritis.



Introduction 1

1. | ntroduction

1.1. Sterileinflammation

Inflammation is vital for host defence against isiva pathogerls In response to an
infection, a cascade of signals leads to the reunant of inflammatory cells by activating
pattern recognition receptors (PRRS), particularlinnate immune cells such as neutrophils
and macrophages. These cells, in turn, phagocydsetious agents and produce additional
cytokines and chemokines that lead to the actimadiblymphocytes and adaptive immune
responses. It is now evident that PRRs also rezegmin-infectious material that can cause
tissue damage and endogenous molecules that asseel during cellular injury and death.
These endogenous molecules have been termed dassgeated molecular patterns
(DAMPS) (Table 1), as these host-derived non-miedadtimuli are released following tissue
injury or cell death and have similar functions phogen-associated molecular patterns

(PAMPS) in terms of their ability to activate prflammatory pathways

In 1994, Polly Matzinger proposed that the immuystesm is more concerned with ‘danger’
or ‘damage’ than with the distinction between seifl non-seff The model starts with the
idea that the immune system defines danger as iagytthat causes tissue stress or
destructioff®. In this model, antigen-presenting cells are atéid by DAMPs from stressed
and/or damaged tissues. Matzinger’'s ‘danger malgjgests why potent immune responses

are initially elicited in the setting of sterilefiammatior.

DAMPs are cell-derived molecules that can initiatel perpetuate immunity in response to
trauma, ischemia, cancer, and other settings slidisdamage in the absence of overt
pathogenic infection. DAMPs are localized withire thucleus and cytoplasm (HMGBL1),
cytoplasm alone (S100 proteins), exosomes [heatkspooteins (HSP)], the extracellular
matrix (hyaluronic acid), and in plasma componesush as complement (C3a, C4a and
C5a). Examples of non-protein DAMPs include ATHg¢ wcid, heparin sulfate, RNA, and
DNA. DAMPs can also be mimicked by release of icetlular mitochondria consisting of
formyl peptides and mitochondrial DNA (with CpG DN#Fepeats) to activate human

polymorphonuclear neutrophils through activatiombR9°.
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Table: 1. List of the sterile inflammatory signals,its receptors and associated pathology(The

table is adapted from Chenet al. Nature Reviews Immunology, 2010)

Sterile inflammatory

signal

Putative sensor

Associated pathology

Endogenous

HMGB1

HSPs

S100 proteins
SAP130

RNA

DNA

Uric acid and MSU
crystals

ATP

Hyaluronan
Biglycan
Versican

Heparan sulphate
Formyl peptides
(mitochondrial)

DNA (mitochondrial)

CPPD crystals
B-amyloid
Cholesterol crystals
IL-1a

IL-33

Exogenous

Silica

Asbestos

TLR2, TLR4, TLR9, RAGE
and CD24

TLR2, TLR4, CD91, CD24,
CD14 and CD40

RAGE
CLEC4E

TLR3

TLR9 and AIM2

NLRP3

NLRP3
TLR2, TLR4 and CD44
TLR2 and TLR4
TLR2
TLR4

FPR1

TLR9
NLRP3

NLRP3, CD36 and RAGE
NLRP3 and CD36

IL-1R

ST2

NLRP3

NLRP3

Cellular injury and necrosis

Cellular injury and necrosis

Cellular injury and necrosis

Cellular injury and necrosis
Cellular injury and necrosis
Cellular injury and necrosis

Gout

Cellular injury and necrosis
Cellular injury amecrosis

Cellular injury and necrosis

Cellular injury and necrosis
Cellular injury and necrosis

Cellular injury and necrosis

Cellular injury and necies
Pseudogout
Alzheimer's disease
Atherosclerosis
Cellular injury and necrosis
Cellular injury and necrosis

Silicosis and pulmonary
interstitial fibrosis

Asbestosis and pulmonary
interstitial fibrosis
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1.2. Mechanism of sterile inflammation

Despite the growing list of sterile immune stimuhge mechanisms by which these stimuli
trigger an inflammatory response are still notyfulhderstood. Even though endogenously
generated DAMPs are structurally heterogeneouspubheome of inflammatory responses to
these stimuli is generally uniform. The releas®A8MPs from dying cells is illustrated in the

Figure 1.

Ve
S e
% ﬁ ,L Normal cell

\.

Apoptosis

Removal by phagocytosis

Activation of Ag-presenting cells Necrosis of epithelial
Inflammation cells and DAMP release

Figure: 1. During homeostasis most commonly cells in the bodgergo apoptosis and they are
removed by phagocytosis without any injury to tasgéted organ and replaced by new cells of the
same phenotype. When there is irreversible stressxin exposure, the cells undergo a pathogenic
form of cell death such as necrosis that resultthenrelease of cellular contents called damage-
associated molecular patterns (listed in tabler'hgse damage-associated molecular patterns will be
recognized by pattern recognition receptors on imeneells to activate the release of pro-
inflammatory cytokines and chemokines. The rele@»&MPs can also kill cells within the targeted
organs to cause severe inflammatory responses\ptalorgan failure.



Introduction 4

Moreover, inflammatory responses during infectiom @ery similar to responses induced by
sterile stimuli including the recruitment of neyilals and macrophages, the production of
inflammatory cytokines and chemokines, and the etidn of T cell-mediated adaptive
immune responsés This suggests that both infectious and sterilmdt may function
through common receptors and pathways. Based ocutihent understanding, there are three
proposed mechanisms by which sterile endogenousulstirigger inflammation: (1) the
activation of PRRs by mechanisms similar to thasedby microorganisms and PAMPSs, (2)
the release of intracellular cytokines and chemedkinsuch as interleukin (IL)al that
activates common pathways downstream of PRRs, Z)nth¢ direct activation of receptors

that are not typically associated with microbiaagnitiorf.

1.3. DAMPsand kidney diseases

Currently, most of the experimental data providéonmation about DAMPs playing an
important role in the progression of kidney dissadedirect evidence from animal model,
where mice lacking specific DAMP receptors showestgrtion of kidney diseases that will

be further discussed within this section.

1.3.1. Acute kidney injury
Tubular necrosis

Compared to all other forms of kidney diseasesteakigdney injury (AKI) always linked to
cells with abundant amounts of necrosis, which deiadinflammatory DAMPs release and
activation of innate and adaptive immunity triggeriinflammation with aggravated AKI.
The injury is mainly caused due to the activatiboridbd&MP receptors like toll-like receptors
(TLRs) and receptor for advanced glycation end-petsl (RAGE)? For example high-
mobility group protein B1 (HMGB1), heat shock piiate (HSPs) and histones are well-
known DAMPs that are released during tubular nesras in the case of septic, ischemic, or
toxic forms of tubular necrosis. This further dsveterile inflammatory and immune
pathologies that regulate organ faiftité Reports have shown that death during sepsis is
mainly due to the release of DAMPs like HMGB1, bigs, decorin, or biglycah'3®*
The lethality is based on DAMP-mediated endothalidfunction, which involves TLR2/4
receptors leading to increased vascular permegahititd hypovolemic sho¢k HSP and gp96
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regulate the TLR2-mediated ERK pathway and inflatmmnaduring hypoxia or ischemic
kidney condition¥’. Geldanamycin, an inhibitor of Hsp90 and gp96,tguts mice from
IRI?°. Non-pathogenic and non-cellular DAMPs like higbncentrations of uric acid
accumulate during the ischemic kidney and actiteemmune system leading to the severe

inflammation in the kidney.
Glomerulonephritis

Glomerular cells undergoing necrosis also relea8®BPs during the necrotizing type of
glomerulonephritis leading to AKI and glomerulongpd (GN)2. Serum and tissue
expression levels of HMGB1 are reported during expental models of glomerulonephritis.
Like in tubular necrosis, TLR2/4 deficiency reducethe complications of
glomerulonephriti§?* Histones on the other hand are released from iNg Fieutrophils in

necrotizing GN®.

1.3.2. Chronic kidney injury
Diabetic nephropathy

Inflammatory responses mediated by activation ofRZL TLR4 and the NLRP3
inflammasome play key roles in the progressioniabetic nephropathy (DK% Reactive
oxygen species or extracellular ATP can activateNhRP3 inflammasome during diabetic
condition$®?® The ATP receptor P2X4 is over expressed on réR&ls from patients with
type 2 DN conditions; this is mainly due to the égglycaemic complications of diabetes,
which correlates with the release of IL-1 cytokiffeBiglycan and decorin are overexpressed
in diabetic kidneys and may trigger inflammationdnyivating the TLR2/TLR4 receptors and
the NLRP3 inflammasoni&®> An increase in renal biglycan promotes LDL chtes,

which leads to the infiltration of macrophages aptolds kidney injury/.

There is expansive literature on the involvemenfAGE and RAGE in podocytes, diabetes,
and DN3%*" 5100, a pro-inflammatory RAGE ligand, is involvieda novel pathway for
leukocyte recruitment during inflammatory disordemsd diabetic conditions in mite
RAGE and S100 are over-expressed in the podocyteb/db mice, which contributes to
both renal pathology and inflammation with increshs#iltration of mononuclear phagocytes
to the glomeruli. These effects can be blocked #ithanti-RAGE antibody.



Introduction 6

Lupus nephritis

Lupus nephritis is an inflammatory kidney diseaseised by the autoimmune disorder
systemic lupus erythematosus (SLE), which involwesiune activation by nuclear DAMPs
that share autoantigen and adjuvant quafftiefhe disease is mainly characterized by
hyperproliferation of autoreactive lymphocytes, gthenhance the autoantigen presentation.
The effect is due to the activation of TLR7 and BLReceptor activating DAMPs like
Ribonucleoproteins and hypomethylated dsDNA, repsg*’. In addition, these TLR7- and
TLR9-specific DAMPs trigger plasmacytoid dendritiells to release IFN; which initiates
antiviral gene transcription accounting for many tbhe unspecific (viral infection-like)
symptoms of lupuié and IFN-related glomerular patholddyTLR7 and TLR9 activation
also leads to the generation and maturation of yyy& tmacrophages, which further activates
the pathogenicity of lupus nephrfttd® Biglycans has been shown to trigger lupus neighrit
by activating TLR2 and TLR4 leading to the over eg3ion of chemokines including CCL2,
CCL3 and CCLS5, and aggravated murine lupus nepHriti

Pathogenic effects of HMGB1 have been linked toasiety of pro-inflammatory and
autoimmune diseases including SLE. Reports havesiioat SLE patients have high levels
of circulating HMGB1, which is also the case in raeumodels of SLE™? The pathogenic
effect of HMGBL1 is mainly due to the antibody-inédcimmune complex deposition, a type
of kidney damage in SIE In lupus-prone MRL-Fas(Ipr) mice, p38 MAPK actica
induced infiltration and maturation of dendriticllsg(DCs) and secretion of HMGB1 from

DCs has been implicated in autoimmune kidney degas

1.4. Extracéelular histones

Histones are important structural elements of theleaar chromatin and can regulate gene
transcription. In contrast, outside the cell hig®mlicit toxic and immunostimulatory effects.
This becomes obvious when infectious organismgerngranulocytes (and macrophages) to
undergo a particular type of programmed cell dela#th catapults the chromatin outside the
cell to cover and kill pathogens, e.g. NETosis.-iafmmmatory cytokines also have the
ability to induce the process of NETosis, which teimites to sterile forms of inflammation
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and tissue injury. As illustrated in figure 2, whidescribes in more detail how the histone
component of extracellular chromatin mediates yamd triggers innate immunity including
activation of TLRs or inflammasomes (Figure 2). thRarmore, we discuss how to target

extracellular histones to improve disease outcamsex) different histone blocking agents.

Source of histones o Pathogenic effects Consequences
Inhibitors

Activated protein C ——__alf

|

—. 7
Immune cell necrosis Bacterial killing ) Pathogen control/host defense
NETosis, pyroptosis —

—
-
7 \
/ A

Host cell killing Vascular injury, tissue injury
s accelerated necrosis, ischemia,
I i organ dysfunction and failure

TLR2/-4/(-9) activation

systemic and tissue inflammation,
NLRP3 inflammasome immunopathology
activation %

TLR ligands | ROS/TNF

= — 1118
V] ™ —ppIL-18
Platelet aggregation thrombosis
Stabilization of autoimmunization and
extracellular DNA DNA autoimmunity in

susceptible individuals

Parenchymal cell necrosis
Necroptosis, ferroptosis,
cyclophilin D-related

Figure: 2. How histones trigger tissue injury and inflammativ’arious forms of cell necrosis release
chromatin into the extracellular space. HistonezHjmeeffects and their consequences for the diseas
A number of molecules inhibit histone effects sash Activated protein C degrades histones in the
extracellular space. Other elements can also fizetrthe specific effects without degrading the
histone structure like heparin, albumin and neiziraj histone antibody’.
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1.5. Structure and functions of histones

The eukaryotic cell nucleus maintains DNA and his®in a highly organized chromatin
format, which is conserved across species. Therdéar classes of histones: H2A, H2B, H3
and H4 that are known as ‘core histones’, whilerefiresent ‘linker histone¥: Structurally,
all core histones share a common structural motisisting of a long central helix flanked by
a helix-strand-helix motif on each end. This “histofold” exhibits high hydrophobic
interactions to form dimers and tetramers withire tbore histones (Figure 3). The
organizational unit of chromatin, the nucleosomaststs of one H3/H4 tetramer and two
H2A/H2B dimers also called the “histone octamediling 147bp of DNA in approximately
two parallel strands, while H1 binds to non-nuctenal DNA to form higher-order
chromatin structures. These octamers are stabibze@-terminal helices of core histones.
The basic nature of the histone proteins neutrslibhe acidic residues of the DNA. Each
histone has its N-terminal tail rich in lysine aadjinine residues that extend out from the
core structure. These amino-terminal sites areilflexand undergo numerous post-
translational modifications such as acetylatiomggtorylation, methylation, ubiquitination,
sumoylation, and ADP ribosylation, which play a kegle in gene replication and

regulatiori>.

Histone methylation, phosphorylation and acetylagerve as markers for the transcriptional
state of genes in several diseases and distindttiaoslational modification patterns are
linked to certain inflammatory disead®sWhile histones are completely inert within the
nucleus, they elicit pathogenic effects outsideddlé Histones are released from dying cells

and contribute to antimicrobial defence responseimd infectiort®*”.

However, extracellular histones are a double-edgyedrd because they also damage host
tissue and may cause death. But when and how bistaccess the extracellular space? This

is discussed in the next section.
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H2A

H3

Figure: 3. Structure of histone octamer with the core hissoH2A, H2B, H3 and H4 and the linker
histone H1. Coiled dsDNA surrounds the histonesclforms the complete nucleosome.

1.6. Maode of histonerelease into the extracellular space

Releasing chromatin requires rupture of the nuckear outer cell membrane, e.g. during cell
deatti®. Apoptosis avoids membrane disintegration, theeefapoptosis was considered a
‘silent death’ that rather contributes to cell towar and lymphocyte selection during
homeostasis. However, histones have been reported to accuenitaand leak also from
membrane blebs of apoptotic c&lldn contrast, disruption of the outer plasma memér as

it occurs during necrotic cell death, massivelgasks intracellular components that have the
capacity to activate innate immunity, referred ® danger/damage-associated molecular
patterns (DAMPSs) or alarmins. Later the histonexcihethe extracellular space and act as
DAMPs to activate innate immunfy The forms of necrosis that exist in the biologica

system will be described in more detail within thétion.

1.6.1. Necrosis

Necrosis is an active form of cell death and ocqredominantly due to the irreversible
stress on tissue cells, e.g. hypoxia, radiatiomngks in pH or toxic chemicals. Necrosis
leads to the complete destruction of the cell intggesulting in the release of DAMPs

followed by the loss of function.
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1.6.2. Passive necrosis

Mechanical trauma or charge- or detergent-relatedgcity passively disrupt the plasma
membran®. In view of recent data on regulated forms of nsi, it is fair to speculate that
passive necrosis is a rather rare event in climiuwadicin€. Regulated necrosis is defined as
a genetically controlled cell death process than&vally results in cellular leakage, and it is
morphologically characterized by cytoplasmic gratioh, as well as organelle and/or

cellular swelling (‘oncosigj. The different forms of regulated necrosis aréolsws.
NETosigETos's

NETosis/ETosis is a regulated form of necrosis tisatestricted to immune cells like
neutrophils (NETosis) and other granulocytes or nopitages (ETosi& Pro-inflammatory
cytokines such as IL-8 or TN&-can activate neutrophils to undergo regulated thars
process that takes up to 6 hours and spreadsralinetiin to the outside of the cells in a net-
like structure NETs (neutrophil extracellular trfifsAkt- and NOX2-dependent reactive
oxygen species facilitate and trigger NETo%iss well as the activation of TLR2, TLR4,
complement, and platel&t®® NETosis results in the release of histones freffs ¢hat are

present at sites of infection as well as duringlstenflammatiorf™°
Pyroptosis

Pyroptosis is mechanistically distinct from othemfis of cell death. Caspase 1 dependence is
a defined feature of pyroptosis, and caspaseleignzyme that mediates this process of cell
deatti"®® However, caspase 1 is not involved in apoptogit death that was confirmed in
caspase 1-deficient mice, which had no defects poptsis and developed normally.
Pyroptosis also involves the involvement of a Caspal-dependent form of regulated
necrosis downstream of inflammasome activ&flobntil now, pyroptosis has mainly been
described in infected macrophages and as beingmegye for the loss of T cells in patients
with AIDS™®% Its role in tissue necrosis remains to be exploféhe apoptotic caspases
including caspase 3, caspase 6 and caspase 8 arimvotved in pyroptosi€’® and
substrates of apoptotic caspases including polyRAiDose) polymerase and inhibitor of

caspase-activated DNase (ICAD) do not undergo phyztis during pyroptosf§® 747>
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Necroptosis

Necroptosis is a mechanism of necrotic cell deatluéed by external stimuli leading to the
engagement of death domain receptors (DRs) withn thepective ligands such as TNF-
Fas ligand (FasL) and TRAIL. This happens underditamns when apoptotic cell death
execution is prevented, e.g. by caspase inhibitAtthough it occurs under regulated
conditions, necroptotic cell death is characteribgdthe same morphological features as
unregulated necrotic death. RIP1 kinase activitya ikey step in the necroptosis pathway,
followed by the activation of RIP3 kinase and pHusplation of MLKL, which form a
complex known as the necroptosome. Necroptosis bey central mode of regulated

necrosis under inflammatory conditidfi&®
Cyclophilin D-mediated regulated necrosis

Cyclophilin  D-mediated regulated necrosis disrupite mitochondrial transmembrane
potential, which opens mitochondrial membranes tamaslocates NAD+ to the cyto$of°
Mitochondrial dysfunction is the first step in isrhia-associated forms of regulated

necrosi&!,
Ferroptosis

The oncogenic RAS-selective lethal small molecuéestin triggers a unique iron-dependent
form of non-apoptotic cell death, called ferropsogterroptosis is dependent on intracellular
iron, but not other metals, and is morphologicabligpchemically and genetically distinct
from apoptosis, necrosis and autoplfag@xidative stress is also a trigger for ferroosi
recently described iron-dependent form of regulatedrosis. Under normal conditions,
glutathione peroxidase 4 levels inhibit ferroptpsiad its depletion during oxidative stress

can set off the cell death ev&ht
Podoptosis

Podoptosis is another regulated cell death pathoeayrs mainly in non-dividing cells like
podocytes, it is mainly due to the p53-overactmatilependent cell death, thus, referred as
podoptosis. Podoptosis is associated with cytopasacuolization, endoplasmic reticulum

stress, and dysregulated autophagy leading teethase of DAMPY.
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1.7. Pathogenic effects of extracellular histones

Some of the reported pathogenic effects of releag&dcellular histone are illustrated in the

Figure 4 and will be further discussed in this igect
1.7.1. Bactericidal effects

In late 1950s, James G. Hirsch first reported thatarginine-rich fraction of calf thymus
histone (histone B) exerts bactericidal activity \warious coliform bacilli and micrococci
under certain conditionis-vitro®>. Concentrations less than 1pg/ml histones kiltspsble
microbes without detectable morphological alteratow lysis. This was later confirmed by
other group®®®’ Microorganisms which are highly susceptible tstdme toxicity are
Escherichia, Salmonella, Shigella, Pseudomonas, Klebsiella, and Micrococcus pyogenes var .
albus. Less susceptible or completely resistant Rmateus, Serratia, Micrococcus pyogenes
var. aureus, and various types of hemolytic streptococci. but the mode of this bactericidal
effect remained unknowh It has been suggested that their basic charg¢hairdcapacity to
bind strongly to anionic moieties of the bactedell wall damage the osmotic barrier

Irreversible stress
I/R, infections, cytokines and toxins
f T 1

* . ”
i 3 A
"
f 8 \@‘ ee. N 5
.E’ :
Apoptosis Necrosis NETosis
L I |
o0 °
° : °
Histone release
ER stress NF-kB TLR4 5 TLR2/4 TLR9 NLRP3
Ca™ influx MAPK MAPK ’ MAPK, NF-kB MyD88 Caspase-1
Mitochondrial injury MyD88 \ / \L

Apoptosis Endothelial damage and direct toxicity to

epithelial cells

Organ failure

Figure: 4. Release and activity of histones in response res&t and its pathogenic effects on
different organs
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1.7.2. Cellular toxicity

Xu et al. reported for the first time that the unspecifytotoxic effects of extracellular
histones on the host leading to lethal effects mpsepsi¥. Histone release in sepsis or
major trauma primarily affects endothelial cellsttitan cause fatal organ dysfunctftii
Intravenous injection of recombinant histones Kisalthy mice within a few minutes due to
severe endothelial damage in the microvasculatéirthe lungs®. Similarly, injection of
histones into the renal artery causes microvasdnjary and ischemic renal necrosis
Histone-induced endothelial permeability and destinnon-regulated form of necrosis that is
mediated through a charge-dependent mechanismingsul disruption of junctional protein
expression and cell dedthin fact, the anionic molecule polysialic acid arogate NET-
mediated alveolar epithelial injuty However, despite having a similar charge onlydnie
H1, but not H2A, H2B, H3, and H4 is neurotdXjovhich suggests cell type-specific effects.
For example, histone H1 kills neurons but not astes or microgli&. In addition, it is
currently not known whether histones trigger anyhef recently described forms of regulated

necrosi&.

1.7.3. TLR activation

Xu et al. has recently shown that histones specificalljuged TLR2- and TLR4-mediated
reporter gene expression in a cell line overexjmgssifferent classes of TLRS Histones
can also bind and activate the TLR2 and TLR4 rexspeading to the activation of the
Myd88 pathway, which further results in an inflantorg response by activating NéB and
mitogen activated protein kinase target gene esfds~** Furthermore, histone-induced
tissue injury is partially dependent on TLR?/4that is to other cell-derived extracellular
DAMPs, which activate predominantly TLR2/4 receptand show immunogenic actidns
Whereas, Huangt al. reported that extracellular histones activate Jladhd contribute to
postischemic liver failure in a TLR9-dependent me&t In this study, anti-histone IgG had
almost a comparable protective effect on organtfon@as TLR9 gene deletion, yet in gene-
deleted mice. These antibodies did not show anitiaddl effect®. However, in ouin-vitro
studies, Allamet al. could not confirm the data from Huang and coliesggthat TLR9 acts as
a receptor for histon&spossibly this maybe because of residual TLR9-@tjicnDNA

complexes within histones, which normally ocouwivo.
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1.7.4. NLRP3 inflammasome activation

The Nod-like receptor (NLR) family is characteriZeglthe presence of a central nucleotide-
binding and oligomerization (NACHT) domain, which commonly flanked by C-terminal
leucine-rich repeats (LRRs) and N-terminal caspaseuitment (CARD) or pyrin (PYD)
domains. LRRs are believed to function in ligandsseg and autoregulation, whereas CARD
and PYD domains mediate homotypic protein-proteirteractions for downstream
signaling”. The NACHT domain, which is the only domain commonall NLR family
members, enables activation of the signaling compla ATP-dependent oligomerization.
The NLRP3 inflammasome is a cytosolic platformjveted upon cellular infection or stress
that integrates various danger signals into thepases1l-dependent maturation of pro-

inflammatory cytokines such as Il 1o initiate innate immune defenéés

Allam R et al. has recently reported that cytosolic uptake afroic cell-derived histones
trigger mechanisms of sterile inflammation, whiokialve NLRP3 inflammasome activation
and IL-18 secretion via oxidative stré&sThis may be due to the existence of histonessin i
particle nature, as it is observed by many crystéad microparticles that are capable of
activating NLRP3 inflammasome compleX&¥° Intraperitoneal injection of histones into
NIrp3 gene deficient mice significantly reduces IR-Jroduction and recruitment of

neutrophils causing attenuated histone-inducedquetis’®.

1.7.5. Platelet activation

Fuchset al. has published for the first time an interactimisextracellular histones with
platelets. Histones that have bound to plateletadad calcium influx and recruited plasma
adhesion proteins such as fibrinogen to induce elaiat aggregatioi'®*°® Hereby,
fibrinogen cross-linked histone-bearing plateletsl &riggered micro-aggregation. Whereas
the interaction of fibrinogen withllb3 integrins were not required for this process vioertte
necessary for the formation of large platelet aggtes. Intravenous administration of
histones caused the profound thrombocytopenia mithinutes after administratiom-
vivo'®., Mice lacking platelets arllbp3 integrins were protected from histone-inducedtuea
but not from histone-induced tissue damage. Inresht heparin and albumin prevented
histone interactions with platelets and protectedicem from histone-induced

thrombocytopenia, tissue damage and d&atff Extracellular histones also induced platelet
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aggregation and clotting that was dependent onptksence of TLR2/4 and downstream
signaling via ERK, p38, AKT and NgB31%

1.7.6. Protecting DNA degradation

DNA in chromatin is arranged in form of arrays ofickekosomes, highly conserved
nucleoprotein complex. The X-ray crystal structarfethe nucleosome core particle of
chromatin shows in atomic detail how the histonatgin octamer is assembled and how 146
base pairs of DNA are organized into a superhetxd it%. Von Hahnet al. reported that
histones stabilize the extracellular DNA against tihermal degradatiam-vitro'®. Histones

in form of nucleosomes protect the DNA from furtldegradation by nucleases, which leads
to the stabilization of DNA within the system anmhtributes to autoimmune complications.
For example, in SLE, where genetic variants oftemmgromise phagocytic dead cell and
chromatin clearance and the persistence of extudmelchromatin fosters immunization
against DNA and histon&§'% SLE patients who cannot dismantle NETs might beeful
indicator of the renal involvemefit To be protected from lupus, autoantigens such as
dsDNA from degradation inside injured organs wéled to remain accessible to circulating
anti-dsDNA antibodies, a process that is involvethie pathogenesis of lupus nephfftf§®
However, this mechanism can explain the (transiecturrence of anti-nuclear antibodies in
numerous forms of tissue injury. As mentioned befahe TLR9 agonistic activity of
histones might relate to residual DNA compon&n&inally, histones can even act as a DNA
transfectant by shuttling DNA inside céfl$
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1.8. Contributions of extracellular histonesin the disease setting

The pathogenic roles of extracellular histonesdamonstrated in both infectious and non-
infectious disease conditions, as illustrated guFeé 5 and Table 2, and are described in more

detail within this section.

® @
% ®

Histones

St ) f‘iﬂé
/— N AZ)]
I/R

Acute lung injury  Acute tubular Stroke Pancreatitis Peritonitis,
COPD necrosis  Toxic liver injury Appendicitis

Figure: 5. The diagram represents the different pathogeffiecsf of extracellular histone on variety
of internal organs like lungs: acute lung injuryda@OPD; kidneys: acute kidney injury; liver:
ischemia reperfusion and toxic liver injury; brastroke; pancreases: pancreatitis; GIT: peritonitis
and appendicitis; eye: retinal injury.
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Table: 2. Current evidence for a functional role ofextracellular histones in diseass.

Disorder Pathomechanism Ref.
Infectious disease
Sepsis Histone release promotes sepsis-related endothéftat

dysfunction, tissue hypoxia and death.

Peritonitis/AppendicitisHistones trigger peritoneal inflammation directlyy
activating PRRs and indirectly by inducing cell rosis
causing local cytokine production.

Non-infectious disease

Trauma Dying cells release histones that injumeglendothelial %
cells causing microvascular thrombosis and haerageh

Thrombosis/embolism  Histones trigger thrombosig ibducing endothelial #4101
activation and by directly inducing thrombin gernena
and platelet aggregation via TLR2 and TRLA4.

63,112
b

114

Brain
Stroke Histone neutralization reduces infarct size, whiistone *°
infusion increases infarct size.
Atherogenesis Histones bind to LDL. 1
Lung

Acute lung injury Histones from NETtingieutrophils that injure endothel 9113118

cells cause microvascular thrombosis and haemagrhag
119

COPD Hyperacetylated H3 resists degradation and cangay.i
Liver

Toxic liver injury TLR9-mediated hepatotoxicity. 94,120,121
Kidney

Acute kidney injury  Microvascular endothelial injury and TLR2/4-medihte'*
inflammation leading to acute tubular necrosis.

Glomerulonephritis  NETosis leading to vascular injury in glomeruli.

Autoimmunity

Rheumatoid arthritis/ Citrullinated/deiminated histones serve as autgans

Felty's syndrome within joint immune complexes.

Systemic lupus Extracellular histones protetft BNA from degradation,
promote auto-immunization together with genetic ddea
cell clearance deficits.

25

123,124
125
10¢€,12¢

Others
Blood transfusion NETosis leading to transfasiof histones, DNA and'?
other DAMPs that may cause reactions in recipients.
Sickle cell disease NETs and its componanisiied in the pathogenesis®

vaso-occlusive painful sickle cell crisis

Hair growth Histones kill hair follicle progear cells. 12¢
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1.8.1. Sepsis

Sepsis is a systemic inflammatory response syndrpmmarily caused by bacterial
infections. In 1958, Hirscht al. observed that histones have a stronger abilikyltbacteria
than many canonical antimicrobiglsHyper-inflammatory responses can lead to a warét
diseases including sepsis. Esmon CT group repahi@idextracellular histones released in
response to inflammatory challenges contributenothelial dysfunction, organ failure and
death during sepsf$ Significant amounts of the histone H3 were inseswherE.coli was
injected into Baboons intravenously, which was eisged with septic kidney injuf$ In the
same way, lipopolysaccharide (LPS)-induced AKI atsmlves the contribution of histones
because this effect can be completely reversedhbyatiministration of the neutralizing
histone antibody or activated protein ¢ (aP@ntibodies for histones can reduce the
mortality of mice in LPS, TNF or cecal ligation apdncture models of sep&is

1.8.2. Thrombosis and intravascular coagulopathy

Coagulation is the biological process by which didorms clots. A control mechanism,
which fails to coagulate blood results in an inseghrisk of bleeding (haemorrhage) or
obstructive clotting (thrombosis). Several studreport that extracellular histones were
cytotoxic to endothelial cells, which further caobtrtes to the formation of clots and
thrombosis in the microvasculature during many miscs. This was confirmed when
histones were intravenously injected into mice, cwhresulted in complications such as
thrombocytopenia, prolonged prothrombin time, daseel fibrinogen, fibrin deposition in the
microvasculature and bleedi{§™*°> Histone-induced TLR2/4 receptor activation is afe
the main reasons by which platelets aggregate #msp thrombin is generaféd This
process can be inhibited by recombinant thrombornodlat binds to histones and protects
against thrombosi&. It is possible that in platelets histones ratse intracellular calcium
concentrations triggering the activationodfop3, which further activates the aggregation of
platelet$®. As, because histones are able to bind the pladteesion molecules fibrinogen
and VWF, they are well equipped to stimulate pitabgregatiofi”. Platelet-deficient mice
are protected from histone-induced indicating thlatelet thrombi contribute to fatal lung

injury upon intravenous injection of histo®s
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1.8.3. Lung diseases

Approximately half of the patients with ALI/ARDS aW the presence of histones in their
bronchial alveolar fluid (BALF). Ward PA group shed that injection of calf thymus
histones directly into the lungs via the intrat@@hroute activates the complement system
leading to increased histone levels in ALI. ThestHar reported that histones outside of cells
were highly cytotoxic for alveolar epithelial cepsomoting tissue damage and inflammation;
such effects were reversed by the blockade of méstim-vivo''®, A recent study has linked
circulating histones with trauma-associated ALI/ARBnd mortality*>. These findings were
consistent with mouse trauma models that displayelinonary oedema, haemorrhage,
microvascular thrombosis and neutrophil congestioThe dying airway cells also release
extracellular histones, which further contributestite development of chronic obstructive
pulmonary disease. Several nuclear proteins tletkaown to affect gene expression are
elevated in the lungs of subjects with COPD, thethmotable being those that belong to the
core histones, especially H3.3. Relative to constddjects, the lung samples from subjects
with COPD showed increased H3.3 in the extracellsgeaces, cellular debris, airway lumen
mucous, BALF and plasma.

1.8.4. Brain, liver and kidney disease

The mechanisms of histone release into the ciomats a consequence of cell death of
neurons, liver cells or kidney parenchymal celithex due to the ischemia reperfusion or
toxic injury of the organs. The locally releasedtbnes further promote the microvascular
and parenchymal injury. Blocking released extradatl histones using the neutralizing
histone antibody or other histone blocking agemtgguts from post ischemic injury in the
brain, liver and kidney?®***13° Histones released through NETs formation usuedlyse
microvascular complications in organs such as Jligaain and kidneys, but a direct effect has
not been proven yEE. Previous experiments have demonstrated a rol®lEdfs-associated
toxicity during glomerulonephritis, a mechanismtthas been shown for ANCA-associated
small vessel vasculitis affecting the glomerulampartment of the kidnéy; In these organs
histones mediate their toxic effects by partiallgtizating TLRs and alos mediate it's

immunopathology via the activation of NLRP3 inflarmsomé
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1.8.5. Autoimmune disorders

A recent report has shown the involvement of NERs8 &S components in activating
plasmacytoid dendritic cells during the pathogene$iSLE®. In SLE patients, NETs that
are released following infection do not rapidly degraded and cleared from the circulation,
which could further lead to increased lupus preatimins® 32 NETting neutrophils also
induce endothelial damage, infiltrate tissues abelase immunostimulatory molecules during
SLE™ Persistent chromatin particles in the extracafluspace not only provide
immunostimulatory DAMPs but also act as autoansgedistones are important lupus
autoantigens, mainly within the nucleosomes; henegtracellular histones enforce
autoantigen-presentation and activation of autdneadymphocyte clonéé**! Histone H1
constitutes a major B cell and T cell autoantigenSLE triggering a pro-inflammatory Thl
response and driving autoantibody productiénHistones have also been reported to
stimulate and accelerate the progression of rheaichatthritis, whereby protein microarray
and tandem mass spectrometry analysis of the sgihgoint tissue from patients with
rheumatoid arthritis identified histone H2A and H2&hin immune complex deposits along
the cartilage surfa¢®. Deimination and citrullination of hisones by thgdrolase family of
enzymes like protein arginine deiminases presenhénNETS increase the antigenicity of
NETosis-derived histon&s*%*1%® Elevated levels of TNE- drive the citrullination of
histone H3, which plays an important role in muéisclerosi§®’. Besides acting as direct
autoantigens in autoimmune disorders, extracellnistones can prevent DNA degradation

through formation of histone—DNA complex, which anbe autoimmune respon¥&s

1.9. Extracellular histones as therapeutic target

Amongst many DAMPs, histones represent one of thgmudanger signals during tissue
injury and disease progression. However, their ig@kto amplify tissue injury by killing
other cells in addition to their agonistic activil;m TLRs and the NLRP3 inflammasome
provides a rationale to target histones for therdpiyee histone-neutralizing agents have
been identified to degrade and neutralize extralegllhistone toxicity and of being able to
prevent histone-related pathologiesvitro and in-vivo: the histone-neutralizing antibody
BWA3%10:909L138tha serum protease activated protein C (@P& and heparity101139-140
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1.9.1. Histone-neutralizing antibody BWAS3

A histone neutralizing monoclonal antibody was ot#d by culturing BWA3 hybridoma
cells that was first described and confirmed byNubnestier in 1995, Since then several
experimental studies were carried out using therakzing antibody from the BWA3 clone
and showed its effect in several disease modelsABWInds to an epitope corresponding to
a region of high sequence similarity between H2Al &%. The therapeutic effect of the
histone antibody was first reported by XwetJal. during sepsi§. Since then other groups
have reported the therapeutic property of BWA3 iangnother diseases, which have been

discussed in section 1.8.

1.9.2. Activated protein C

aPC is classified as a serine protease becausmtaics a residue of serine at its active
site"*2. aPC is a vitamin K-dependent plasma protein zygndbat is synthesized in the liver,
whose genetic, mild or severe deficiencies areelinwith a risk for venous thrombosis or
neonatal purpura fulminans, respectivédy** Over the past decades, studies have shown
that aPC inactivates factor Va and Vllla to dowgeidate thrombin generation. More
recently, basic and preclinical research on aPCchasacterized the direct cytoprotective
effects that involve gene expression profile atteres, anti-inflammatory and anti-apoptotic
activities and endothelial barrier stabilizatibit*® These protective functions of aPC are
mainly due to the activation of the angiopoietieZ axis and the modulation of EPCR-bound
lipids'***® Many studies reported that aPC has the capaditicléave the released
extracellular histones indicating that aPC has mytective and anti-inflammatory
action§®9%7 for example, during sepsisand ischemic injury in the brain, liver and
kidney*°*'® However, the activity of aP@-vivo seems limited in blocking NETosis-
induced histone toxicity, even though this prote&ses certainly additional biological
effects®. A clinical trial in children with meningococcalegsis, histone plasma levels
correlated with the disease severity, but recomttirePC therapy did not affect these
levels*®. Although recombinant aPC had first been apprdsethe FDA for the treatment of
human sepsis, it was later withdrawn from the miadkee to a lack of efficacy in reducing

sepsis mortality in a subsequent randomized cdettatial*®.
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1.9.3. Heparin

Heparin is a highly sulphated glycosaminoglycant tisawidely used as an injectable
anticoagulant and has the highest negative chagsitg of any known biological molecule.
As histones carry a strong positive charge, itossfble that histones have a strong affinity to
the negatively charged heparin triggering the fdromaof a complex due to the electrostatic
interactions of the high affinity®. It is, however not known whether binding of hépao
histones also protects against the cytotoxic eftdchistones on endothelial cells. In this
thesis and this was reported before by severalpgrdlat, heparin has beneficial effects on
histone neutralization and elicits cytoprotectivie&s. Only moderate doses of heparin can
attenuate injuries, whereas high doses of hepagnharmful due to the complication of
disseminated hemorrhag&™? It is reasonable to suggest that chemically niediheparin
derivatives, devoid of anticoagulant activity, ma more useful than heparin for controlling

inflammation caused by histones.

1.10. Rapid progressive glomerulonephritis

Rapidly-progressive glomerulonephritis (RPGN) enpasses a heterogeneous group of
disorders resulting in severe glomerular inflamoratiand injury. Clinically, RPGN is
characterized by a rapid loss of glomerular filtlatrate, haematuria and proteinuria caused
by characteristic glomerular lesions such as aapilhecrosis and hyperplasia of the parietal
epithelial cells (PEC) along Bowman's capsule fogncrescents. The pathogenesis of
RPGN involves autoantibodies, immune complex-mediactivation of complement, the

local production of cytokines and chemokines, alothgrular leukocyte recruitmenit.

RPGN often manifests as necrotizing and crescdbhic such as seen in anti-neutrophil
cytoplasmic antibody (ANCA)-associated renal vasisulor anti-GBM disease (e.g.
Goodpasture syndrome). All these forms are assmtaith neutrophil-induced glomerular
injury®**>>°" |n situations where the stimuli persistently geg inflammation, an increasing
number of leucocytes and neutrophils will infilednto the injured aré#. In the presence of
local cytokines released due to the inflammatoryirdectious stimuli, these infiltrated
neutrophils gets activated and form NETS, thesecaraprised of extracellular fibrillary
material containing chromatin and granule protamd numerous DAMPs including histones

will be releaset?®1%°
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Necrotizing injury to vessel walls results in haerhage and the release of plasma proteins
into the vessel walls and adjacent extravascusaué® (Figure 6). These proteins include
coagulation factors, which are activated by throgdrac cellular and tissue debris, and tissue
factors, which result in the formation of fibrintin areas of fibrinoid necrosfé. This leads

to severe platelet activation and fibrotic clotrf@tion within the microvasculature causing
hypoxia in the local areas of the glomeruli, whiodm further lead to cell death-associated
release of DAMPs and continues during the necradipr crescentic glomerulonephritis. It is
possible that the fibrin formation is facilitateyl tissue factors present in NETs in glomeruli.

Foci of segmental fibroid necrosis develop adjacesitular reactions (as in crescents)

composed predominantly of monocytes, macrophagesetivated epithelial cef¥’

Figure: 6. Leukocytoclastic venulitis caused due to the tirdting leukocytes cause endothelial

damage by fibrinoid necrosis resulted in thrombatisscular occlusions this further leads to the
hypoxia and organ failure (left image). Necrotizgigmerulonephritis involves vascular damage and
sclerosis (right image)
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1.10.1. Anti-GBM glomerulonephritis

Anti-GBM disease also called “Goodpasture's diseas®ne of the three major forms of
RPGN. Here, the loss of tolerance with productibGBM autoantibodies described against
the noncollagenous-1 (NC1) domain of type 4 collagé GBM membrane and Kill the
glomerular cells in a complement-dependent mafihf Although some patients present
initially with relatively mild renal insufficiencythe disorder is typically associated with
severe renal injury that, if left untreated, preges quickly to end-stage renal disease
(ESRD) %16

1.10.2. Epidemiology

It's been reported that, the disease has an estilmatidence of one case per 2 million per
year in European caucasian populations. It is resipte for 1 to 5% of all types of GN and is
the cause in 10 to 20% of patients with cresce@fit All age groups are affected but the
peak incidence is in the third decade in young mh a second peak in the sixth and
seventh decades affecting men and women equallyg baemorrhage is more common in
younger men, while isolated renal disease is mogquent in the elderly with near equal
gender distribution.

1.10.3. Diagnosis

* The diagnosis of Goodpasture's disease is depeidetite detection of anti-GBM
antibodies either in the circulation or in kidnésstie.

* Renal biopsy to detect the severity of the lesidi® antibodies can also be detected
on renal biopsy specimens with characteristic lirstaining for IgG and frequently
C3 detected along the GBM

1.10.4. Treatment

It has been observed that neither steroids nor imaswppressive drugs had an influence on
the renal outcome. However, the recommended tredtamproaches are listed in the table
below (Table: 3).
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Table: 3. Recommended treatment approaches fot%GN

Treatment Description

Plasma exchange l4exchanges daily with human albumin as replacersekhition. Wher
there is risk of hemorrhage FFP should be giverthat end of th
procedure.

Corticosteroids Prednisolonarg/kg for first week then reduce at weekly intesvial 45
30, 25, 20, 15, 10, and 5 mg.

Cytotoxic drugs Cyclophosphamide 3 mg/kg rounded down to nearesh@OIn patient
over 55 yr of age, use 2 mg/kg rounded down toes@&5 mg

°FFP, fresh frozen plasma.

There have been many studies that have explorefditictonal role of the immune complex
deposition and/or chemokines and cytokines involuadthe progression of severe
glomerulonephriti€®*’® However, limited research has been undertakeestablish new

and effective methods to control the progressiongloimerulosclerosis. This thesis will
addresses novel pathomechanisms involved in thgrgssion of glomerulosclerosis and

provide important insights into the developmenéfbéctive and safe treatments.
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2.

Hypotheses

An important characteristic feature of severe GMasrosis of the glomerular tuft cells, so

we hypothesized that there will be extensive releas DAMPs including histones. The

disease is also characterized by infiltration ofitrgphils and release of cytokines, in this

condition we speculated the formation of NETs ambkase of more histones in to the

extracellular space.

Accordingly, the specific objectives and aims a$ tftudy were:

1.

2.

3.

To investigate, whether extracellular histones itelioxic effects on glomerular
endothelial cells (GEnC) and whether they promotdt ihecrosis, proteinuria and

crescent formation during experimental glomeruldmiis.

To investigate the effect of extracellular histomesgg histone blocking agents such
as neutralizing anti-histone antibody, heparin ar@aPC during severe

glomerulonephritis.

To evaluate NETs-related histones and to deterthiefficacy of blocking NETosis
using the Peptidylarginine deiminase (PAD)-4 intubiduring the progression of

severe glomerulonephritis.
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3. Materials and Methods

3.1 Instrumentsand Chemicals

3.1.1Instruments

Balance:

Analytic Balance, BP 110 S Sartorius, Géttingen;n@ny

Mettler PJ 3000 Mettler-Toledo, Greifensee, Switaedt

Cell Incubator:

Type B5060 EC-C® Heraeus Sepatech, Minchen, Germany

Centrifuges:

Heraeus, Minifuge T VWR International, Darmstadér@any

Heraeus, Biofuge primo Kendro Laboratory Productsmb8, Hanau,
Germany

Heraeus, Sepatech Biofuge A

ELISA-Reader:

Tecan, GENios Plus

Fluorescence Microscopes:

Leica DC 300F

Olympus BX50

Spectrophotometer:

Heraeus Sepatech, Min&ermany

Tecan, Crailsheim, Germany

Leica Microsystems, Cambridge, UK

Olympus Microscopy, Hamburg, Germany
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Beckman DU® 530 Beckman Coulter, Fullerton, CA, USA

TagMan Sequence Detection

System:

ABI pnsm ™ 7700 sequence PE BlosyStemS, We|terstadt, Germany
detector

qRT-PCR syber green L&80 Roche, Mannheim, Germany

Other Equipments:

Nanodrop PEQLAB Biotechnology GMBH, Erlangen, Genyna
Cryostat RM2155 Leica Microsystems, Bensheim, Gegma
Cryostat CM 3000 Leica Microsystems, Bensheim, Gayn

Homogenizer = ULTRA-TURRAX IKA GmbH, Staufen, Germany
T25

Microtome HM 340E Microm, Heidelberg, Germany

pH meter WTW WTW GmbH, Weilheim, Germany
Thermomixer 5436 Eppendorf, Hamburg, Germany
Vortex Genie 2™ Bender & Hobein AG, Zirich, Switzed
Water bath HI 1210 Leica Microsystems, Bensheinrn@ay

3.1.2 Chemicals and Reagents

RNeasy Mini Kit Qiagen GmbH, Hilden, Germany
RT-PCR primers Metabion, Munich, Germany
Cell culture:

DMEM-medium Biochrom KG, Berlin, Germany

RPMI-1640 medium GIBCO/Invitrogen, Paisley, ScotlabK
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FCS

Dulbecco’s PBS (1x%)
Trypsine/EDTA (1x)

CD hybridoma media

FBS, ultralow IgG

Glutamine
Penicillin/Streptomycin (100x)

Matrigel

Drugs and treatment:

Heparin
Cl-amide (PAD inh)

aPC

Antibodies:
Anti-histone antibody
Neutrophil elastase
MPO

Fibrinogen

TNF-a

WT-1

Mac-2

Biochrom KG, Berlin, Germany
PAN Laboratories GmbH, Colber@any
PAN Laboratories GmbH, Coélbe r@any
GIBCO/Invitrogen, Paisley, Saot, UK
PAN Laboratories GmbH, Colbe, @any
PAN Laboratories GmbH, Colbe, Germany
PAN Laboratories GMIColbe, Germany

BD biosciences, Heidelberg, Germany

Ratiopharma, Ulm, Germany
Millipore, Darmstadt, Germany

Lilly, UK

Homemade BWAS3 clone

Abcam, Cambridge, UK
Abcam, Cambridge, UK
Abcam, Cambridge, UK
Abcam, Cambridge, UK
Cell signaling, Danvers, MA

Cedarlane, ON, Canada

HRP linked Anti-Rabbit secondaryCell signaling, Danvers, MA

Ab

HRP linked Anti-Mouse secondaryCell signaling, Danvers, MA

Ab
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HRP linked Anti-Goat secondary Ab Dianova, Hambu@grmany

B-Actin
a-tubulin

Tamm-—Horsfall protein

Lotus tetragonolobus lectin

rat anti-mouse neutrophils

CD3+
F4/80+
Claudin
Nephrin
Ki-67

o-SMA

Elisa and assay Kits:

mouse IL-6
mouse TNFa
mouse Albumin

Creatinine FS

Urea FS

Chemicals:
Acetone
AEC Substrate Packing

Bovines Serum Albumin

Cell signaling, Danvers, MA
Cell signaling, Danvers, MA
Santa Cruz Biotechnology,t8&ruz, CA
Vector Labs, Burlinga@é
Serotec, Oxford, UK
AbD Serotec, Dusseldorf, Germany
AbD Serotec, Dusseldorf, Germany
Bioworld technology, CB8 7SY England
Acris Antibodies GmbH, Herford, Germany
Dako Deutschland GmbH, Hamburg, Germany

Dako Deutschland GmbH, Hamburg, Germany

R &D Systems, Minneapolis, MN, USA
Biolegend, San Diego, CA

Bethyl Laboratories, TX, USA

DiaSys Diagnostic System, GmBH, Hailzh

Germany

DiaSys Diagnostic System, GmBH, Holzheim,

Germany

Merck, Darmstadt, Germany
Biogenex, San Ramon, USA

Roche Diagnostics, Mannh&@rmany
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Skim milk powder Merck, Darmstadt, Germany

DEPC Fluka, Buchs, Switzerland

DMSO Merck, Darmstadt, Germany

Diluent C for PKH26 dye Sigma-Aldrich Chemicals,r@any
EDTA Calbiochem, SanDiego, USA

30% Acrylamide Carl Roth GmbH, Karlsruhe, Germany
TEMED Santa Cruz Biotechnology, Santa Cruz, CA
Eosin Sigma, Deisenhofen, Germany
Ethanol Merck, Darmstadt, Germany

Formalin Merck, Darmstadt, Germany
Hydroxyethyl cellulose Sigma-Aldrich, Steinheim,@any

HCI (5N) Merck, Darmstadt, Germany
Isopropanol Merck, Darmstadt, Germany

Calcium chloride Merck, Darmstadt, Germany

Calcium dihydrogenphosphate Merck, Darmstadt, Geyma

Calcium hydroxide Merck, Darmstadt, Germany
MACS-Buffer Miltenyl Biotec, Bergisch Gladbach, Geany
Beta mercaptoethanol Roth, Karlsruhe, Germany

Sodium acetate Merck, Darmstadt, Germany

Sodium chloride Merck, Darmstadt, Germany

Sodium citrate Merck, Darmstadt, Germany

Sodium dihydrogenphosphate Merck, Darmstadt, Geyman
Penicillin Sigma, Deisenhofen, Germany
Roti-Aqua-Phenol Carl Roth GmbH, Karlsruhe, Germany
Streptomycin Sigma, Deisenhofen, Germany

Tissue Freezing Medium Leica, Nussloch, Germany
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Trypan Blue Sigma, Deisenhofen, Germany
Oxygenated water DAKO, Hamburg, Germany
Xylol Merck, Darmstadt, Germany

Miscellaneous:

Cell death detection (TUNEL) kit Roche, Mannheiner@any

Microbeads Miltenyl Biotech, Germany

Cell Titer 96 Proliferation Assay Promega, MannieGermany

LS+/VS+ Positive selection columns  Miltenyl Biot&grgish Gladbach, Germany
Preseparation Filters Miltenyl Biotec, Bergish Gdadh, Germany

Super Frost® Plus microscope slideslenzel-Glaser, Braunschweig, Germany

Needles BD Drogheda, Ireland

Pipette’s tip 1-1000L Eppendorf, Hamburg, Germany

Syringes Becton Dickinson GmbH, Heidelberg, Germany
Plastic histocasettes NeoLab, Heidelberg, Germany

Tissue culture dishes @ 100x20mm  TPP, Trasadirtgeiizerland
Tissue culture dishes @ 150x20mm  TPP, Trasadir§siizerland

Tissue culture dishes @ 35x10mm Becton Dickinsoankin Lakes, NJ, USA

Tissue culture flasks 150 cm2 TPP, Trasadingentz&viand
Tubes 15 and 50 mL TPP, Trasadingen, Switzerland
Tubes 1.5 and 2 mL TPP, Trasadingen, Switzerland

All other reagents were of analytical grade andcamamercially available from Invitrogen,
SIGMA or ROCH.

All the FACS antibodies were used from BD BiosceseBiosciences or BIO-RAD.
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3.2 Experimental procedures

3.2.1 Animals

C57BL/6N wild-type mice obtained from Charles Riy8ulzfeld, Germany). All mice were
housed in poly-propylene cages under standard tonsliwith the temperature of 222
with 12 hours light and dark cycle. Water and staddchow diet (Sniff, Soest, Germany)
were availablead libitum for the complete duration of the study. Cagesdivey nestles,
food, and water were sterilized by autoclaving befase. All the aspects of animal handling

and experiments were approved by Regierung von Oberbayern.

3.2.2 Animal models

GBM anti-serum induced glomerulonephritis'®®

Glomerulonephritis was induced in the wild type BBR/BN mice by a single intravenous
injection of 100 pl of GBM anti-serum (Probetex,nSantonio, TX). The induction of the
disease can be seen by increased albuminuria vathimours after anti-serum injection. All
the animals were sacrificed on day 7, urine anadlwere collected for the analysis of
functional parameters and kidneys were harvestetiistology, protein, mMRNA and FACS
analysis. Anti-serum contains antibodies against @BM, this directly binds GBM and
micro-vasculature in the glomeruli leading to thetivation of the complement system
followed by glomerular and endothelial cell death,jllustrated in Figure 7. This leads to the
release of abundant amounts of intracellular cdstércluding DAMPs like histones and
results in the infiltration of immune cells espdigiaeutrophils and macrophages leading to
the secretion of inflammatory cytokines and chemegFf®.
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Anti-GBM anti serum

GBM

Cell death and DAMPs release

Figure: 7. Schematic represents of stages of GBM antiserdorced glomerulonephritis and DAMPs
release.

3.2.3 Experimental design

To study the effect of histone neutralization ie #nti-GBM glomerulonephritis model, we
used anti-histone IgG as a potential therapy, winias capacity to neutralize extracellular

histones. To do so we used different strategies:

a) Prophylactic of anti-histone IgG

b) Therapeutic administration of anti-histone IgG

c) Other histone neutralizing agents such as hepaiC or blocking NETosis with Cl-amide
d) A combination of anti-histone IgG, heparin afCa

The therapeutic and prophylactic administratioresicihes are illustrated in figure 8.
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a) Prophylactic administration with anti-histone 1gG

In this experimental setting, mice received an ingection of 20 mg/kg anti-histone 1gG or
control IgG 24h prior to the administration of a@BM serum followed by treatment with
anti-histone IgG on day 1 and 3 (Figure 8). On @awrine and blood were collected to
analyze the functional parameters, like BUN, plasmeatinine and albuminuria, later mice

were sacrificed and kidneys harvested for histalogiRNA and FACS analysis.

b) Therapeutic administration with anti-histone IgG

For the therapeutic treatment, mice were injectétd anti-GBM serum (10@l/animal) and
treatment with anti-histone IgG was initiated oafyer the onset of GN (i.e., after induction
of proteinuria) on day 2, 4 and 6. On day 7, uanel blood were analyzed for functional
parameters as well as albuminuria, and the kidreysested for histology, mRNA and
FACS analysis.

¢) Therapeutic administration with heparin, aPC or Cl-amide

Mice received an injection of 100 pl anti-GBM serymor to the daily administration of
heparin (50 IU/mice, i.p.), aPC (5 mg/kg, i.p.)@ramide (10 mg/kg, i.p.) for up to 7 days.
Sample analysis was performed as stated in thehiliaogiic treatment of anti-histone 1gG

regime (section 3.2.3 a).

d) Combination of anti-histone IgG, heparin and aPC

Here, mice were treated with a combination of argiene 1gG (20 mg/kg, i.p. on day 2, 4
and 6), heparin (50 IU/mice, i.p., daily) and/oiCa® mg/kg, i.p., daily) 48 hours after the
injection of anti-GBM serum (100 pl). Samples weodlected on day 7 and prepared like in

section 3.2.3 a).
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Prophylactic administration (n=6)

a-Histone 19G 20 mg/kg, i.p.

Anti-GBM @ Sacrifice the animals , Histo and FACS

100ul/Animal
a-Hist. 1IgG a-Hist. 1I9G a-Hist, 1I9G

Day -1 O 1 3 7

Therapeutic administration (n=6)

a-Histone 19G 20 mg/kg, i.p.

Anti-GBM @ Sacrifice the animals ,
100ul/Animal Histo and FACS
a-Hist. IgG a-Hist. 1gG a-Hist, IgG

Day O 1 2 4 6 7

Figure: 8. Schematics showing the treatment schedules fgshgtactic and therapeutic treatment
with anti-histone 19gG

3.3 Blood and urine sample collection

Mice were anesthetized using isoflurane at a ra2%% with an oxygen flow of 2 I/h and
blood was drawn from the facial vein using microdet and blood collected into centrifuge
tubes containing EDTA (10l of 0.5 M solution per 20@l of blood). Blood samples were

centrifuged at 8000 rpm for 5 min and plasma ctdié@nd stored at -20 until further use.

Urine samples were collected at different timesrduthe experimental time course as well
as at the end of the study. All samples were stareddC until used for further analysis.
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3.4 Urinary albumin to creatinineratio

3.4.1 Urinary albumin

Urinary albumin levels were determined using anuadin ELISA kit from Bethyl
Laboratories according to manufacturer’s instrutsioOne hallmark of the glomerular
disease is the abundant amount of protein excrigtemigh the urine due to the loss of
endothelial cells and glomerular basement memblmreer leading to increased excess
levels of albumin in the urine. In this study, @risamples were diluted 1t 10 times with
the assay diluent before estimation. Briefly, ceptantibody (goat anti-mouse albumin,
1:100) was diluted in coating buffer (carbonateabionate, pH 9.6) and coated with 100l
of diluted antibody onto a Nunc Maxisorb flat bott®6-well plate and incubated overnight
at £C. Plate was then washed 3 times with wash buffeis (NaCl with Tween 20) and
blocking solution (Tris, NaCl with 1% BSA, pH 8) @& for 1 hour at room temperature.
Following blocking, the plate was washed 3 to 5emwith wash buffer and diluted
samples/standards were then added in the respeetiNe and incubated for 1 hour. After
incubation, each well was washed 5 times with wastfier and HRP-conjugated detection
antibody (dilution of 1:75000) was added and th&teplwas incubated in dark for 1 hour.
After HRP-conjugate incubation, each well was wdshdo 7 times with wash buffer and
TMB reagent (freshly prepared by mixing equal voésnof two substrate reagents) was
added and the samples incubated in dark until gelaction was completed (for 5 minutes)
followed by addition of the stop solution (2 M${y). The absorbance was read at 450 nm
within 10 minutes following addition of the stoplgion. The albumin content in each
sample was determined using the equation of reigressne generated by plotting
absorbance of different standards against theiwknmoncentrations.

3.4.2 Urinary creatinine, plasma creatinine and plasm&BU

Urinary creatinine and plasma creatinine levelsewaeasured by Jaffe’s enzymatic reaction
using a Creatinine FS kit (DiaSys Diagnostic syst&mBH, Holzheim, Germany). Urine
samples were diluted 10 times with distilled watehereas plasma samples were used
undiluted. Serial dilutions of the standard wereparred using the stock provided in the Kkit.
Working monoreagent was prepared by mixing 4 pareagent 1 (R1) and 1 part of reagent
2 (R2). Then, 1@l of each of the diluted samples and standards agded to a 96-well flat
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bottom plate (Nunc maxisorb plate). The monorea¢2®® ul) was added to each well and
the reaction mixture incubated for one minute beforeasuring the absorbance at 492 nm
immediately (1 (A1) and 2 (A2) minutes after adulifi using an ELISA plate reader. The
change in absorbanca @A) was calculated a8 A = [(A2 — Al) sample or standard] — [(A2 —

Al) blank]. And creatinine content in the sampleswalculated as:
Creatinine (mg/dl) AA sample AA standard x Concentration of standard (mg/dl)

Plasma BUN levels were measured using a Urea F@®kBys Diagnostic system, GmBH,
Holzheim, Germany). Serial dilutions of standardreverepared using the stock provided
with the kit. Working monoreagent was prepared hyimg 4 part of reagent 1 (R1) and 1
part of reagent 2 (R2) provided in the kit. ThempJ Bf each of the sample and standards were
added to a 96-well flat bottom plate (Nunc maxisplite). The monoreagent (200ul) was
added to each well and the reaction mixture in@#&r one minute before measuring the
absorbance at 360 nm immediately after 1 (Al) 2r{82) minutes using an ELISA plate
reader. The change in absorbanaeA) was calculated aa A = [(Al — A2) sample or
standard] — [(A1 — A2) blank]. And BUN content lmetsamples was calculated as:

BUN (mg/dl) =AA sample AA standard x Concentration of standard (mg/dl)x0.46

The urinary albumin to creatinine ratio was caltedaafter converting values for albumin
and creatinine to similar units (mg/dl). Albuminntent for each sample calculated (mg/dl)

was divided by creatinine content (mg/dl) for tlene sample.

3.5 CytokinesELISA

All cytokine levels in the supernatants collecteoint in-vitro cell stimulation assays were
measured using ELISA kits in accordance with thewmfacturer’s instructions. Briefly, the
NUNC ELISA plates were captured with the capturgbanly in coating buffer overnight at
4°C. On the next day, the plates were washed 3stim#h washing buffer and non-specific
binding blocked with either the blocking solution assay diluent for 1 hour. Following
washing, the standards, samples and sample di{btartk) were added into the wells and
incubated at RT for 2 hours. After 2 hours, platese washed 5 times and the HRP/AP
conjugated secondary antibody diluted in assayedtlwas added and incubated for 1 hour.
The plates were washed 5-7 times and incubated ¥thul of substrate A and B (1:1
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mixture) for 25-30 minutes in the dark. The reactwas stopped by addition of 1Q0of 1
M H,SOy. The absorbance was measured at 450 nm and #rerre¢ wavelength was 620

nm using a spectrophotometer (TECAN-Genios Plus).

3.6 Immunostaining and confocal imaging

For immunohistological analysis, the middle parthe kidney from each mouse was fixed in
formalin (10 % in PBS or Saline) over night, thaongessed using tissue processors (Leica)
and the paraffin blocks prepared. 2 um thick parsdimbedded sections were cut. De-
paraffinization was carried out using xylene (3mbutes) followed by re-hydration, which
was carried out by incubating the sections in 10l8%olute ethanol (3x 3 minutes), 95%
ethanol (2x 3 minutes) and 70% ethanol (1x 3 mejufiellowed by washing with PBS (2x 5
minutes). Blocking of endogenous peroxidase wasecthout by incubating sections in®Gh
and methanol mixture (20 ml of 30%04 in 180 ml of methanol) for 20 minutes in dark
followed by washing in PBS (2x 5 minutes). For uskiag of antigen, sections were dipped
in antigen unmasking solution (3 ml of antigen uskmag solution + 300 ml of distilled
water) and cooked in the microwave for 10 minutes4.5 minutes, every 2.5 minutes water
level was checked and made up to the initial levath distilled water every time). After
microwave cooking, the sections were cooled to reemperature for 20 minutes and then
washed with PBS. Blocking endogenous biotin, wellrated the sections with one drop of
Avidin (Vector) for 15 minutes followed by incubati with Biotin (Vector) for an additional

15 minutes. After incubation, sections were washigkd PBS (2x 5 minutes).

Next, sections were incubated with different priynantibodies either for 1 hour at room
temperature or overnight al@ in a wet chamber followed by wash steps with RB&5
min). After washing, sections were incubated whle &ppropriate biotinylated secondary
antibodies (1:300, dilution in PBS) for 30 minufeowed by wash steps with PBS (2x 5
minutes). Substrate solution (ABC solution, Vectogs added and sections were incubated
for 30 minutes at room temperature in a wet charfgdkiwed by wash steps with PBS (1x 5
minutes). Tris buffer saline (1x 5 minutes) andtises were stained for DAB followed by
counter staining with methyl green (Fluka). Theotisms were washed with alcohol (96 %)

to remove excess stain and xylene and then driédrenunted with VectaMount (Vector).
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The primary antibodies used in the study are meatoabove (section 3.1.2). For each
immunostaining, negative controls were performednoybation with the respective isotype

antibody instead of the primary antibody.

For confocal imaging, the sections, prepared asritbesl above, were incubated with the
following primary antibodies: pig anti-mouse nephil:100, Acris Antibodies, Herford,
Germany), rabbit anti-mouse WT1 (1:25, Santa CrigteBhnology, Santa Cruz, CA) and
rabbit anti-mouse MDMZ2 (1:100, Abcam, Cambridge, )Ukind biotinylated lotus
tetragonolobus lectin (Vector Labs, CA, USA) fohdur in PBS or 0.1 % milk solution at
room temperature. After washing, the sections wasebated with the secondary antibodies:
guinea pig Alexa Fluor 488 (1:100, Invitrogen, Ghdd, CA) or rabbit Cy3 (1:200, Jackson
ImmunoResearch Laboratories, West Grove, PA) formBfutes at room temperature. The
antibody staining of the sections were evaluatealguie confocal microscope LSM 510 and
the LSM software (Carl Zeiss AG).

3.7 Periodic acid-Schiff staining

Formalin-fixed tissues were processed using tipsaeessors (Leica) and the paraffin blocks
were prepared. 2 um thick paraffin-embedded sestware cut. De-paraffinization was
carried out using xylene (3x 5 minutes) followedrbyhydration by incubating the sections
in 100% absolute ethanol (3x 3 minutes), 95% ethgho3 minutes) and 70% ethanol (1x 3
minutes) followed by washing with distilled wat@x(5 minutes). Re-hydrated sections were
incubated with Periodic acid (2 % in distilled watior 5 minutes followed by washing with
distilled water (1x 5 minutes). Then sections wereubated with Schiff solution for 20
minutes at room temperature followed by washindwaip water (1x 7 minutes) and counter
staining with Hematoxylin solution (1x 2 minute3his was followed by washing with tap
water (1x 5 minutes) and finally sections were dighin 90% alcohol, dried and the sections

closed with cover slips.

3.8 Histopathological evaluations
3.8.1 PAS staining

All kidney sections were quantified for PAS scoriagd values were expressed as mean +
SEM. Glomerular sclerotic lesions were assessetjussemi quantitative score (as in figure

9) by a blinded observer as follows, after assgssthglomeruli from each section:
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segmental

Figure: 9. Representative images of glomerular lesions

Score Lesion in Glomeruli
No lesion (0) None
Segmental Lesion (1) <50 %
Global Lesion (2) >50 %

All sections in each group were quantified as patiage of glomeruli with each score (mean
+ SEM).

Tubular injury also was scored in the PAS sectiopsrcentage of tubules in the
corticomedullary junction that displayed cell nestsp loss of brush border, cast formation,
and tubular dilatation as follows:

Score [njury level
0 None
1 < 10%
2 21 % to 40 %
3 41 % to 60 %
4 61 % to 80 %

5 81 % to 100 %
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3.8.2 Mac-2 staining

The number of infiltrated macrophages into the gtawh was counted in the sections stained
with Mac-2 (pan marker for macrophage) antibodids.c-2 positive cells were counted
manually in 50 glomeruli from each kidney sectiow aeported as the percentage of Mac-2

positive cells in each group.

3.8.3 Neutrophils

The number of infiltrated neutrophils in the glomiemwas counted in the sections stained
with the Ly-6B.2 antibody. Positive cells were ctacthmanually in 50 glomeruli from each

kidney section and reported as percentage Ly-68s&ipe cells per group.

3.8.4Podocytes

Kidney sections were staining with the WT-1/Nephrantibody, which were labeled with
Alexa and FITC conjugated secondary antibodiesesgely. Double positive cells were
counted manually in 50 glomeruli and the averagalmer of podocytes was reported in each
group. Representative pictures were taken on th&@ocal microscope to support the

counting.

3.8.5Myeloperoxidase and CD31

Kidney sections were stained with Myeloperoxiddd® Q) and CD31 antibody to show the
presence of NETs within the MPO positive area, Whigcas in close association with
endothelial cells (CD31 positive area). This stagnimethod shows the cytotoxicity

associated with NETs on endothelial cells.

3.9 Immunohistochemistry in human tissues

Formalin-fixed paraffin-embedded sections of rdmapsies from five subjects with ANCA-
positive RPGN, newly diagnosed in 2013, were drdmm the files of the Institute of
Pathology at the Ludwig-Maximilians-University ofudich. Informed consent was obtained

in all cases before renal biopsy. The renal bigpsgiere fixed in 4 % PBS-buffered formalin
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solution and embedded in paraffin. Biopsies comiimormal glomeruli and glomeruli
exhibiting cellular, fibrocellular or fibrous cremuts. Controls consisted of normal kidney
tissue from tumor nephrectomies. TLR2 and TLR4 eggion was assessed by using specific
antibodies (TLR2-LS Bio, Seattle, WA, TLR4- Novustleton, CO).

3.10 Electron microscopy

Kidney tissues and endothelial cell monolayers vigesl in 2.0 % paraformaldehyde/ 2.0 %
glutaraldehyde, in 0.1 M sodium phosphate buffer,7p4 for 24 hours, followed by 3 washes
x15 min in 0.1 M sodium phosphate buffer, pH 7.4 drstilled water. For transmission EM
kidneys were post-fixed, in phosphate cacodylafebed 2 % OsO4 for 1h, dehydrated in
graded ethanols with a final dehydration in propgleoxide and embedded in Embed-812
(Electron Microscopy Sciences, Hatfield, PA). Ultia sections (~90-nm thick) were stained
with uranyl acetate and Venable's lead citrate. $&@nning EM, after rinsing in distilled
H,0O, cells on coverslips were treated with 1 % thibohydrazide, post-fixed with 0.1 %
osmium tetroxide, dehydrated in ethanol, mountedsiuvs with silver paste and critical-
point dried before being sputter coated with gatligalium. Specimens were viewed with a
JEOL model 1200EX electron microscope (JEOL, Tokiapan).

3.11 RNA analysis

3.11.1 RNA isolation

Another part of the kidney from each mouse wasqgmesl in RNA-later immediately after
kidney isolation and stored at D until processed for RNA isolation. RNA isolatioras
carried out using RNA isolation kit from Ambion (Anon, CA, USA). In short, tissues (30
mg) preserved in RNA-later were homogenized usilagido homogenizer for 30 seconds at
speed 4 in lysis buffer (60@) containingpB-mercaptoethanol (1Ql/ml). The homogenate
was centrifuged at 6000 rpm for 5 minutes and @56f supernatant was transferred into a
fresh DEPC-treated tube and 70 % ethanol was aaldédnixed gently. The whole mixture
was then loaded on a RNA column and processed Kk Rolation as per manufacturer’'s

instruction. Isolated RNA was measured, checkegoity as follows and stored at ‘&0
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3.11.2 RNA guantification and purity check

The isolated RNA samples were quantified using ad\drop (PEQLAB Biotechnology
GMBH, Erlangen, Germany). The ratio of optical dees at 260 nm and 280 nm is an
indicator for RNA purity (indicative of protein ctamination in the RNA samples). Only

samples with a ratio of 1.8 or more were considévduk of acceptable quality.

3.11.3 RNA integrity check

A further quality check (if necessary) was perfodmssing a denaturing RNA gel. Briefly,
2% Agarose gel with Ethidium-bromide was casted ARSdmples were mixed with RNA
loading buffer (4:1 ratio) (Sigma Aldrich, Germargnd the samples were loaded onto the
gel. Electrophoresis was carried out at constatt(v0-100 V) using MOBS running buffer
for 1 hour and the gel was imaged on a gel docustientapparatus under a UV lamp. RNA
samples that show a single bright band were coresidi® be of good quality. Loss of RNA

integrity could be detected as smear formatioméAgarose gel (Figure 10).

Figure: 10. RNA integrity check

3.11.4 cDNA synthesis and real-time RT-PCR (SYBR Green)

The isolated RNA samples were quantified and prexe$or cONA conversion using reverse
transcriptase Il (Invitrogen, Karlsruhe, GermanRNA samples were diluted in DEPC
treated tubes containing water to get a final cotregon of 2ug / 30pl. To the diluted RNA
samples, 13.9l of master mix* was added and the tubes were iamat 42C for 1 hour
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and 30 minutes on a thermal shaker. Upon compleifancubation, cONA samples were
stored at -28C until used for RT-PCR analysis using SYBR gre€he cDNA samples
prepared as described above were diluted 1:10hrreal-time RT-PCR. 2l of diluted
cDNA samples were mixed with SYBR green master (htkul), forward primer (0.6ul) and
reverse primer (0.4l), that are specific for the gene of interest, patymerase (0.14l) and
distilled water (6.64ul). The real-time RT-PCR was performed using Lightler480.

*The master mix was prepared by mixingl®f 5x buffer (Invitrogen, Karlsruhe, Germany),
1 pl of 25 mM dNTP mixture (Amersham Pharmacia Bioteteiburg, Germany), gl of
0.1 M DTT (Invitrogen, Karlsruhe, Germany)ullof 40U/ ul RNAsin (Promega, Mannheim,
Germany), 0.5ul of Hexanucleotide (Roche, Mannheim, Germany)ullof Superscript

(Invitrogen, Karlsruhe, Germany) or dglblin the case of the control cDNA (RT minus).

3.11.5 Real time PCR

SYBR Green Dye detection system (SYBR Green | 9&ogol LC480 Roche running
program) was used for amplification. Quantitatiealstime PCR was performed on Light
Cycler 480 (Roche, Mannheim, Germany). Each angglifon step included initiation phase
95°C, annealing phase 60°C and amplification pAf@S€ and was repeated 45 times. Gene-
specific primers (300 nM, Metabion, Martinsried,r@any) were used as listed in table 4.
Controls consisting of ddH20 were negative for ¢arnd housekeeper genes. Primers were
designed to be cDNA specific and to target possabliknown transcripts of genes of interest.
In silico specificity screen (BLAST) was performédthe lengths of amplicons were between
80 and 130 bp. The kinetics of the PCR amplificatfefficiency) was calculated for every
set of primers. The efficiency-corrected quantiima was performed automatically by the
LightCycler 480 based on extern standard curvesritiésg the PCR efficiencies of the target
and the reference gene [ratio = EtafgePtarget (control — sample)/EreEPref (control —
sample)]. To reduce the risk of false positive @@ high confidence algorithm was used. All
the samples that during the amplification reactaid not rise above the background
fluorescence (crossing point Cp or quantificatigele Cq) of 40 cycles were described as
not detected (n.d. = not detected in the figur€shssing points between 5 and 40 cycles
were considered as detectable. The melting cumaddgs were analyzed for every sample to
detect unspecific products and primer dimers. Retsdwere visualized on agarose gels,

extracted and analyzed for sequence.
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3.11.6 Oligonucleotide primers used for SYBR-Green RT-PCR

The following oligonucleotide primers were usedhis thesis.

Table: 4. Oligonucleotide primer sequences used the study

Gene Sequence

18s Forward: GCAATTATTCCCCATGAACG
Reverse: AGGGCCTCACTAAACCATCC
Ccl2 Forward: CCTGCTGTTCACAGTTGCC
Reverse: ATTGGGATCATCTTGCTGGT
Cxcl10 Forward: GGCTGGTCACCTTTCAGAAG
Reverse: ATGGATGGACAGCAGAGAGC
IL-6 Forward: TGATGCACTTGCAGAAAACA
Reverse: ACCAGAGGAAATTTTCAATAGGC
Nphsl Forward: TTAGCAGACACGGACACAGG
(Nephrin) Reverse: CTCTTTCTACCGCCTCAACG
Nphs2 Forward: TGACGTTCCCTTTTTCCATC
(Podocin) Reverse: CAGGAAGCAGATGTCCCAGT
Nos2 Forward: TTCTGTGCTGTCCCAGTGAG
(iNos) Reverse: TGAAGAAAACCCCTTGTGCT
Tnf-a Forward: CCACCACGCTCTTCTGTCTAC
Reverse: AGGGTCTGGGCCATAGAACT
Wit-1 Forward: CATCCCTCGTCTCCCATTTA
Reverse: TATCCGAGTTGGGGAAATCA
CXCL2 Forward: CGGTCAAAAAGTTTGCCTTG
Reverse: TCCAGGTCAGTTAGCCTTGC

CD44 Forward: AGCGGCAGGTTACATTCAAA
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Reverse: CAAGTTTGGTGGCACACAG
BAD Forward: GTACGAACTGTGGCGACTCC
Reverse: GAGCAACATTCATCAGCAGG
FGL-2 Forward: AGGGGTAACTCTGTAGGCCC
Reverse: GAACACATGCAGTCACAGCC
BID Forward: GTGTAGCTCCAAGCACTGCC
Reverse: GCAAACCTTTGCCTTAGCC
NOXA Forward: ACTTTGTCTCCAATCCTCCG
Reverse: GAAGTCGCAAAAGAGCAGGA
PUMA Forward: CACCTAGTTGGGCTCCATTT

Reverse:  ACCTCAACGCGCAGTACG

3.12 Flow cytometry

Flow cytometric analysis of cultured and renal inmawcells was performed on a FACS
Calibur flow cytometer (BD) as described 52. Evésglate was incubated with binding
buffer containing either anti-mouse CD11c, CD11R1G3, F4/80, and CD45 antibodies
(BD) for 45 min at 40C in dark were used to deteehal mononuclear phagocyte
populations. Anti-CD86 (BD) was used as activatisarker. Anti-CD3 and CD4 (BD) were

used to identify the respective T-cells population.

3.13 In-vitro methods

3.13.1 Cell freezing and thawing

At earlier passages, large amounts of cells warerigiunder standard culture conditions and
were frozen for future use. For freezing cells|scelere detached from the culture plates and
spun down under sterile conditions for 3 minute$Cf0 rpm. The cell pellet was maintained
on ice and carefully re-suspended in cold freemmgglium (90 % FCS and 10 % DMSO) by
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pipetting the suspension repeatedly up and dovienml aliquots were quickly dispensed into
freezing vials (4C) and the cells were slowly frozen at 22Cfor 1 hour and then at —&D

overnight. The next day, all aliquots were trangf@iinto liquid nitrogen.

In order to thaw cells, a frozen vial was remowveh liquid nitrogen and put into the water
bath at 37C. The cells were then dispensed in 5 ml of warmpulete growth medium and

spun down at 1000 rpm for 5-7 minutes. The old mm@divas then removed and the cells
were re-suspended in fresh medium and transfemtedhinew culture plate. The medium was

changed once more after 24 hours.

3.13.2 Cell culture

GENCs were cultured using standard cell culturbrtegies. Briefly, cells were thawed from
liquid nitrogen and immediately seeded into 15Gccedl culture plates containing 20 ml of
complete RPMI media with 10 % FCS and 1 % PS. Gedlse allowed to grow until they
became confluent, fresh media was supplied evedays. For growing podocytes and
MPECs specified media was used, in which RPMI doimtigt 1 % P/S and 5 % FCS and if
required for controlling pH we used 1% Sodium pwiey 1 % HEPES and 1 % Sodium
Bicarbonate. When cells reached 80-90% confluetimg; were split or detached from the
plate by adding 2 ml of trypsin solution and théscimcubated at 3T for 2-3 minutes. Once
the cells were detached from the plate, trypsin mestralized by adding complete media,
and then the cells were centrifuged at 1200 rpnb faninutes. The cells were re-suspended in
normal media and exact number of cells countedguaiiNeubauer chamber. The required
number of cells was used for the different expenitsdike cytotoxicity assay using MTT

dye, angiogenesis assay etc.

3.13.3 Assessment of histone induced toxicity on GEnC

For cytotoxicity experiments, 10 to 15X1BEnCs were seeded in 96-well plates andallowed
to adhere overnight. Once the cells adhered t@ldies, different concentrations of histones
were added to the cells in the absence or presdrasgi-histone IgG, whereas control groups
were only stimulated with Control IgG for 18 to Bdurs. Cytotoxicity was detected by non-

radioactive cell proliferation assay kit. Brieflgfter the stimulation cells were supplemented
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with 15 pl of the MTT dye solution and incubated3&tC for 4-6 hours. During this time,
live cells were converting the MTT dye into colorestmazon crystals and these crystals
were then dissolved using 100 ul of stop solutidme color change can be detected using a

photometer at=570 nm. The color is directly proportional to the cells.

3.13.4 Podocyte culture and detachment assay

Podocytes are terminally differentiated highly spkred cells with a complex cellular

architecture. Podocytes do not have the ability

to divide and multiply, therefore we used

immortalized podocytes (from H-ZKsA58

mice) that were cultured in the presence of 6_@‘

recombinant mouse IFN-(100 U/ml) at 3% +/- Histone Ab

in collagen-1 coated plates using DMEM media
containing 1% of HEPESs, sodium bicarbonate
and sodium pyruvate (to maintain the pH of the 24h after

medium). The cells were trypsinized once they

were 80% confluent. For the differentiation of

podocytes, cells were grown in collagen-I

coated plates at 3¢ without IFNy for 14 days

and then used for experiments. For detachment
assays, a specific number of podocytes were

lated in 10 cm dishes and allowed to
P Count the detached cells

differentiate. These differentiated cells were (in supernatant)

stimulated with histones (100 pg/ml) for 24
hours with or without anti-histone 1gG. In the
case, podocytes detach from the plate, it is a
sign that these cells are dead. This was
determined by counting the detached cells in the

supernatants and the ratio was reported as live

and detached cells (Figure 11). Further results

were also confirmed by an MTT assay. Figure: 11. Schematic diagram showing the
procedure employed to perform the podocyte
detachment assay.
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3.13.5 Neutrophil isolation and NETs formation and cytaotity assay

Neutrophils were isolated from mouse the periphklabd. Whole blood was collected into
heparin tubes from the facial vein and mixed witR5% of high molecular weight dextran
(molecular weight 450K-650K), and RBCs were allowiedsettle at %C. The upper clear
yellowish leucocyte rich layer was separated amskdyfor the remaining RBCs using
hypnotic lysis (ddHO) and tonicity was maintained by adding 0,15M K®esultant
leucocytes were enriched for neutrophils by gradmantrifugation with Biocoll solution
(density of 0,177). As the neutrophils were vergssitve to the external stimuli, care was
taken not to activate them by aggressive shakimjadinthe procedure were performed at

4°C. No glass material was used as neutrophils stickse glass surface.

Once the pure neutrophils were isolated, suspeimdpldine RPMI media and then incubated
at 37C in CQ incubator for 30 minutes to rest, the NETosis expents were carried out.
We hypothesized that NETs can kill endothelial ;etherefore we performed co-culture
experiments with GEnC and neutrophils followed mgitu NETs formation using TNE&-or
PMA (known agonists for NETs formation, concentrat used did not have any direct
killing effect on GEnC). The cytotoxicity of NETsas analyzed by MTT assay, in which
only survived GEnC were able to convert the MTTt.s@he results were confirmed by

immuno-fluorescence staining and scanning electrmnoscopy (SEM).

3.13.6 Intra-renal administration of histones

To check the cytotoxic effect of histones on gloater cells, histones were injected directly
into the renal artery of WT andr2/4 KO mice as illustrated in figure 12. One group of enic
received histones after treating with anti-histog&, whereas the control mice were
administered with Control IgG. In the caseTaf2/4 KO mice, histones were only injected to
check the cytotoxic effects compared to WT miceeAR4 hours, mice were sacrificed and
kidneys fixed in formalin and taken for histolodi@valuation using PAS and fibrinogen
staining to check the effect on glomerular celld andothelial cell damage.
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Figure: 12. Histone injection into the renal artery, the abdmahiaorta and the left renal artery was
prepared and a microcannula was placed into therdefal artery (left) for histone injection. The
puncture site was mounted with glue before closfitae wound (righf)

3.13.7 Isolation of glomeruli

To further confirm the cytotoxic effects of histenen glomerular cells, we isolated pure
glomeruli from WT andTIr2/4 KO mice. The glomerular fraction was isolated by gsin
magnetic isolation using perfusion of paramagnietiads. Briefly, animal were anesthetized
by an intraperitoneal injection of narcosis mix.iMals were cut open by midline incision
and kidneys excised along with the intact arteaied veins and then taken for microsurgery
using Leica, WILD M10 microscope with the help ofcro scissors and forceps. Renal
arteries were cut open to locate the arterial en@anto the kidney. Using a 1 ml syringe
containing paramagnetic, beads were slowly adneirestinto the kidney containing 2¢10
magnetic beads (Dnabeads, M-450 Epoxy). Succepsfiilision will turn the kidney pale.
After completion of the perfusion, kidneys were o@d into fine pieces. Kidney samples
were then digested with collagenase A for 30 misate37C and the digested tissue was
passed through a 100 um cell strainer on ice. Dageand filtered tissue was passed though
cell separation magnet (BD IMagnet, BD) and wasbetimes to isolate the glomeruli
fractions. The first wash elutes the tubulointéidtipart of the kidney, the second wash
eluted predominantly the tubular fraction and temaining fractions were washed carefully
until a 95 % to 98 % purity of glomeruli was obt&ihupon microscopic observation. The
uniform glomeruli were seeded in 96-well plates atichulated with histones to check the
cytotoxic effects on the entire glomeruli, whicmdae measured by the release of LDH. The

results were compared between WT dih®/4 KO glomeruli. In another set of experiment,
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following histone stimulation with or without-Histone 1gG for 6 hours all fractions were

lysed using RNA lysis buffer to prepare mRNA amated at -26C until further use.

3.13.8 In-vitro tube formation assay

To study the cytotoxic effects of histones on fodnmeicrovasculature, we setup the tube
formation assay in which the cells were grown onm&trix made of basement membrane
protein called matrigel. Matrigel was thawed ovwghn at 40C to make it liquid and 10 pl
was added into each well of the p-slide angiogengébidi, Munich, Germany) allowing
solidifying at 37C. GEnCs were seeded at 1%&@lls/well and stimulated with VEGF and b-
FGF as positive control or with histones in theesia® or presence of histone antibody. Tube
formation as a marker of angiogenesis was asségsbght microscopy by taking series of
pictures at O hour, 4 hours, 8 hours and 24 hdurs.cell covered area was calculated using

the software photoshop. Angiogenic score was deétexhby blinded technique.

3.14 BWAS3 hybridoma culture and anti-histone 1 gG purification

Anti-histone 1gG was isolated from the culture swmagants of monoclonal BWA-3
hybridoma cells. Initially BWA-3 cells were revivddom liquid nitrogen and cultured in
normal growth medium (DMEM) containing 10 % FBS ahd®o PS until the cells attain
confluence. Cells were collected by centrifugateamd seeded in CD hybridoma media
containing 5 % ultra-low IgG serum, 1 % PS and 2 mgiMtamine into cell culture flasks
(Monestieret al, 1993). Cells were allowed to grow and during timse, hybridoma cells
secretedi-Histone 1gG in the supernatants. After 7-8 dalys,dupernatant was centrifuged to
separate the cells and debris, and suspension iltexsttirough 0.22 pym membranes and
stored at &C in SCOTH bottles. To purify and concentrate &igtone IgG, hybridoma
culture supernatants were passed through highpnatein GHP columns. Initially, columns
were activated by passing 20 mM sodium phosphdterbgpH 7.0) through followed by the
hybridoma culture supernatant. During this procassipodies bind to protein GHP columns
and this can be eluted using low pH (0,1M glydmydrochloride buffer (pH 2,7)) into 2 mL
Eppendorf tubes and the acidic pH can be neutrhliae’ using the appropriate amount of
1M Tris-HCI buffer (pH 9,0).
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The obtained antibody can be quantified for itsosmrration by measuring the absorbance
(optical density O.D) using a UV-visible spectropdroeter at a wave length of 280 nm for
total protein concentration. For determining thakconcentration of the anti-histone IgG,
the O.D values were multiplied with the factor @ the antibody was then stored a€0
until further use. Binding efficiency of the antdhowas confirmed by western blotting using

total histones as positive control.

Note: avoid repeated freezing and thawing of anti-histone 1gG

3.15 Statistical analysis

Data are presented as mean + SEM. For multiple aosgns of groups one way ANOVA
was used with post-hoc test using GraphPad prisf) ((SA). Paired Student’s t-test was
used for the comparison of single groups. A valt@ & 0.05 was considered to indicate
statistical significance.
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4. Results

4.1. Glomerular expression of TLR2 and TLR4 in human severe glomerulonephritis

Allam et.al have previously shown that extracellular histooas acts as ligands for TLR2
and TLR4 leading to the tubular injury after AKITherefore we studied the expression of
these receptors in the glomeruli of both healthg aevere glomerulonephritis in human
kidneys. To investigate this, we performed immustgiogical staining using TLR2 and
TLR4 antibodies in healthy human kidney (Biopsyetalduring kidney transplantation) and
kidney biopsies from patients with ANCA-vasculites,severe form of glomerulonephritis.
TLR2/4 immunostaining of normal human kidney showetly a weak granular positivity in
all glomerular cells, whereas TLR4 positivity wakarly observed in the glomerular
endothelial cells (Figure 13A). In addition, TLR2Zsvstrongly expressed in the cytoplasm of
epithelial cells of the proximal and distal tubulehile the TLR4 expression was less

prominent (Figure 13A).

However, immunostaining of kidney biopsies from igrils with ANCA-associated
necrotizing and crescentic GN revealed a strongesgmn of TLR2 and TLR4 also in
parietal epithelial cells (PECs) along the inngreas of the Bowman's capsule (Figure 13B).
Furthermore, glomerular crescents are known torbdgminantly formed by PEES"2 As
shown in Figure 13C, glomerular crescents weretipedior both receptors TLR2 and TLR4,
and the isotype IgG staining confirmed the speityfias this control staining was negative in
all tissues (Figure 14). Together, TLR2 and TLR@ression was observed in the cells of the
normal glomerulus and ligands for the TLR2/4 carivate PECs proliferation and

responsible for the induction of crescentic GN.
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Figure: 13. TLR2 and TLR4 expression in human crescentic gtaloaephritis. Toll-like receptor
(TLR)-2 and -4 immunostaining was performed on tigakidney tissue (A) or on kidney biopsies
from patients with recently diagnosed ANCA vascsiland clinical signs of glomerulonephritis (B
and C). (B) Glomeruli were unaffected by loop netsoor crescent formation, while glomeruli
affected by such lesions are shown in (C). Origmagnification x400.
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type TLR2

ISO

Isotype TLR4

Control ANCA

Figure: 14. Isotype staining were negative in both control ANCA kidney sections.
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4.2. Extracellular histones drive glomerular cell necrosisin-vitro
4.2.1 Anti-histone IgG prevents histone toxicity on glawrar cells

It has been previously reported that extracellblatones can cause toxicity and Kill different
types of cells including tubular epithelial cellsdapulmonary endothelial cellg-vitro and
in-vivo’. To confirm the cytotoxic effect of extracellulaistones on cultured glomerular
endothelial cells (GEnCs), we cultured GEnCs i@l plates at a cell density of 10.000 to
15.000 cells/well in the presence of different @ntecation of histones and with or without
the neutralizing histone antibody to block the @tif histones. The cells were stimulated for
24 hours and the OD measured via a photospectrome’s0nm. As shown in Figure 15A,
treatment of GEnCs with the histone preparatiomlted in a decrease in the absorbance
(OD) indicating that histones were cytotoxic on @B8nThis cytotoxic effect of histones on
GENCs occurred in a dose-dependent manner. Préyicagi-histone IgG derived from
BWA3 hybridoma has been demonstrated to be ableneaairalize the cytotoxic and
immunstimulatory effect of extracellular histoh®¥"**! To test this, GEnCs were incubated
with anti-histone IgG (at 100ug/ml concentratiorglldwing treatment with different
concentration of histones. The data show that tastene IgG almost entirely prevented
histone toxicity in glomerular endothelial cells tp a histone concentration of |8fml
(Figure 15A).

Next, we wanted to investigate whether histones dnagitotoxic effect on other glomerular
cells such as PECs and podocytes. To do so, tleflseaere cultured with different histone
concentration in the absence or presence of asttiie IgG. Histones also induced toxicity
in cultured PECs and podocytes, but occurred athnhigher histone concentrations (Figure
15B and 15C) compared to the toxic dose requiredifiing endothelial cells (Figure 15A).

Neutralization of histones with anti-histone IgGeyented the killing action of histones on
PECs and podocytes in an efficient manner (Fig@® dnd 15C). The findings confirmed
the cytotoxic effects of histones on glomeruladsc#iat were inhibited following treatment

with anti-histone 1gG.
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Figure: 15. (A) Murine glomerular endothelial cells (GEnC),)(Bodocytes, and (C) parietal
epithelial cells (PECs) were incubated with inchegsloses of histones together with either control
IgG or anti-histone 1gG. Cell viability was deterad after 24 hours by MTT assay. Values are the
mean + SEM of three independent experimentsP*<=0.05, ** =P < 0.01, *** = P < 0.001.
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4.2.2 Anti-histone IgG prevents histone toxicity on nesaaarization and microtubules

Endothelial cells have been shown to grow on meltrgurface, which resembles the
microvasculature of the glomeruli. Therefore, timedel seemed to be suitable to mimic the
in-vivo conditions of glomerular capillary system and tady the cytotoxic effects of

histones on the microvasculature.

In our nextin-vitro experiments, GEnCs were grown on a Matrigel serfa@ form
neovascularization or microtubules, which resemlbhes microvasculature similar to that
observed in the glomerular tuft. The addition cftbnes (40ug/ml) induced destruction of a
microtubule formation within 12 hours, whereas tmgnt with anti-histone IgG prevented
histone-induced GEnC microtubule destruction adtemd 24 hours, as illustrated in Figure
16A. Treatment of endothelial cells with anti-his#olgG resulted in an increase in the cell
covered area (Figure 16B) and a significant highi@yenesis score (Figure 16C) compared

to control IgG.
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Figure: 16. Histones and endothelial cell microtubesitro. (A) Murine glomerular endothelial cells
were seeded into a matrigel matrix for angiogenesgfgeriments as described in methods (section
3.10.8 treated with histones, with or without drstone IgG. After 8 hours and 24 hours of
stimulation, the control IgG group shows completenG death, whereas the anti-histone 1gG group
shows a well preserved microvasculature. (B) Celeced area and (C) angiogenic score are
demonstrated. Values are the mean + SEM of twopexddent experiments. * B < 0.01, ** =P <
0.001.
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Next, we allowed the formation of microtubules 1& hours on a matrigel surface. After the
microtubule formation was completed, we stimulatéd microtubules with histone
(40ug/ml) in the presence or absence of anti-hestig® after 8 hours (as 0 hour control).
The data in Figure 5 demonstrate that prior to dtimulation with histone both groups
showed well-formed microtubules with the same page of cell covered area and
angiogenesis score. After 12 hours of histone rireat, the microtubule structure was
destroyed in the control 1IgG groups (Figure 17AJ #me percentage of the cell covered area
and the angiogenesis score decreased (Figure 1¥B7D), which was completely rescued
by treatment with anti-histone IgG. The data conéd that histones also had the ability to
kill already formed microtubules, which is mostélik to occur inin-vivo settings as well.

Therefore, neutralization of histones was bendftoigrotect the microvasculature.
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Figure: 17. Histones and endothelial cell microtubesitro. (A) Murine glomerular endothelial cells
were seeded into a matrigel matrix for angiogenegjgeriments as described in methods (section
3.10.8) treated with histones, in the presencebserce of anti-histone 1gG. After 0 hour and 12
hours of stimulation, control IgG showed GENnC deathereas treatment with anti-histone IgG
preserved the microvasculature. (B) The percentdigeell covered area and (C) angiogenic score.
Values are the mean + SEM of two independent exaris. * =P < 0.05, *** = P < 0.001.
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4.3. Neutrophil extracellular traps kill glomerular endothelial cells through histone

release

4.3.1 Histones were released during NETosis

Previously, it has been reported that during se@¥eneutrophils can undergo NETd3fs
NETosis is a form of programmed cell death thauogin the presence of cytokines released
from dying cells due to a severe inflammatory itiSt’ As a consequence nuclear
chromatin including histones and DNA are releasednfNETting neutrophils within the
glomerular capillari€S. We hypothesized that histones present withircttematin structure
were functionally pathogenic during GN. To inveatgthis in more detail, we performied
vitro experiments to demonstrate the formation of NETemMf isolated neutrophils.
Neutrophils were stimulated or left untreated fondirs and then stained for elastase (red)
and histones (green). Fluorescent microscopy shothatl PMA-activated neutrophils
released chromatin material including histones ameg to unstimulated cells (Figure 18)
indicating that activated neutrophils were formBTs and released their nuclear material

including histones.

2

+ Histones

Non-activated neutrophils Activated neutrophils forming NETs

Figure: 18. Non-activated neutrophils did not form NETs (lefiage). Right image, neutrophils
formed NETs following activation with PMA and reteal nuclear material including the granular
protein elastase (red) and the nuclear proteirtertas (green) into the extracellular space.



Results 62

4.3.2 Histones in the formed NETSs kill GEn@-vitro

To further investigate the killing action of hises) we set up an experiment where we added
neutrophils onto a monolayer of GEnCs and incubttectells in the presence of TNFer
PMA in 4 well permonax microslides to induce NE®osihe killing action of NET related
histones was evaluated by scanning electron miopys¢SEM). After inducing NETs on a
monolayer of GEnC using TN&-in the absence of presence of anti-histone Ig&,ctls
were fixed using electron microscopic fixative (2 %lutaraldehyde and 2 %
paraformaldehyde) and analyzed for the pathogdraages induced by NETs on GEnC. The
SEM results showed that TNEF{ireatment alone did not affect the morphology &nG
(Figure 19, left). However, TNE- activated neutrophils formed NETs that killed the
monolayer of GEnC as illustrated by blebs formatonthe cell surface (Figure 19, middle).
In the group where anti-histone IgG was added ® délls, the GEnC were completely
protected from the cytotoxic effects exhibited bhg NETs (Figure 19, right), whereby the
GENC showed normal cell morphological features laintio the control group (Figure 19,
left).

Figure: 19. Scanning electron microscopy was performed on hayeos of glomerular endothelial
cells, which appeared flat and evenly laid outt (lefage). However, neutrophil ETosis caused severe
injury and death of endothelial cells appearingbatging white balls with corrugated surfaces
adjacent to TN&-activated NETs (middle image). This effect wasadtrentirely prevented by anti-
histone 1gG treatment demonstrated by a significaviersal of the structural integrity of the
endothelial cell monolayer (right image).
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The killing actions of NETs-related histones weugher investigated by immunostaining of
fixed cells. The data showed that neutrophils tiate undergoing TNl-induced NETosis
destroyed the monolayer of glomerular endothelkgliscoy inducing endothelial cell death,
which can be seen by reduced DAPI staining (Figdremiddle) compared to treatment with
TNF-o alone (Figures 20A, left). Interestingly, the alveel NETosis-related endothelial cell
toxicity was entirely prevented by anti-histone Ig@atment (Figure 20A, right) that did not
affect NET formation as illustrated by clumping elastase (red) and histones (green) and
preserved DAPI staining (blue). Together, we codelthat NETting neutrophils damage
glomerular endothelial cells via the release ofdmses. These findings were confirmed using
a colorimetric MTT assay to measure endothelial ebility. As shown in Figure 20B,
addition of anti-histone IgG resulted in a sigrafit increase in the O.D values compared to
the control IgG-treated group when neutrophils wammulated with the NETosis inducing
stimuli TNF-o or PMA indicating that anti-histone IgG preventéeath of GEnC. Non-
activated neutrophils did not induce GEnC death s independent of anti-histone 1gG

treatment.
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Figure: 20. Anti-histone IgG prevents cell death in glomerulkamdothelial cells. Glomerular
endothelial cells were co-cultured with TNFactivated neutrophils in the presence of antiemet
IgG or control 1gG. (A) Immunostaining for elastaddstone, and DAPI. (B) Neutrophils were
activated with the NETosis stimulus TNFand PMA and the MTT assay analysis of endothe&dl
viability was used to measure the O.D at 570 nmu&&are the mean + SEM of two independent
experiments. ** 2P < 0.01.
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4.4. Histonesneed TLR2/4 to trigger glomerular necrosis and microangiopathy

Allam R et al has previously reported that extracellular hissomediate its cytotoxic effects
in a TLR2/4-dependent manner in tubular epithal&ls’. Currently, it is unknown whether
glomerular toxicity of extracellular histones ocgkun a TLR2/4-dependent manner. To
answer this question we have setfvivo andin-vivo experiments using glomeruli that were

isolated fromTlr2/4-deficient mice.

4.4.1. Histones are cytotoxic to wild-type but not Tirzldficient glomeruliex-vivo

To determine the cytotoxic effect of extracellutestones, we isolated glomeruli from wild-
type (Figure 21, picture) andr2/4-deficient mice and incubated the glomeruli witetbhes
at a concentration of 50g/ml ex-vivo for 12 hoursFollowing incubation, we performed a
lactate dehydrogenase (LDH) assay to measure théogic effect of extracellular histones.
We found that histone exposure of glomeruli isaa®m wt mice resulted in a significant
increase in the LDH levels confirming the cytotaiicof histones on glomeruli (Figure 21,
graph). Interestingly, the LDH levels were sigraintly reduced when glomeruli froiir2/4-
deficient mice were treated with histones compaoeglomeruli from wt mice (white bars).
This indicated that the cytotoxic effect of extdadar histones on glomeruli occurred in a

TLR2/4 dependent manner.
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Figure: 21. (Left image) Representitive image of isolated gtonfi from wild-type (wt) mice. (Right
graph) Glomeruli were isolated from wt afnld2/4-deficient mice and incubatest-vivo with histones
(30 pg/ml). After 12 hours, LDH release in the supgants was measured as a marker of glomerular
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cell injury. Data represent mean OD + SEM of thegperiments measured at a wavelength of 492
nm. ** = P < 0.01, *** =P < 0.001.

4.4.2 Extracellular histones stimulate inflammation ildatype glomeruli ex-vivo

After showing that extracellular histones were tytic to glomeruli isolated from wt mice,
we wanted to investigate the pro-inflammatory dfeaf extracellular histones. Therefore,
we exposed glomeruli that were isolated from both and Tlr2/4-deficient mice with

histones (50 pg/ml) and measured the mRNA valugg@inflammatory cytokines via real
time RT-PCR. As shown in Figure 10, glomeruli isethfrom wt mice that were stimulated
with histones significantly increased the mRNA egsion of pro-inflammatory mediators
such as TNé& (Figure 22A) and IL-6 (Figure 22B). In contrastpmgeruli from Tlr2/4-

deficient mice, when exposed to histones, did nggér the expression of IL-6 and TNF
MRNA indicating that the pro-inflammatory effect listones also occurred in a TLR2/4-

dependent manner (Figure 22A and 22B).
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Figure: 22. Induction of cytokines in isolated glomerwdk-vivo that were exposed to histones.
Glomeruli were isolated from wild type (wt) and Z4#4 double knockout mice, and exposed to
histones (5ag/ml). After 12 hours, the mRNA levels of TNF(A) and IL-6 (B) were determined by
real-time RT-PCR. Values are the mean + SEM ofitwd@pendent experiments. *P=< 0.05, ** =P
<0.01.

4.4 3 Extracellular histones need involvement of TLR2/4how its toxic effects in-vivo

Finally, we wanted to look at the toxic effect a$tbnes on glomeruin-vivo. Reports have
previously shown that an intravenous injection aktdnes can cause pulmonary
microvascular injury, which is lethal in mi®e Therefore, we injected histones 10 mg/kg

directly into the left renal artery in both wt amtt2/4-deficient mice that were anesthetized.
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After 24 hours, kidneys were harvested and photarascopy carried out to look at the
structures of glomeruli. As shown in Figure 23Aatment of histone®-vivo destroyed the
structure of glomeruli (glomerular lesions) in wicen that was well preserved ifir2/4-
deficient mice. Unilateral histone injection cauggamerular lesions in wt mice that showed
characteristics of minor endothelial fibrinogen igegy (Figure 23B), capillary obstruction
and thrombotic microangiopathy (Figure 23C) andglaglomerular necrosis (Figures 23D).
Histone injection into the renal artery ®fr2/4-deficient mice caused not only reduced
glomerular lesions but also significantly less ifilogen positivity (endothelial positivity,
capillary obstruction and loop necrosis), as deriratexd in Figures 23E. Thesae-vivo
results confirmed that extracellular histones iredgtomerular injury occurs in a TLR2/4-

dependent manner.
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Figure: 23. (A) For intra-arterial histone injection the abdoal aorta was prepared and a micro-
cannula was placed into the left renal artery jecinhistones directly into the kidney. Images show
hematoxylin-eosin staining of isolated glomerubrfr saline and histone-treated wt mice as well as
from histone-treatedlr2/4-deficient mice. (B-D) Fibrinogen immunostaining gibmeruli isolated
from wt mice displaying three different stainingtpans: diffuse positivity of glomerular endothélia
cells, entire luminal positivity indicating micrattmbus formation, and global positivity of
glomerular loop indicating loop necrosis. Origimahgnification x400. (E) Quantitative analysis of
these lesions (glomeruli injury score). Values thee mean + SEM of two independent experiments.
** = P <0.01, ** =P <0.001.
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4.5. Extracelular histones contribute to severe glomerulonephritis

4.5.1Inhibition of NETs using Cl-amidm-vivo prevents glomerulonephritis

We hypothesized that extracellular histones rekb&sen NETs may also play an important
role during the progression of severe ‘6N To address our theory, we blocked NET
formation by using the peptidylarginine deiminaB&D) inhibitor°**">*"®Cl-amide at the
dose of 10mg/kg in am-vivo model of severe GN. Mice were injected with hdtegous
sheep anti-rat GBM serum (100ul per mouse) to iadsevere GN prior to a daily
intraperitoneal (i.p.) injection of the PAD inhibit(Cl-amide in 25 % DMSO). Control mice
received only vehicle (25 % DMSO). After 7 dayscewwere sacrificed and the glomeruli
lesions of the treated kidneys analyzed for exthalee myeloperoxidase (MPO) and CD31
expression. As shown in Figure 12, treatment whii PAD inhibitor Cl-amidine prevented
glomerular NET formation as evidenced by reducedOMIPhnmunostaining (red) and
guantitative measurement of the fluorescence dneaontrast, the blockade of glomerular
NET formation preserved glomerular CD31+ endothetialls, as demonstrated by a

significant increase in the fluorescence intenfiftigure 24, green) and the fluorescent area

(graph).
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Figure: 24. (A) CD31 (green) and myeloperoxidase (MPO) (rednumostaining representing NETs
formation in the glomeruli in close associationhwibhe endothelial cells, vehicle group shows focal
loss of endothelial cell positivity compare to treant with the PAD inhibitor (PAD.inh). (B)
Quantification of mean fluorescence area for MP@ @B31 positivity in glomeruli.
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The previous data have shown the protective etittite PAD inhibitor Cl-amide leading to

a preserved endothelial microvasculature in thenghuli during anti-GBM induced GN. We

further measured the proteinuria in terms of theualin to creatinine (A/C) ratio by ELISA.

The results demonstrated that Cl-amide treatmegmifgiantly reduced the A/C ratio

compare to the vehicle group (Figure 25A). This vedso the case for the functional
parameter including BUN levels (Figure 25B). Withhis thesis we have shown that the
main cause of proteinuria in the necrotizing GN mlodas due to the loss of podocytes
within the glomeruli. Here, we wanted to evaluatéés in more detail on histological

sections using immunostaining of nephrin and WTe4ifpve podocytes. Following Cl-amide

treatment, we found a normal or maintained numbgooalocytes compare to the vehicle
group (Figure 25C). PAS staining of sections weralyzed for glomerular morphology in

healthy, segmental and global lesions in glomerlihe results showed that Cl-amide
treatment significantly increased the number ofmadrglomeruli and significantly decreased
the global sclerotic lesions compare to the vehgrieup (Figure 25D). Furthermore, one
characteristic features of necrotizing GN are wibra&rescentic glomeruli that were
significantly reduced upon Cl-amide treatment imparison to the vehicle group (Figure
25E).

The infiltration of inflammatory cell representsadimer complication of necrotizing GN. To
look at the infiltration of inflammatory cells irhé glomeruli, we used immunostaining to
identify Mac-2+ macrophages. The data showed thlaan@ide treatment significantly
reduced the number of infiltrating macrophageshea glomeruli compare to the vehicle
group (Figure 25F). These findings were furtherficored by flow cytometry analysis of
single cell kidney suspension using a combinatibrilumrescent surface antibodies. The
obtained results demonstrated that treatment Wwa&HPAD inhibitor significantly reduced the
number of activated inflammatory cells including TI2" MHCII™ double positive dendritic
cells, F4/80 MHCII™ positive macrophages and total CD10D116 cells and CD3CD4
CD8 T cells in the kidney (Figure 25G). These findingdicated that blocking NETosis
using the PAD inhibitor Cl-amide during a necraigiform of GN not only protected the
endothelial microvasculature but also abrogated kiey features of GN including

inflammatory cell recruitment.



Results 69

A B
1507 -@- Vehicle 20 L3
.g —-e— PAD.inh
£
= 154
2 =
O ~
S 1004 g 104
E z T
2 2
< 54
o)
£
D
50 T T 1 0' T
Day0 Day2 Day7 Vehicle PAD.inh
C D E
104 150+ 25- ook
Fokk 3 Normal Glomeruli =
5 g — 3@ Segmental lesions 5 20-
o _ Bl Global lesions £
e S 1004 k=)
© £ 52,8% - =
é o ok 27,7% & 10
8 o\o 501 g —
3 30.8%| 49,705 2 5
D— *kk O
16,4% °
- I. C I. I. ° O- . I.
Vehicle PAD.inh Vehicle PAD.inh Vehicle PAD.inh
F 41 G 157 Bl \Vehicle
3 PAD.inh
E 2 :
[} i)
= 1.04
5 E
Q =~
%) f)
= —_— [ -T- *k *
(] O
o = 0.5 x
N <
8 8 —_
= S o
T OC T T 1 1
Vehicle PAD.inh CD11cMHC-II F4/80MHC-II CD11cCD11b CD3CD4-CD8-

Figure: 25. In anin-vivo model of antiserum-induced GN, treatment with @leamide (PAD.inh)
following antiserum injection attenuated the digebsrden. (A and B) Levels of proteinurea (A) and
BUN (B) measured in the urine on day 7. (C) Podeewere quantified as nephrin/WT-1+ cells on
renal sections on day 7. (D and E) PAS stainingdtermine the percentage of glomeruli (D) and
crescentic glomeruli (E). (F) Number of Macrophages glomeruli determined by immunostaining
using a Mac-2 antibody. (G) Flow cytometry analygiskidney suspension. Data represent mean +
SEM from five to six mice per group. *B< 0.05, ** =P < 0.01, ** =P < 0.001.
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4.5.2 Anti-Histone IgG treatment prevents complicatiorGif

We have previously shown that anti-histone IgGtinegt can prevent the cytotoxic effect of
histones on glomeruin-vitro. To test whether these findings can be translatedanin-vivo
model of GN, first we injected mice intravenouslyttw100 pl GBM antiserum that was
either raised in sheep or in mice to induce nezirwi types of GN. After 7 days, histology
staining showed that only sheep IgG deposits wawad in the glomeruli but not mouse IgG
(Figure 26) demonstrating that excess autologousshaep IgG did not stimulate the
immune response to induce its own effect in thegm@ssion of GN. Furthermore, in these
experiments we excluded possible non-specific astaf sheep-IlgG and have shown that the
disease pathology is mainly caused by direct kjllom necrotizing action of sheep anti-GBM
serum on different glomerular cells leading to thethological conditions without any
autoimmune or autologous reaction against the saeggerum during the disease.

Sheep IgG Mouse IgG

Figure: 26. Day 7 after injection of anti-GBM serum the kidsewere positively stained for sheep
IgG, whereas mouse IgG was negative excludingut@agous sheep IgG response.
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Next, mice were injected i.p. with 20 mg/kg antstbne IgG or with 20 mg/kg control 1gG
24 hours prior (prophylactic treatment) to theartnous injection of 100 pl GBM antiserum
that was raised in sheep. The treatment with astehe IgG or control IgG was continued on
alternative days up to 7 days after sheep GBM amiis injection. During the experiment,
urine and blood was collected to analyze functiggatameters. After 7 days of antiserum
injection, mice were sacrificed and kidneys removed histology, FACS and gRT-PCR
analysis. As shown in Figure 27A, treatment withi-arstone 1gG significantly reduced the
BUN levels following GBM antiserum injections compd to the control 1gG treatment
group. Anti-histone IgG not only increased the nemlof healthy glomeruli but also
significantly reduced the percentage of global glaumi as demonstrated by PAS histological
staining of sections (Figure 27B-27C). The decraasine severity of GN following anti-
histone IgG treatment was further confirmed byslymificant reduction in the percentage of
crescentic glomeruli with less severe lesions ordafs after antiserum injection in

comparison to the control IgG treated group (FiRB).

To investigate the effect of NET related histoneckbde by the anti-histone IgG treatment,
histological sections were stained for NET-relatd®O staining and endothelial CD31
markers to look at the effect on the maintenanaglarherular microvasculature. A focal loss
of endothelial CD31 positivity, a marker of glomkaruvascular injury, was observed in
glomeruli isolated from control IgG treated miceg{ife 27E). However, anti-histone IgG did
not affect extracellular positivity of MPO but maimed CD31 vasculature indicating a
protective effect on NET-related vascular injurjnege results were further strengthened by
quantifying the area of MPOand CD31 showing that anti-histone IgG significantly
increased the number of CD31 positivity comparedcémtrol IgG, whereas the MPO
positivity remained unaffecteFigure 27F). Consistent with oum-vitro data, thein-vivo
data now showed that anti-histone IgG treatmentgmried the disease pathogenesis of sheep
GBM antiserum-induced severe GN and clearly imptigel importance of anti-histone 1gG
regarding the maintenance of the glomerular micsoukature and the number of podocytes

present within the glomeruli.
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Figure: 27. Neutralizing of histones protects severe GN. (A9d8l urea nitrogen (BUN) levels were

determined 1 and 7 days after intravenous injectioc8BM antiserum. Mice were either treated with
control IgG or anti-histone 1gG prior to the inject with antiserum. (B) Representative HE staining
of glomeruli are shown at an original magnificatioh400x. (C and D) Morphometrical analysis of
segmental and global glomerular lesions (left) ahdlomeruli with crescents (right) as described in
methods (section 3.8.1). (E) CD31 and MPO immunoisig representing NETs formation in the

glomeruli close association with the endotheliallsgecontrol 1gG group shows focal loss of

endothelial cell positivity compare to anti-histohgG group. (F) Quantification of the mean

fluorescence area for MPO and CD31 positivity iongeruli. Data are means = SEM from five to six
mice in each group. * £ < 0.05, ** =P < 0.01, *** =P < 0.001 versus control IgG.
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4.5.3Neutralizing histones protects the glomerulardiitvn barrier in glomerulonephritis

Because histones were shown to be toxic in gloraermdothelial cells and podocytes
vitro, we assessed the effect of anti-histone IgG treatnon the glomerular capillary
ultrastructure during severe GR-vivo via transmission electron microscopy. As illusttht

in Figure 28, mice that received only control Igfeatment showed severe glomerular
damage with fibrin deposits replacing large glonterisegments (fibrinoid necrosis). The
capillary loops showed extensive GBM splitting aththning, prominent endothelial cell
nuclei, massive subendothelial edema with closufethe endothelial fenestrae, and
obliteration of the capillary lumina (Figure 28,pgv panel, left). Subendothelial transudates
(leaked serum proteins) and luminal platelets aadtrophils were also noted (Figure 28,
upper panel, right). Severe podocyte injury witffusie foot process effacement, reactive
cytoplasmic changes and detachment from the GBM apparent (Figure 28, both pictures
upper panel). In contrast, glomeruli from miceettped with anti-histone IgG showed
restored endothelial fenestrations, flat appeagndothelial cells and preserved podocytes

with intact foot processes (Figure 28, lower panel)
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0-Hist. IgG

Figure: 28. Transmission electron microscopy of antiserum-gedli GN revealed extensive
glomerular injury with fibrinoid necrosis (uppefftle endothelial cell swelling, luminal thrombosis,
and intraluminal granulocytes (upper middle andhtligPodocytes show foot process effacement (all
upper images). Pre-emptive treatment with antienistigG decreased most of these abnormalities in
particular the endothelial cell and podocyte utttagure (lower images).
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4.5.4. Anti-Histone IgG treatment maintains podocytesadit

A hallmark of glomerular diseases is an increaggrateinuria. This is mainly due to the loss
of podocytes. To further investigate the cytotoritect of histones onn-vitro cultured
podocytes, we stimulated the cultured monolayatiftérentiated podocytes with histones in
the absence or presence of anti-histone 1gG. Afterhours, we measured the detached
podocytes by counting the floating (detached) pgtesc manually in the culture
supernatants. We found that addition of histones ading to a significant increase in the
percentage of detached podocytes in the controldgsbip (Figure 29, black bars). In the
presence of anti-histone IgG, the percentage adctied podocytes significantly decreased

indicating the killing action of histones on cukdrpodocytes (Figure 29, white bars).
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Figure: 29. Anti-histone 1gG and podocyte detachmantitro. Murine podocytes were exposed to
histones with or without anti-histone 1gG. Data whihe mean percentage + SEM of podocytes that
were detached from the culture dish within 24 hoti*s= P < 0.001 versus control IgG.

Next, to confirm the effect of histone neutralipation podocyte counts in oum-vivo

antiserum-induced GN model, we have used a co-inogtaming of WT-1 and nephrine to
locate the podocytes in the glomerular turf. WT+kd] and nephrin (green) co-
immunostaining revealed that anti-histone 1gG Iprgeevented podocyte loss in antiserum-
induced GN (Figure 30A), which was consistent vaithincreased number of WT-1/nephrin+
podocytes compared to control IgG (Figure 30B). day 7, we also noticed a significant

reduction of the albuminuria following injection thianti-histone 1gG in GBM antiserum-
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treated mice, which was not observed on day 1 (Ei§0C). These results demonstrated that
extracellular histones induced severe GN by caugioigerular vascular injury and podocyte
loss. Furthermore, anti-histone 1gG also showedgaif&cant decrease in the proteinuria
compare to the control group, which further confirthe maintenance of podocytes and

endothelial barriers in anti-histone 1gG treatedeni
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Figures: 30.(A) Immunostaining for WT-1 (red) and nephrin (gn¢ was used to quantify podocytes.
(B) The number of nephrin/WT-1+ podocytes followiagti-histone 1gG treatment on day 7 during
antiserum-induced GN. (C) Urinary albumin/creatsmtio was determined on day 1 and day 7 after
antiserum injection. Data represent mean + SEM fligmto six mice per group. * £ < 0.05, *** =

P < 0.001 versus control IgG.
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We further analyzed the urinary albumin/creatiniaBos and the number of podocytes by
immunostaining for nephrin and WT-1 in PAD inhibsHipeated mice. The blockade of

NETosis using the PAD inhibitor resulted in a deseein the albumin/creatinine ratio but in
an increase in the number of podocytes similah&b observed with anti-histone 19G (Figure
31A and 31B)
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Figure: 31. (A) Urinary albumin/creatinine ratio and (B) numb® podocytes after blocking NETs
with the PAD inhibitor. Data represent mean + SHuhT five to six mice of each group. *B <
0.05, *** = P < 0.001 versus vehicle group.

4.5.5 Extracellular histones drive glomerular leukocyeruitment and activation

Infiltrating leukocytes are a key source of exttadar histones during severe GNand exert
important effector functions including the prodoctiof chemokines during the pathogenesis
of GN'””. One such chemokine is Chemokine (C-X-C motifatig 2 (CXCL2), a small
molecule belonging to the CXC chemokine family thstalso known as macrophage
inflammatory protein-2 (MIP-2). CXCL2 is mainly seted by monocytes and macrophages,
and functions as a chemoattractant for polymorphblean leukocytes (neutrophils) and
hematopoietic stem celf§® To investigate whether GEnC also express CXCLRured
GENC were stimulatedh-vitro with GBM antiserum at a concentration of 30ul/rat 6
hours and mRNA isolated from those samples weré/zed for the expression of CXCL-2
by gRT-PCR. The results showed that stimulatioglomerular endothelial cells with GBM
antiserum triggered the expression of CXCL2 (Fig8®¢ indicating that CXCL2 may well
be the major chemokine for neutrophil infiltratiorto the glomeruli and further pathogenic

effects.
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Figure: 32. CXCL2 mRNA expression in glomerular endotheliallceExposure of GEnC to

glomerular basement membrane (GBM) antiserumul(B0) induced the expression of MIP-
2/CXCL2 mRNA, as determined by gRT-PCR. Data aeerttean + SEM from three independent
experiments. ** =P < 0.01 (Student’s t-test).

Finally, we investigated the effect of leukocytéltration in thein-vivo setting of severe GN.
Immunostaining and manually counting of the numifeneutrophils and macrophages per
glomeruli showed that anti-histone 1gG treatmimntivo significantly reduced the numbers
of glomerular neutrophils (Ly-6B.2) and macrophagec-2) during severe GN (Figure
33A). Furthermore, flow cytometry analysis of renall suspensions was used to unravel the
distinct renal mononuclear phagocyte populationsndusevere GN. As shown in Figure
33B, we have identified 5 distinct cell populationghereby the F4/80+ cells, F4/80+
MHCII+ cells and CD11b+ CD103+ cells were predomithapresent in the kidney. Upon
treatment with anti-histone IgG, the number ofcall populations was significantly reduced
(Figure 33B).
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Figure: 33. Leukocyte recruitment and activation during glootenephritis (A) Glomerular
neutrophil (Ly-6B.2) and macrophage (Mac-2) infitts were quantified by immunostaining.
Representative images are shown at an original ifizafion of 400x. (B) Leukocyte activation was
guantified by flow cytometry of renal cell suspems harvested 7 days after antiserum injection.
Data represent mean + SEM from five to six miceath group. * # < 0.05, * =P < 0.01, ** =P

< 0.001.
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In anin-vitro experiment we also showed that histones are ahtatice the upregulation of
activation markers such as MHCII, CD40, CD80, amBg& in cultured bone marrow-derived
dendritic cells (BMDCs) in a dose-dependent manthat were significantly reduced
following anti-histone IgG administration (Figuré)3 Taken together, thi-vitro andin-

vivo data in this section demonstrated that extra@elldlistones triggered glomerular

leukocyte recruitment and activation that can loeekéd with anti-histone IgG.
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Figure: 34. Cultured bone marrow-derived dendritic cells wesgosed to increasing doses of
histones as indicated. After 24 hours, flow cytametas used to determine the percentage of cells
that expressed the activation markers MHCII, CD@D80 and CD86. Data are means + SEM from
three independent experiments. P=< 0.05, ** =P < 0.01, *** = P < 0.001.
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4.5.6 Extracellular histones trigger intraglomerular ThFelease and thrombosis

Activated mononuclear phagocytes have been showbet@n important source of pro-
inflammatory cytokine production during glomerulalisease. Among these, TNf-
particularly contributes to the loss of podocytesyteinuria, and glomerulosclerd$ts To
investigate whether histones can trigger the prodlniof TNF-o in mononuclear phagocytes,
we cultured J774 macrophages and bone marrow dedeedritic cells (BMDCs) in the
presence of different concentrations of histoimegitro and measured the secreted level of
TNF-a via ELISA. As shown in Figure 35A, histone-stimeld J774 macrophages and
BMDCs produced TNFe that was completely inhibited following additioi anti-histone
lgG. We next assessed the glomerular TdNExpressionn-vivo on day 7 after antiserum
injection. Immunostaining displayed a robust Thpesitivity within the glomerular tuft that
was not only expressed by the infiltrating cell$ &lso present in the inner and outer aspect
of the glomerular capillaries (Figure 35B). Intdénegly, anti-histone IgG treatment
significantly reduced the glomerular TNFositivity, which was consistent with the
corresponding renal MRNA expression levels (FI5F€). TNFea is not only an inducer of
NETosis but can also trigger the prothrombotic\atstiof (glomerular) endothelial cells and
intravascular fibrin formatiofi**®® In our GN model, the glomerular capillaries were
expressing global fibrinogen that was significardgcreased with anti-histone IgG (Figure
35D). This was also the case for the fibrinogen mMR&lels in the presence of anti-histone
IgG (Figure 35E). These results highlighted the ontgnce of extracellular histones in
triggering intraglomerular TN production and microthrombi formation within the

glomerular capillaries.
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Figure: 35. Histones activate TNE-production. (A) J774 macrophages and bone marrendrtic
cells (BMDCs) were cultured in the presence ofatdht concentrations of histones with or without
anti-histone 1gG and secreted TNHevels determined by ELISA. Data are means + SEhfthree
independent experiments. *** B < 0.001 by two-way ANOVA with Bonferroni's postdte (B and

D) TNF-a and fibrinogen immunostaining on renal sectionsnfiboth treatment groups taken on day
7 after antiserum injection. Representative imagesshown at an original magnification of 400x. (C
and E): Real time RT-PCR for TNrand fibrinogen mRNA on renal tissue on day 7 aditgiserum
injection. Data are means = SEM from at least foveix mice in each group. *B < 0.05.
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4.5.7 Extracellular histones activate parietal epithadills via TLR2/4

Mitogenic plasma proteins that are leaking fromitijgered glomerular capillaries can cause
PEC hyperplasia and glomerular crescent formattdf?'% To investigate whether released
DAMPs and leaked serum proteins as a result of tetlal damage and during the GN are
responsible for the activation of PECs and cresfmmation, PECs were first fluorescently
stained with claudin-1 and the activation marker-tvAs shown in Figure 36A, PECs were
identified as claudin-1/WT-1 positive during antis®-induced GN glomerular
crescent¥®®” However, in the presence of anti-histone 1gG, ®E@re less positive for
WT-1 indicating that histones can induce the atitiveof PECs. Secondly, we performied
vitro experiments, where cultured and fully differer@aPECs were stimulated with a low
dose of histones (20ug/ml) in the presence of wiffe concentration of serum. The data
showed that PECs significantly increased their ifa@tive capacity when treated with
histones in the presence of different concentratioh serum (Figure 36B) that was
significantly abolished following addition of arttistone IgG or anti-TLR2/4 antibodies
(Figure 36C). Thirdly, the blockade of TLR2/4 redddistone-induced mRNA expression of
activation markers like CD44 and WT-1 in PECs (IFgg36D). Besides the effect of anti-
histone IgG and anti-TLR2/4 antibodies to block ttveic effect of extracellular histone, the
same capability was attributed to heparin and réioant activated protein C (aPEY* As
such, the protective effect on PEC activation waisfiomed by heparin, activated protein C
(aPC), anti-TLR2/4 as well as anti-histone IgG timeant (Figure 36D).

Finally, heparin and aPC were shown to be ableippiess the cytotoxic actions of histones
on glomerular endothelial cells in the same wag bti-histone 1gG did (Figure 37A-37B).
Thus, extracellular histones can activate PECsTihR2/4-dependent manner, a process that
may act synergistically with other triggers of PRgperplasia during crescent formation and
that can be blocked by anti-histone IgG, aPC oahap
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Figures: 36. (A) Renal sections were stained with claudin-1d(renarker for parietal epithelial
cells/PECs and some tubular cells), WT-1 (greermrkenafor podocytes and activated PECs), and
DAPI (blue, DNA marker) in the absence or preseasfaanti-histone IgG during severe GN crescents.
Original magnification: x200. (B) Cell viability (MT assay) was determined by cultured PECs in the
presence of different serum concentrations togetliger a low concentration (2@/ml) of histones
that without serum reduces PEC viability. (C) PEA2dility was measured by MTT assay following
treatment with anti-TLR2 and anti-TLR4 antibodiexdaanti-histone 1gG to neutralize the histone
effect on PEC growth. Data are mean OD + SEM dfd¢hexperiments measured at a wavelength of
570 nm. (D) RT-PCR analysis of PECs stimulated Wi#tones and various neutralizing compounds
(anti-histone IgG, 5@g/ml heparin, 500nM activated protein C, 1ng/mi-dntR2 or -4). Note that all
these interventions blocked histone-induced CD4#t \WWT-1 mRNA expression. Data are means +
SEM of three experiments. *E< 0.05, * =P < 0.01, *** =P < 0.001.
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4.6. Delayed onset of histone neutralization still improves severe glomerulonephritis

The results within this thesis have shown thatgmgtive histone neutralization contributes
to the amelioration of the pathogenesis of seveXe This has let us to the question: Could
histone neutralization be a potential therapeugipr@ach for treating already established

severe GN?

We used the aforementioned three therapeutic iet¢ions including anti-histone IgG,
heparin, and aPC due to their capability to conghjdblock histone toxicity on glomerudk-
vivo (section 4.3.1 and 4.6). To investigate the thewsip effect of the histone blocking
agents (anti-histone 1gG, heparin and aPC), we utdited first isolated glomeruli with
histones at a concentration of 50 pg/ml 24 houorpto the treatment with agents and
performed the lactate dehydrogenase (LDH) releasayato check the cytotoxic effect of
histone on isolated glomeruli. As shown in Figur@A3 all histone blocking agents

significantly reduced the LDH release compare &dbntrol IgG or vehicle group.

To further test the effect of histone neutralizatitherapeutically, a number a@h-vivo
experiments were performed, whereby 100 pl of GBitlsarum was injected 24 hours prior
to treatment with anti-histone IgG, heparin, andCaPn day 2, increased proteinuria and
elevated BUN levels were observed in all groupepahdent of the therapeutic intervention
with histone blocking agents (Figures 38B and 38@jwever, on day 7 after establishing
GN, all treatment approaches significantly redupkgma creatinine levels, proteinuria, and
podocyte compared to control IgG (Figures 38B-Diytikermore, the therapeutic blockade of
histones not only significantly reduced the peragatof glomeruli with global lesions or
halted damage (Figure 39A-B) but also the percestanf glomerular crescents by 80%
(Figure 39C) and the percentage of hpf of cast siéipa, which features secondary tubular

injury (Figure 39D).
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Figure: 38. Delayed histone blockade still improves glomerelaritis. (A) Glomeruli were isolated
from wild type mice and incubated with histonesthie presence or absence of anti-histone I1gG,
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Next, we determined the number of infiltrating meptils and macrophages within the
glomeruli by histology as well as looked at thegaetage of immune cells in GN-induced
mice. As demonstrated in Figure 40A and 40B, lesg#rophils and macrophages infiltrated
the glomeruli following treatment with the histohlcking agent anti-histone 1gG, heparin
or aPC. Flow cytometry analysis of kidneys fromi-tagtone IgG, heparin or aPC-treated
GN mice showed a significant reduction in the petage of all intrarenal leukocyte
subpopulations including neutrophils, macrophagesdritic and T cells as well as their
status of activation compared to control IgG-trdatece (Figure 41A and 41B).
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Figure: 40. Therapeutic histone blockade and renal leukocResal sections were obtained on day
7 and stained for neutrophils (A) and Mac2 (macemas, B). Data represent mean glomerular cell
counts £ SEM of 5-6 mice in each group. P=< 0.05, ** =P < 0.01, *** =P < 0.001 versus control
IgG or vehicle.
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4.7. Delayed onset of histone neutralization using combination of histone blocking agents

improves sever e glomerulonephritis but had no additive effects

Finally, we investigated the effect of histone malization using a combination therapy of
the previously used histone blocking agent antielnis IgG, heparin and aPC in a GBM
antiserum induced severe GN model. Although contlmnaherapy using all three agents
resulted in a reduction in the urinary albumin/tireae ratio and creatinine levels (Figure 42
upper and lower), it did not further decrease pnotga and creatinine levels compared to the
individual treatments. Taken together, therapehistone blockade with anti-histone 1gG,

heparin or aPC and in combination protected fromalre&lysfunction and structural injury

during severe GN.
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Figure: 42. (A) Effect of different treatments and combinatiminanti-histone 1gG, heparin and aPC

on proteinurea of anti-GBM induced glomerulonepdian day 7 and (B) the creatinine levels. P=
< 0.05.
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5. Discussion

There have been many studies that have exploremhib&vement of DAMPS in association

with GN. This thesis provides further insights inkee novel pathomechanisms involved in
the progression of GN and CKD, in particular thaurse, release and toxic effects of
extracellular histones and the beneficial outconfdslocking released extracellular histones
using anti-histone 1gG and histone neutralizing négdike heparin and aPC during the
pathogenesis and progression of necrotizing aretergic GN.

The foremost questions we wanted to answer byrélsisarch are: Do dying glomerular cells
and NETting neutrophils release extracellular meg®? Are they contributing to the
development of crescentic GN? Dying glomerularscelhd NETs formation within the
glomerulus have been shown to release cellular coamis, which act as DAMPs to elicit
cytotoxic and immunostimulatory effects on glomarutells leading to the progression of
crescentic GRF* The data presented in this thesis also confirat éxtracellular histones
released from dying glomerular cells and NETs exéibcytotoxic and immunostimulatory
effects causing the development of crescentic GINthErmore, neutralizing extracellular
histones was effective during both treatment apgres, prophylactically and therapeutically
indicating that histone neutralizing agents hawe fibtential to serve as therapeutics during

severe GN.

As mentioned above, NETosis is a regulated formnetitrophil death and was first
discovered in 2004 in the context of being a neltilespecific mechanism required for
kiling of extracellular bacterfd Reports have shown that NETosis is not only an
antibacterial host defense mechanism but can asar @uring sterile inflammation because
NETosis can be triggered via pro-inflammatory cytels such as TNE- Ourin-vitro studies
showed that a sublethal dose of ThFRs sufficient to trigger NETosis-driven injury in
glomerular endothelial cells, as illustrated in ufg 43B. The ability of NETs to Kkill
glomerular endothelial cells was solely dependanttlte presence of histones generated
within the NETs structure. This killing effect ofEN's could be reversed by the addition of
anti-histone 1gG antibody (Figure 43C). Interesyndplocking NETsin-vivo using the PAD
inhibitor Cl-amide, which blocks the citrulinatiaf histone H3, prevented NETs formation
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by neutrophils and resulted in the protection oferfrom developing GN. This is consistent

with previous findings in a mouse model of lupuphmétis™®®
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Figure: 43. Diagram representing the formation of NETs inevitmd killing action of NETs when
neutrophils get activated in the presence of TNFA) Normal endothelial monolayer with
unstimulated neutrophils. B) Endothelial monolayercultured with NETs forming neutrophils
following stimulation with TNFe.. C) Endothelial monolayer with TNé-activated neutrophils in the
presence of anti-histone 1gG.

NETosis causes the release of many aggressiveapestieoxygen radicals and potentially
DAMPs into the extracellular space that drive véacunjury in the glomerulus. For example,
DAMPs can activate TLRs and other pattern recogmitieceptors of the innate immune
system leading to sterile inflammation. Our datavndemonstrate an essential role for
DAMPs in particular extracellular histones. Extiddar histones have been reported to
contribute to endothelial dysfunction, organ faluand death during sepsis as a result of
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microvascular endothelial cell injury in the IdfigReports have further explored the
thrombogenic potential of extracellular histonest exert their action via direct activation of
endothelial cells and plateléts®101113139.147gimjjarly, in experimental infection and sepsis
models, NETosis is most likely the source of exdHatar histones, whereas in mechanical
trauma, toxic liver injury, cerebral stroke and pgshemic renal tubular necrosis histones

are also released from dying tissue éefls

The data herein show that injection of extracetflbigtonesn-vivo into healthy mice through
the renal artery clearly triggered the killing actiof histones in glomerular cells, which
resulted in the progression of glomerulosclerostgs was the case for anti-GBM-induced
glomerulosclerosis, as illustrated in Figure 30e Thechanisms involved in histone toxicity
are not entirely understood. However, there is @we indicating that histones exert their
killing activity due to their strong basic charge,TLR-independent form of cytotoxicity
While the basic charge of histones is required iwithe nucleus to neutralize acidic residues
of the DNA, the basic charge outside the cell hascapacity to damage the cell membPane
Reports have shown that the polyanion heparin daokhthis charge effect of histones,
which may well explain its antagonistic effect orstbne toxicity in-vitro and in-vivo.
However, we and others discovered that histone# also DAMP-like immunostimulatory
activity by activating TLR2, TLR4, and the NLRP3flammasome in dendritic cells and
possibly other immune cell type$°*%*2! This represents another pathway of how
extracellular histones trigger sterile inflammati@ecause TLR2 and TLR4 (but not NLRP3)
are known to induce glomerular injury in the helegous anti-GBM GN model and are
expressed inside the glomerulus in human ANCA Jésguwe further explored the
association of the histone-TLR2/4 &%i¥®189191 The data herein show tH#ir 2/4-deficient
glomeruli were protected from histone-induced ipj@x-vivo and in-vivo implying that
histone-related glomerular injury occurs in a TLR8Ependent DAMP manner. However, in
the presence of serum the cytotoxic effect of lmssoon PECs can be reversed leading
instead to PEC proliferation, which was entirelyRA/4 dependent. Although PEC necrosis
can be followed by excessive PEC recovery leadmgPEC hyperplasia and crescent
formation®), concomitant plasma leakage and histone releaséder additional mitogenic
stimuli during severe GRP (Figure 44).
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Figure: 44. Schematic representation of normal glomeruli adérsetic glomeruli with capillary
necrosis, hyperproliferation of PECs leading toscemts and podocytes detachment and death that
further aggravates to proteinuria.

To explore the potential efficacy of histone blod&aduring severe GN, we applied three
different treatment agents of histone inactivatibine experimental therapeutic approaches of
histone neutralization were based on pre-emptigost-induced GN using anti-histone IgG.
Both therapeutic approaches with anti-histone Ig&l fa protective effect on the GN
pathogenesis in accordance with reduced glomeinjlaty, proteinuria, and serum creatinine
levels. A similar effect on the pathogenesis of G\ blocking histones was observed
following heparin treatment, which was consisterthypreviously published findings in GN
models$®®. Furthermore, we have also demonstrated that imepan inhibit the direct toxic
effects of histones on glomerular endothelial ¢ellsich is in line with reports investigating
other cell type¥ ?3139140147 prayiously, aPC has been reported to be ableegrade
extracellular histoné& Like anti-histone IgG and heparin, aPC was egueffective in
abrogating extracellular histone toxiciip-vitro and severe GNn-vivo. The fact that

combination therapy of all three agents did nowshay additive effect supports the concept
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that their protective effect on GN occurs via higoneutralization and not via unrelated

mechanisms.

The anti-GBM induced severe GN model mimics the &N conditions. However, the

main limitations of this study are that the antid{@Bnodel is an artificial condition to induce

GN by using antiserum against the collagen preserthe GBM membrane and that the
pathogenesis is short and severe with a high nuwfbeeterologous antibodies, which have
direct killing effect on glomerular cells unlike imuman GN. The disease severity might
differ between the dose and batch of the serum. Faather studies are required to confirm
the histone neutralization in human disease camdito make an effective treatment of

blocking histones during GN in humans.

Taken together, NETosis releases histones int@xtracellular space where they exert their
toxic effects on glomerular endothelial cells amatipcytes. Extracellular histone-induced
glomerular injury depends on signaling through bmtheptors TLR2 and 4. In contrast,
histone neutralization either by anti-histone Ig&€combinant aPC or heparin abrogates the
pathogenesis of GBM antiserum-induced severe GMNvath the pre-emptive and post-
established model. In summary, extracellular hissorepresent a novel therapeutic target in

severe GN.
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6. Conclusion

The research presented within this thesis focusethe functional role of extracellular and
NETs-related histones during the pathogenesisvareegGN and provides new insights into a

potential anti-histone therapy in targeting hiseteprevent severe GN and CKD.

The findings of the current study have multiple lizgtions that are listed as followed and

summarized in Figure 43:

» Extracellular histones released from dying celld &ETs contribute to glomerular
cells death, mainly in GEnC.

* Extracellular histones are pro-inflammatory andivaté dendritic cells and
macrophages to release inflammatory cytokines.

» Extracellular histones show its toxic effects byiaating TLR2/4 receptors.

» Extracellular histones activate PECs bathvitro and in-vivo leading to crescent
formation.

* Blockade of NETs by using a PAD inhibitor ameli@stall aspects of GBM
antiserum-induced glomerulosclerosis.

* Pre-emptive as well as delayed onset of histoné¢raleaation either by anti-histone
IgG, recombinant aPC or heparin abrogates all asp#cGBM antiserum-induced

severe GN.

Taken together, our research highlights the impogaof extracellular histones as crucial

mediators of severe GN.
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Figure: 45. Schematic representation of mechanism involved tie pathogenesis of
glomerulonephritis and involvement of extracelluiéstones release from dying glomerular cells and
NETing neutrophils.
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7. Future Direction

It has been reported that histones show their aytoty due to the strong positive charge
present on their surface, but not much informatisncurrently available regarding the
specific cell death pathways. Future studies cbeldindertaken to determine the mechanism
by which histones show their cytotoxicity. It wousdso be interesting to know whether
histones exert cytotoxic effect via special regdatecrosis pathways or by simple apoptosis
of cells.

Histones have been demonstrated to be involvechenplathogenicity of GN by killing
endothelial cells and other glomerular cells. Itwdobe interesting to study the effect of
different cell death inhibitors in the GBM antiserinduced GN, for example using

inhibitors for necroptosis, ferroptosis or CycldphD-mediated necrosis.

GBM antiserum-induced GN resulted in the infiltoati of macrophages and blocking of
histones reduced both infiltrating cells and cytekiproduction during the disease. Here it
would be of interest to investigate the role oftéme neutralization and differentiation of
macrophages into an anti-inflammatory M2-like matrage phenotype or a wound
healing/fibrotic-like macrophage phenotype and d¢okl at the functional role of these

macrophage phenotypes during GBM antiserum-ind@&d

In our GBM antiserum-induced GN in-vivo model, wavk reported heparin as a therapeutic
histone neutralizing agent and showed a good groteof the disease progression in regards
to reducing proteinuria, BUN levels and decreasitiigmmation. Therefore, it would be of

great importance to study the effect of heparipatients who have severe GN to show its

valuable clinical efficacy.
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9. Abbreviations

AKI

ANCA
aPC

BUN

DAMPs
DCs
DN
DNAA

ELISA

GBM
GENnC
GN

HMGB1
HSP

IFN-y

LRRs
MPO

NET
NLR

NLRP3

O.D.

Acute kidney injury PAMPs
Ant_l-neutrophll cytoplasmic PAS
antibody
Activated protein C PECs
PRRs
Blood urea nitrogen
RAGE

Damage-associated molecular

RNA
patterns
Dendritic cells ROS
Diabetic nephropathy RPGN
Deoxyribonucleic acid

SLE

Enzyme linked immunosorbent

assay

Glomerular basement membrane TLRs
Glomerular endothelial cells TNF
Glomerulonephritis

High mobility group box-1
Heat shock proteins

Interferon-gamma
Interleukins

leucine-rich repeats
Myeloperoxidase

Neutrophils extracellular traps
Nod-like receptor

NOD-like receptor family,

pyrin domain containing 3)

Optical density

Pathogen-associated molecular
patterns

Periodic acid Schiff
staining
Parietal Epithelial Cells
pattern recognition receptors

Receptor for advanced
glycation end-products
Ribonucleic acid

Reactive oxygen species
Rapidly-progressive
glomerulonephritis

Systemic lupus erythematosus

Tool like receptors
Tumor necrosis factor



Appendix 116

10. Appendix

Composition of buffers used

FACS buffer :

Sterile DPBS 500 ml
Na Azide 500 mg (0.1 %)
BSA 19 (0.2 %)

10X HBSS (Hank’s Balanced Saline Solution) with ®lay;

For 1000 ml
KCI 49
KH PO 0.6g
2 4
NaCl 80¢
NaHPO .2H O 0.621 g
2 4 2
NaHCO3 35¢
CaCI2 1.4 g (or CaCZLZHZO 1.854 g)
MgCI2.6HZO 19
MgSO4.7HZO 1lg
D-Glucose 10 g

Dissolve in 900 ml of distilled water and adjusiptd 7.4 with 1N HCI or 1N NaOH.
Make up the volume with distilled water to 1000 ml.

10X HBSS (Hank’s Balanced Saline Solution) with@at Mq:

For 1000 ml
KCI 49
KH2PO, 0649
NaCl 8049
NazHPOA.ZHZO 0.621g

Dissolve in 1000 ml and autoclave.

DNAse stock solution (1 mg/ml):
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DNAse (type III) 15000 U/6 mg (Sigma D5025)
To prepared 1 mg/ml solution:
Add 6 ml of 50 % (w/v) Glycerol in 20 mM Tris-HCpK 7.5), 1 mM MgCh

0
Can be kept at — 2@ for several weeks.

0
Caution: Solution is stable only for 1 week at4

50 % Glycerol in 20 mM Tris-HCI (pH 7.5), 1 mM qu:l

a. 0.48 g of Tris-HCI in 100 ml of distilled watedjust pH to 7.4 (= 40 mM)
b. 50 ml of Glycerol 100 % + 50 ml of 40 mM Tris-HR0 mM)
c. Add 100 ul of 1M MngIsqution.

Collagenase / DNAse solution:
1 mg/ml Collagenase, 0.1 mg/ml DNAse in 1X HBSStivga, Mg)
For 10 ml:
Collagenase (type 1) (Sigma C0130) 10 mg

1 mg/ml DNAse stock solution 1ml
HBSS (with Ca, Mg) 9 mi

0
To be preheated in 3T water bath before use.
Caution: Prepare freshly every time (Stable onhféav days)

Collagenase solution:
1 mg/ml Collagenase in 1X HBSS (with Ca, Mg)

For 10 ml:
Collagenase (type I) 10 mg
HBSS (with Ca, Mg) 10 ml

0
To be preheated in 3T water bath before use.
Caution: Prepare freshly every time (Stable onhyféav days)

EDTA 2 mM:
EDTA 7.44 mg in 10 ml HBSS (without Ca, Mg)
To be preheated in 37 OC water bath before use.
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Citrate buffer 10X:
110 mM Sodiumcitrate in ddH20
with 2N NaOH to pH 6

2.74 M NaCl
54 mM KCI
30 mM KH2PO4
130 mM Na2HPO4
in ddH20

Adjust pH to 7.5 with HCI

TBS (10x):
Tris 24.239g

NaCl 80.06g
Conc. HCL around 17.5ml
Make up volume to 1000ml (pH 7.6)



Eidesstattliche Versicherung

VANKAYALA RAMAIAH, SANTHOSH KUMAR

Name, Vorname

Ich erklare hiermit an Eides statt,

dass ich die vorliegende Dissertation mit dem Thema

EXTRACELLULAR HISTONES CAUSE VASCULAR NECROSIS IN
SEVERE GLOMERULONEPHRITIS

selbstandig verfasst, mich aulBer der angegebenen keiner weiteren Hilfsmittel
bedient und alle Erkenntnisse, die aus dem Schrifttum ganz oder annahernd
ubernommen sind, als solche kenntlich gemacht und nach ihrer Herkunft unter
Bezeichnung der Fundstelle einzeln nachgewiesen habe.

Ich erklare des Weiteren, dass die hier vorgelegte Dissertation nicht in gleicher oder

in ahnlicher Form bei einer anderen Stelle zur Erlangung eines akdemischen Grades
eingereicht wurde.

Munich, 18.02.2015 Santhosh Kumar VR

Ort, Datum Unterschrift Doktorandin/Doktor

Eidesstattliche Versicherung Stand: 31.01.2013



