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1. Introduction

1.1.Autoimmune vasculitis

Vasculitis encompasses a group of life-threatening diseases causing severe
inflammation within blood vessels. Inflammation can lead to rupturing or narrowing
of blood vessels damaging the organs supplied by these. The most commonly
affected are the kidney, respiratory tract, and skin [1]. Vasculitis can be a primary
autoimmune disease or manifest secondarily after an earlier illness, infection, or
medication [2]. In 2012 a new nomenclature was introduced, classifying idiopathic
vasculitis diseases based on the affected vessel size. According to this, vasculitis is
divided into large, medium, or small vessel vasculitis [3]. This thesis focuses on a
subgroup of small- and medium-sized blood vessel vasculitis called anti-neutrophil

cytoplasmic antibodies (ANCA)-associated vasculitis.

1.1.1.ANCA-associated vasculitis

ANCA-associated vasculitis (AAV) is a subgroup of small- and medium-sized vessel
vasculitis characterized by the abundance of ANCA. These autoantibodies are
mainly directed against myeloperoxidase (MPO) or proteinase 3 (PR3). AAV has an
incidence of around 20 million people per year in Europe and, overall, a slight male
predominance [4]. However, within the group of MPO-vasculitis, which is the subject

of investigation in this thesis, women are more prone to develop the disease (64 %)

[5].

AAV manifests with increasing age, peaking at around 60-75 years [6]. Although
pathology involves several organs, kidney failure and lung hemorrhages are the
most severe manifestations with poorer prognoses [7]. Patients with active disease
simultaneously suffer from lesions in different organs [8] and have a poor prognosis
if left untreated. 90% of patients without therapeutic intervention die within two
years of diagnosis [9]. Long-term immunosuppression is required, however, with the
consequence of severe side effects on immunity and fertility, among others (further
details on therapy for AAV are discussed in the respective Introduction section
1.1.3.). This prediction makes it crucial to investigate the underlying disease

mechanisms to elucidate different therapeutic approaches.
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1.1.2.Pathogenesis of ANCA-associated vasculitis
1.1.2.1.Autoantibodies

ANCA are found in 90% of patients with AAV and are thought to be involved in the
pathogenesis of ANCA-associated vasculitis [10]. The autoantibody targets MPO
and PR3 are mainly stored in primary granules of neutrophils [11]. However, as low
levels of ANCA are also found in healthy individuals, it is believed that they are not
pathogenic themselves [12]. A well-accepted hypothesis of disease pathogenesis is
that upon priming of neutrophils by a pro-inflammatory stimulus, MPO and PR3 are
translocated to the cell surface, enabling antibodies to bind their target [13, 14]. In
turn, neutrophils become fully activated, leading to respiratory burst and
degranulation, resulting in release of immunogenic DNA into the extracellular milieu
(Figure 1) [15]. Some studies suggest that increased attachment of neutrophils to
the vessel wall and the release of inflammatory cytokines provoke damage to
endothelial cells, resulting in pulmonary hemorrhages or kidney damage [16].
Although AAV is traditionally considered a ‘pauci-immune’ vascular inflammation,
meaning without deposition of immune complexes (IC), more and more studies
show IC deposition in the kidneys of patients with AAV [17] and its correlation with
aggravated disease progression [18]. IC may directly interact with endothelial cells
by binding via the Fc receptor [19]. However, if IC are involved in vessel breakdown

during vasculitis remains unknown.
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Figure 1: Currently proposed mechanism of ANCA-associated vasculitis. Bacterial or
viral infections, enhanced autoantibody production, and complement activation are
believed to activate neutrophils and trigger AAV pathogenesis. Neutrophils, in turn, release
pathogenic molecules like ROS, lytic enzymes, and NETs, which will damage endothelial
cells leading to, e.g., pulmonary hemorrhages. Figures were made with Biorender.com.

1.1.2.2.Cellular involvement

Vasculitis is a complex disease involving many different immune cell populations
contributing to pathogenesis. Besides neutrophils, which are the main source of the
ANCA targets MPO and PR3, other immune cells like monocytes and macrophages,
as well as T lymphocytes, were found to infiltrate lesions of AAV patients. They may

therefore be involved in disease pathogenesis [20].

Neutrophils are the leading producers of the ANCA targets MPO and PR3 and are
therefore considered to be an essential player in disease pathogenesis [21, 22].
Depletion of neutrophils completely inhibited glomerular histological injury in a
murine model of anti-MPO mediated glomerulonephritis [23], highlighting
neutrophils' central role in disease induction. One pathology in patients with AAV is

increased circulating DNA abundance [24-26]. Although the cellular source of



extracellular DNA is unclear, neutrophils are believed to release DNA in the form of
neutrophil extracellular traps (NETs). This extracellular DNA was found to be
decorated with several pro-inflammatory proteins, including histones,
calprotectin [27], LL-37 [28], neutrophil elastase (NE), MPO, and PR3 [29].

Besides the release of NETs [24, 30], in vitro neutrophil stimulation with ANCA also
induced the production of reactive oxygen species (ROS) [13]. Fuchs et al. identified
a novel cell death mechanism by which NETosis and resulting neutrophil death
depend on NADPH-oxidase-generated ROS [31].

Neutrophils may also mediate disease pathogenesis by producing pro-inflammatory
mediators such as metalloproteases (MMP)-3 and -9, which are common
biomarkers in patients with AAV [32, 33]. Metalloproteases regulate many non-
immunological processes like tissue remodeling as well as immunological
processes like effector functions or cell migration. MMP-9 was identified to mediate
neutrophil migration [34]. Interestingly, NADPH oxidase signaling up-regulated
MMP-9 [35], e.g., in atherosclerosis [36]. However, whether and how these factors

might contribute to disease pathology remains to be elucidated.

Monocytes’ role in AAV is still controversial. Monocytes also express MPO and
PR3, and there is evidence that they are targetable by ANCA [37]. For example,
O’Brien et al. demonstrated in their in vitro study an increased production of the
pro-inflammatory cytokines interleukin (IL)-1B, IL-6, and IL-8 by monocytes upon
ANCA stimulation [38]. Like neutrophils, monocytes were also found to produce
ROS upon ANCA stimulation [39]. Additionally, ANCA provoked the up-regulation of
CD14 - one of the receptors for lipopolysaccharide (LPS) [40], and LPS binding by
CD14 resulted in tumor necrosis factor (TNF)-a production by blood monocytes
[41]. In an open-label study of Infliximab - an anti-TNF-a antibody - effective
remission induction in patients with AAV was observed [42], suggesting TNF-a-

signaling to be an important mechanism in AAV pathogenesis.



Nevertheless, monocytes might be less likely targets of circulating ANCA as their
expression of MPO, and PR3 decreases significantly upon release from the bone
marrow into the blood [43] and further upon differentiation into macrophages [37].
Additionally, overall numbers of monocytes do not seem to be changed in patients
with AAV compared to healthy controls [44]. At the moment, in vivo studies have
elucidated the necessity of neutrophils in disease progression rather than the sole

role of monocytes [23, 45].

Macrophages undergo dynamic changes during inflammation. While monocyte-
derived macrophages are generally considered pro-inflammatory, tissue-resident
macrophages often fulfill anti-inflammatory roles. In ANCA-associated vasculitis,
macrophages accumulate in lesions of glomerulonephritis [46, 47]. Harper et al.
demonstrated that ANCA increased the opsonization of apoptotic neutrophils and
uptake by phagocytic macrophages, which on the one hand, supported tissue
clearance but, on the other hand, triggered the release of pro-inflammatory
cytokines [48]. Different studies have provided evidence of the anti-inflammatory
role of macrophages in AAV, demonstrating that at the side of lesions, macrophages
displayed increased expression of CD206 and CD163 [49], which suggests a
polarized healing-associated phenotype [50]. Additionally, soluble CCL2 and CD163
were increased in the urine of patients undergoing active vasculitis [51], indicating
monocyte recruitment to the side of the lesion and subsequent differentiating into

anti-inflammatory macrophages.

B cells are essential key players of ANCA-associated vasculitis during the initiation
phase, where an excessive production of autoantibodies is crucial for disease
pathogenesis [52]. In addition, there is increasing evidence for a pathogenic role of
B cells independently of antibody production. For example, B cells produce pro-and
anti-inflammatory cytokines by which they can regulate T cell responses and overall

innate immunity [53]. However, this function has not been investigated in AAV yet.



T cell help is required for an efficient class switch and affinity maturation of auto-
reactive antibodies. In this regard, dysfunction of T regulatory cells (Tregs) has been
shown to induce loss of tolerance, resulting in a pathogenic ANCA autoimmune
response [54, 55]. During disease flares in the clinically relevant effector phase,
increased soluble factors associated with T cell activation have been found in the
serum of patients with AAV, such as sIL2R, sCD30, or BAFF [56-58]. This suggests a
pathogenic role for T cells in AAV pathogenesis. Indeed CD4+ T cell depletion
attenuated disease progression without altering ANCA titers in a murine anti-MPO
glomerulonephritis model [59]. Also, in humans, treatment with Alemtuzumab - an
anti-CD52 antibody that selectively depletes lymphocytes - effectively induced
remission in patients with AAV. However, relapses and adverse effects occurred

frequently [60].

Endothelial cell (EnCs) damage followed by hemorrhages is a hallmark of
vasculitis. EnCs display an activated phenotype in AAV, indicated by increased
expression of adhesion molecules like intercellular adhesion molecule-1 (ICAM-1)
[61] and vascular cell adhesion molecule-1 (VCAM-1) [62]. Up-regulation of
adhesion molecules enables interactions with neutrophils that are essential for the
migration of neutrophils to inflammatory sites [63]. In line with this, Radford et al.
found increased adhesion of neutrophils to the endothelium upon ANCA stimulation
[64]. Neutrophil signaling led to permeability of the endothelium, which can be even
more perpetuated if neutrophils release, e.g., proteases like metalloproteases
(MMPs) or oxidants like ROS or nitric oxide (NO) [65]. Additionally, to the direct
interaction of endothelial cells and neutrophils, NETs were also found to cause
endothelium injury [66, 67]. Schreiber et al. showed that NETs from in vitro anti-MPO
activated neutrophils induced permeability in an endothelial cell monolayer
indicative of EnC damage. Inhibition of RIPK3-dependent necroptosis via Nec-1 and
DNase | treatment was strongly protective in this setup [68]. Histones bound to
NETs might be one mechanism of how NETs provoke endothelial or epithelial injury
[69].



1.1.3.Treatment of ANCA-associated vasculitis

As the underlying cellular and molecular mechanisms of ANCA-associated vasculitis
are poorly understood, the most common treatment option for patients with AAV is
the use of immunosuppressive agents like glucocorticoids and cyclophosphamides
[70]. Glucocorticoids have many immune-modulatory actions and are therefore used
as the standard therapy for autoimmune disorders [71]. Cyclophosphamide, on the
other hand, acts mainly by inducing lymphopenia, particularly of B cells, thereby

suppressing antibody responses [9], including those directed against self-antigens.

Although glucocorticoid therapy induced remission in up to 75% of the patients with
AAV, its long-term use often results in relapses [72]. Additionally, long-term
glucocorticoid therapy can cause severe side effects such as increased
susceptibility to infections, a higher risk of cancer growth, and infertility [73-75].
Indeed, within the first year of treatment with glucocorticoids, 48% of patients with
AAV died because of microbial infections while vasculitis-associated pathology only

accounts for 19% [76].

Therapeutic intervention targeting B cells, aiming at reducing the production of
pathogenic ANCA, was implemented in 2006, first to treat rheumatic arthritis [77].
However, several studies have demonstrated that B cell targeting therapy with
Rituximab has similar efficacy to standard immunosuppressive therapies for AAV
[72, 75, 78].

In 2021, FDA approved the use of the C5a inhibitor Avacopan for patients with
ANCA-associated vasculitis. Despite effectively induced remission, adverse effects
occurred in more than 80% of the patients receiving Avacopan in a randomized
study [79].

Thus, although the current treatment options can reduce the mortality rate to 25%
within five years of diagnosis, 50% of the patients still suffer from relapses [76]. In
addition, the currently available therapeutic interventions are still accompanied by
many adverse effects. This prediction makes it crucial to investigate the underlying
molecular or cellular disease mechanism of ANCA-associated vasculitis to identify

new targets to improve therapeutic avenues.
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1.1.4.Mouse models of ANCA-associated vasculitis

The molecular and cellular mechanisms underlying ANCA-associated vasculitis are
not well understood, partly because of the lack of suitable mouse models. The
identification of ANCA in humans in the 1980s [80] initiated the development of
mouse models mimicking AAV. Most established mouse models rely on the passive
transfer of ANCA, underlining their importance in disease pathogenesis. Currently,
anti-MPO antibodies are generated by immunizing MPO-deficient mice. The
isolated ANCA are then transferred in wild-type mice which will cause focal
necrotizing and crescentic pauci-immune glomerulonephritis [81]. Additional
treatment with LPS was found to increase disease severity [82, 83]. Nevertheless,

disease incidence and severity in those animal models are highly variable.

Another major disadvantage of most pre-clinical models is that they focus on kidney
disease development. When starting this project, there was no published MPO-
vasculitis mouse model for lung involvement. However, pulmonary inflammation and
hemorrhages are common complications in patients with AAV [74, 84] and the most
lethal disease manifestations during vasculitis flares [85]. Therefore, there was a
high need to develop a preclinical model that mimics severe pulmonary ANCA

vasculitis, which is part of this thesis.

1.2.Nucleic acid recognition in immunity

Nucleic acid sensing is a well-known defense mechanism against microbial
infections. Infections are recognized by the innate immune system via pattern
recognition receptors (PRRs) [86]. They are located in the cytosol or endosomes
where self-DNA is not commonly found, but bacterial or viral RNA/DNA may be
detected. Nucleic acid sensors like cyclic GMP-AMP synthetase (cGAS), absent in
melanoma 2 (AIM2), retinoic acid-inducible gene | (RIG-I), or toll-like receptors
(TLRs) belong to these PRRs. They can detect foreign DNA or RNA and, in turn,
trigger a pro-inflammatory response, often via type-I interferon (IFN) production [87,
88] (Figure 2).
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Figure 2: Endosomal and cytosolic nucleic acid sensors. Intracellular nucleic acid
sensors detect foreign and self ssRNA, dsRNA or dsDNA and induce a pro-inflammatory
immune response. Figures were made with Biorender.com. Adapted from [89].

However, certain conditions result in nuclear or mitochondrial DNA release to the
cytosol [90, 91] and the extracellular milieu [92, 93], where DNA can be recognized
by the PRRs mentioned above. In autoimmune systemic lupus erythematosus (SLE),
circulating extracellular DNA was elevated [92]. Later, Christensen et al. showed that
the detection of self-DNA by TLR7 was involved in the pathogenesis of SLE [94].
A regulated response to cytosolic or extracellular DNA is crucial. Nucleases degrade
RNA/DNA in endosomes and cytosol, preventing their accumulation outside the
nucleus. However, there are cases of pathogenic mutations, for instance, leading to
the inactivation of the cytosolic 3’ repair exonuclease 1 (TREX1), resulting in
cytosolic DNA accumulation, which triggers exacerbated nucleic acid sensing and
the development of the auto-inflammatory Aicardi-Goutieres syndrome [95].
Additionally, mutations that constitutively activate the nucleic acid sensing pathway
inducing pathology are reported. For instance, in STING-associated vasculopathy
with onset in infants (SAVI), a gain-of-function mutation in STING results in IFN

production and vascular injury [96].



1.2.1.cGAS-STING-type-I interferon pathway

DNA sensing by cGAS is considered the most common DNA recognition pathway.
Double-stranded DNA (dsDNA) binding to cGAS results in the production of the
second-messenger molecule 2’3’ cyclic GMP-AMP (cGAMP). cGAMP then binds to
the stimulator of interferon gene (STING), inducing its dimerization which, in turn,
initiates its translocation from the endoplasmic reticulum to the Golgi apparatus.
STING then recruits TANK-binding kinase 1 (TBK1), which upon phosphorylation,
recruits interferon regulatory factor 3 (IRF3), resulting in its phosphorylation and
dimerization. Finally, phosphorylated IRF3 is translocated to the nucleus, where

transcription of type-I interferons (IFN) is initiated [97] (Figure 3).

STAT

JAK1
TYK2 \/‘f\ 1
\ / CGAS |
IFNAR . 23
R -cGAMP —
<5 Nucleic acid
\\x sensing
STING \¥
tBK1 P
P
IFN-I IRF3

P
— IFN-I ﬁw / .

Figure 3: Nucleic acid sensing by the cGAS-STING-type-I interferon pathway. Double-
stranded DNA (dsDNA) gets sensed by cGAS, leading to the production of 2’3’ cGAMP.
This, in turn, will activate STING, which will translocate to the Golgi apparatus
phosphorylating TBK1. TBK1 induces phosphorylation of IRF3, which leads to transcription
of type-lI IFN after translocating to the nucleus. IFN-I can then activate the JAK/STAT
pathway in an autocrine or paracrine manner. Figures were made with Biorender.com.

Nucleus
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Type-I IFNs can signal via the interferon receptor (IFNAR) in a paracrine or autocrine
manner [98]. The respective receptor consists of two subunits - IFNAR-1 [99] and
IFNAR-2 [100]. The association of IFNAR with the Janus activated kinase (JAK1)
and the tyrosine kinase 2 (TYK2) and the downstream signaling has been
extensively studied [101, 102]. IFNAR activation triggers the expression of so-called
interferon-stimulated genes (ISG) with pleiotropic effects ranging from increased
cellular resistance and viral infection to promoting inflammatory immune response
[103].

Besides the cell intrinsic activation of STING, Ablasser et al. reported that cGAMP
can be transferred to neighboring cells through tight junctions to propagate and
amplify inflammation [104]. Additionally, it was shown that 2’3’ cGAMP can be
produced by bacteria, activating STING without previous recognition of DNA by
cGAS [105].

The importance of cGAS/STING-signaling in different diseases is striking. Due to its
central role in viral recognition of, for example, herpes simplex virus 1 (HSV-1) [106],
or Kaposi's sarcoma-associated herpesvirus (KSHV) [107], cGAMP is under
investigation to be used as an adjuvant. In an influenza vaccine model, co-
administration with cGAMP boostered the immune response [108]. But also, in
tumor immunity, cGAS was shown to be activated. Genome instability [109] or
mitochondrial damage [110] results in cytosolic DNA accumulation, which is sensed
by cGAS. Using STING agonists has been demonstrated to be a promising

treatment option [111].

1.3.Macrophages in health and disease

Macrophages are important phagocytes involved in infections, injury, or repair. In
the 1970s, macrophages were originally classified together with monocytes and
dendritic cells as part of the mononuclear phagocyte system [112]. It is now well-
accepted that macrophages develop from two independent origins. Embryonic
macrophages develop prenatally and independently of the hematopoietic lineage,
whereas macrophages during adulthood develop from infiltrating bone marrow-

derived monocytes.
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In general, it is believed that tissue-resident macrophages fulfill homeostatic
functions [113, 114] and play a crucial role in wound healing [115] and tissue
regenerative processes [116, 117]. For instance, during embryonic development,
macrophages phagocytose unwanted cell structures [118, 119]. Tissue-resident
macrophages specify phenotype and function within their particular organ and fulfill

homeostatic roles besides immune functions [120].

In contrast, monocyte-derived macrophages are considered more pathogenic.
Upon pathological conditions, Ly-6C+* monocytes are released from the bone
marrow via the CCR2/CCL2-axis [121] and differentiate in order to reconstitute
tissue macrophages [122]. Integration was shown, for example, in the heart after
myocardial infarction [123]. After they enter the tissue, monocyte-derived
macrophages can adapt to their new environment and become phenotypically
similar to tissue-resident macrophages [124]. However, whether they become

functionally equivalent still needs to be investigated.

1.3.1.Macrophages in autoimmune diseases

The role of tissue-resident and monocyte-derived macrophages were already
investigated in several autoimmune diseases. In a murine model of human multiple
sclerosis (MS), called experimental autoimmune encephalomyelitis (EAE), it was
shown that monocyte-derived macrophages were highly phagocytic and expressed
pro-inflammatory cytokines such as IL-1B and TNF-a [125, 126]. It was further
demonstrated that depletion of macrophages attenuated damage to the central
nervous system in mice [127, 128] as well as in clinical trials in which macrophage
apoptosis was induced in patients with MS using IFN- [129]. Moreover, amplified

macrophage polarization by IL-33 ameliorated EAE development [130].

Additionally, synovial macrophage numbers were increased in rheumatic arthritis
(RA), positively correlating with articular destruction [131]. Interestingly, depletion of
tissue-resident macrophages by clodronate liposome injection [132] and defective
differentiation of monocytes by SIRT1 over-expression [133] ameliorated
experimental arthritis. Moreover, TNF-a production by synovial macrophages is an

important cytokine in the pathogenesis of RA [134].
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1.4.Sex hormones and autoimmunity

5-8% of the world's population is affected by autoimmune diseases [135]. Most of
the about 80 different autoimmune disorders occur more frequently in women than
in men [136]. Reasons for this sex bias in prevalence and disease severity may be,
on the one hand, genetic factors [137, 138]. For instance, X-chromosome-linked
expression of TIr7 was shown to escape X-chromosome inactivation [139],
increasing the risk of lupus by enhanced TLR7-driven plasma cell proliferation. On
the other hand, hormonal differences between women and men may affect the

immune system [140, 141].

Women are exposed to highly fluctuating levels of sex hormones, which may affect
their immune status driving autoimmune diseases. The function of estrogen and

progesterone on the immune system will be discussed in the following section.

1.4.1.Estrogen

Estrogens are one of the main groups of female sex hormones. They include
estrone (E1), 17B-estradiol (E2), and estriol (E3), with E2 being the predominant form
in premenopausal women. Estrogen production in the ovaries gradually increases
from puberty at around ten years of age, reaching a peak in women of about 40 to

dramastically decrease in menopause (Figure 4).
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Figure 4: Estradiol levels in women over their lifespan. Circulating estradiol levels in
blood of women reach their maximum at the age of 40 years and decline from then on.
When entering menopause at around 50, estradiol levels start dropping to approximately
20% of the maximal estrogen levels at about 60 years of age. Figures were made with
Biorender.com. Adapted from [142].
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Estrogens fulfill essential regulatory non-immune functions like uterine epithelial cell
proliferation [143] or endometrial tissue growth [144] primarily during female
reproduction by signaling via the estrogen receptor-a [145] or - [146]. However,
there is increasing interest in investigating the role of E2 in cancer,

neurodegenerative diseases, and immune regulation.

Many immune cells in humans and mice express the estrogen receptor, e.g., B, T,
NK cells, or macrophages [147]. Therefore, it is likely that estrogen can regulate the
immune response. Indeed, E2 actions have been implicated in many autoimmune
diseases, although its role is still controversially discussed. SLE, for instance, has a
higher prevalence in women, and Carlsten et al. observed in a lupus model that E2
ameliorated T cell-mediated renal vasculitis [148]. Contradictory to these findings,
Singh et al. claimed that estradiol increases the expression of ISGs, worsening SLE
[149]. Supporting this, oral contraception and hormone replacement therapy after
menopause positively correlated with a more severe SLE outcome [150]. Thus,

findings point towards various estrogen actions.

Rheumatoid arthritis has a 3-fold higher incidence in women [151] and often
develops after menopause. Suggesting an involvement in protection against RA
progression, Hall et al. observed ameliorated disease progression in female patients
who received hormone replacement postmenopausal [140]. Multiple sclerosis (MS)
is another autoimmune disease that has an increased female-to-male ratio (3:1)
[152]. In EAE, it has been shown that estrogen reduces the clinical manifestations of
active EAE disease [141]. Estradiol has been further shown to reduce the expression
of cytokines and chemokines in EAE [153] and to induce the production of anti-

inflammatory cytokines like IL-4 [154].

Furthermore, Gold and colleagues investigated estriol regulation of immune cell
migration. Estriol inhibited MMP-9, which hindered migration of monocytes and

T cells into the CNS, reducing inflammatory lesions in EAE [155].
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1.4.2.Progesterone

Progesterone (P4) is another crucial female steroid hormone complementing and
counteracting the role of estrogens. Like E2, P4 is produced by the ovaries when

girls enter puberty at around 10-14 years and declines upon menopause (Figure 5).
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Figure 5: Progesterone levels in women over their lifespan. Circulating progesterone
levels in blood of women reach their maximum at the age of 30 years and decline from then
on. At the time of peri-menopause, at the age of around 40, progesterone levels start
dropping to approximately 10% of the maximal estrogen levels at about 50 years of age.
Figures were made with Biorender.com. Adapted from [156] based on values from [157].

Progesterone is involved in several processes of female reproduction. Ovulation
depends on ovarian granulosa cells' progesterone receptor (PR) expression [158].
Lydon et al. reported that despite mature pre-ovulatory follicles, mice lacking the
progesterone receptor failed to ovulate [159]. Furthermore, progesterone plays a
central role in the implantation of the fertilized egg and in maintaining pregnancy
[160].

Although PR is widely expressed in different immune cells like NK cells,
macrophages, dendritic cells, and T cells [156], the role of progesterone in
autoimmune diseases has not been investigated as extensively as that of estrogens.
However, some studies implicate the involvement of progesterone in MS or RA.
Symptoms of these diseases are often reduced during pregnancy when
progesterone levels are strongly increased [161, 162]. In line with this, Yates et al.
reported that progesterone treatment reduced the secretion of inflammatory

cytokines like IL-2 and IL-17 and ameliorated disease progression in EAE [163].
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1.4.3.Hormonal fluctuation in humans

Estrogen and progesterone fluctuation is a tightly regulated mechanism.
Progesterone and estrogen regulate the menstrual cycle and, thus, pregnancy. In
humans, the menstruation cycle in women during pre-menopause is around 28 days
long [164]. During the first days (follicular phase), estrogen levels rise until they peak
on ovulation (around day 14) with an estradiol concentration of around 200-250 pg/
ml. After ovulation, estrogen levels decline, and progesterone rises, peaking around
days 22-24, reaching about 10-15 ng/ml (luteal phase). After that, the two hormones
decrease, and menstruation bleeding indicates the beginning of a new cycle [165]
(Figure 6).
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Figure 6: Estrogen and progesterone levels over the menstruation cycle in humans. In
the follicular phase, estrogen levels rise until ovulation (around day 14). Subsequently,
estrogen levels are decreasing, and progesterone levels are rising. The decline of
progesterone induces menstruation bleeding, indicating the beginning of a new cycle.
Figures were made with Biorender.com. Adapted from [165].

Hormonal imbalance occurring during peri-menopause may affect the immune
system, potentially inducing autoimmune diseases. First symptoms of arthritis in
women, for instance, develop at the time of menopause [166]. However, the
correlation between vasculitis and hormone withdrawal during menopause has not

been investigated yet.
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1.4.4 Estrogens and progesterone in men

Traditionally, estrogen and progesterone have been considered female sex
hormones. However, the two hormones are also expressed by men and play critical
roles, especially in sexual function. Circulating estradiol in men originates from
testicular secretion and peripheral aromatization of testosterone [167-170]. Serum
estradiol concentrations range from around 150 pmol/L in young men to 90 pmol/L
in older men, which is approximately four times less than in premenopausal women
[171, 172]. Progesterone in men is produced by the testicles and the adrenal gland
and rapidly converts into testosterone and other steroids. Therefore, plasma levels
in adult men are similar to children or women in the follicular phase [173]. Since
several studies suggest that progesterone and estrogen affect immunity and some
autoimmune diseases in women, as described above, it is conceivable that they
may have the same effect in males. However, estrogens and progesterone are not
oscillating in men as in women, which might be a critical factor concerning their

function in health and disease.

1.4.5.Testosterone

Testosterone, a steroid hormone important in determining male sexual development
and associated with male reproductive function, is also expressed by the ovaries in
women. In contrast to progesterone and estrogen, testosterone levels do not
oscillate in women and are relatively stable. Testosterone levels increase during
puberty [174], peak at age 20 - 25, and decline from then on [175, 176], while in

men, testosterone levels remain stable until the age of around 80 years [176].

Circulating testosterone levels are about 15-20 times lower in women than in men
[177], but still, fulfill essential functions in women's health. However, high
testosterone levels may lead to irregular menstrual periods resulting in infertility
[178].

Regarding the immune system, androgen-deficiency resulting from Klinefelter's
syndrome was associated with an increased risk of SLE [179]. In line with this,
treatment with the testosterone precursor dehydroepiandrosterone (DHEA) in an

open study reduced indices of SLE activity [180, 181].
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1.5. Aim of the study

The overarching goal of this study was to identify cellular and molecular
mechanisms underlying the pathogenesis of severe MPO-ANCA-associated
vasculitis to identify specific targets for novel potential therapeutic approaches. For

this, we addressed four aims:

1. We wanted to elucidate the role of neutrophils in disease initiation and
progression. Therefore, we characterized them phenotypically and functionally
throughout the disease course using our newly established mouse model mimicking

pulmonary AAV in patients.

2. We investigated the role of extracellular DNA accumulation in the lung and
nucleic acid sensing via the STING/IFN type-I axis in the pathogenesis of pulmonary

vasculitis.

3. We further investigated the role of two distinct macrophage populations and their
involvement in pro- and anti-inflammatory mechanisms throughout the disease

course.

4. Autoimmune diseases occur more frequently in women than men, and we
observed sex differences in our mouse model. Hence, we aimed to elucidate the
effect of sex hormones - specifically estradiol and progesterone - on the immune

system and AAPV progression.
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2. Material and Methods
2.1. Materials

2.1.1.Equipment

Table 1: Equipment

Equipment Manufacturer

Aesculap Isis Shaver Aesculap, Tuttlingen, Germany
Autoclave Belimed, Cologne, Germany
Bright-field scanner Leica Biosystems, NuBloch, Germany
Aperio AT2

Centrifuge (5417R) Eppendorf AG, Hamburg, Germany
Centrifuge (5810R) Eppendorf AG, Hamburg, Germany

Centrifuge (Biofuge pico) Heraeus, Braunschweig, Germany

Centrifuge (Multifuge 3 Heraeus, Braunschweig, Germany
S-R)

ChemiDoc XRS+ System Bio-Rad, Hercules, USA

Cytospin Centrifuge Thermo scientific GmbH, Schwerte, Germany
Dako Pen Agilent Dako, Santa Clara, USA

Dissecting set FST Dumont Biology, Dumont, Switzerland
Electronic balance Sartorius, Gottingen, Germany

Electronic precision Sartorius, Gottingen, Germany

balance

Flow cytometers Becton, Dickinson and Company, Franklin Lakes, NJ, USA
Freezer (-20°C) AEG, Frankfurt, Germany

Freezer (-80°C) Heraeus, Braunschweig, Germany

Heating block Eppendorf AG, Hamburg, Germany

Heating plate for small N/A

animals

Ice machine Frimont Bettlonic, Pogliano, Italy

Incubator Heraeus, Braunschweig, Germany

IVIS Lumina LT Series Il PerkinElmer, Waltham, MA, USA
Mastercycler Eppendorf AG, Hamburg, Germany

Mice cages Techniplast, HohenpleiBenberg, Germany
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Equipment

Manufacturer

Micro-centrifuge
Micropipettes
Microplate reader
Microscope (IX71)
MicroVent ventilator

MouseOx™Pulse
oximeter

Pipette controller
QlAxel

Refrigerators (+4°C)

See-saw rocker (SSL4)

Small animal
laryngoscope

Sterile workbench
Thermo cauter
Vacuum pump (AC)
Vortex

Waterbath

Biozym, Hessisch Oldendorf, Germany
Eppendorf AG, Hamburg, Germany

Tecan Trading AG, Mannedorf, Switzerland
Olympus, Hamburg, Germany

Harvard Apparatus, Cambridge, MA, USA

STARR Life Science, Oakmont, PA, USA

Hirschmann Laborgeréte, Eberstadt, Germany
Qiagen, Hilden, Germany

Liebherr, Bulle, Switzerland

Stuart Equipment, Staffordshire, United Kingdom

Penn century, Wyndmoor, PA, USA

Heraeus, Braunschweig, Germany
Faromed, Berlin, Germany

HLC Biotech, Bovenden, Germany
Bender & Hobein, Ismaning, Switzerland

Julabo GmbH, Seelbach, Germany

2.1.2.Consumables

Table 2: Consumables

Consumable

Company

96-well cell culture plates

Corning Falcon test

tubes with strainer cap

Diagnostic microscope

slides, Teflon, 8 well

DNA ladder

DNA Screening Cartridge

FACS-Tubes

Falcontubes

VWR International GmbH, Darmstadt Germany

Thermo scientific GmbH, Schwerte, Germany

Thermo scientific GmbH, Schwerte, Germany

New England BioLabs GmbH, Frankfurt, Germany
Qiagen, Hilden, Germany
SARSTEDT AG + Co.,Nimbrecht, Germany

SARSTEDT AG + Co.,Nimbrecht, Germany
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Consumable Company

Filtertips SARSTEDT AG + Co.,Nimbrecht, Germany

IV indwelling cannula B. Braun Melsungen AG, Melsungen. Germany
(blue) Introcan®-W

Kodan® Tinktur Forte Schilke & Mayr GmbH, Norderstedt, Germany
skin disinfectant

Luer-lock single use Henke-Sass, Wolf GmbH, Tuttlingen, Germany
cannula (black)

Microplate 96-well, white Greiner bio-one, Frickenhausen, Germany
Microscope slides Paul Marienfeld GmbH & Co. KG, Lauda Kénigshofen, Germany

Microscopecover glasses Paul Marienfeld GmbH & Co. KG, Lauda Kénigshofen, Germany

nCounter Cartridge Nanostring, Seattle, USA

nCounter PrepPack Nanostring, Seattle, USA

nCounter PrepPlates Nanostring, Seattle, USA

Parafilm M Sigma-Aldrich, St. Louis, MO, USA
Pipettetips Starlab, Hamburg, Germany

Polyethylene Tubing Becton, Dickinson and Company, Franklin Lakes, NJ, USA
(non-toxic, 0.58mm)

Reaction tubes Eppendorf AG, Hamburg, Germany

Reagent reservoir Thermo scientific GmbH, Schwerte, Germany
Serological pipette Corning, New York, USA

Silk suture 6-0 Ethicon, Raritan, USA

Single use syringe 1 ml B. Braun Melsungen AG, Melsungen. Germany

Weighing pans BRAND GMBH + CO KG, Wertheim, Germany

2.1.3.Chemicals and reagents

Table 3: Chemicals and reagents

Reagent Company
17B-estradiol Sigma-Aldrich, St. Louis, MO, USA
APC-eFluor780 Viability dye Thermo Fischer Scientific, Waltham, MA, USA

CaliBRITE™ Beads (FITCS, APC, Becton, Dickinson and Company, Franklin Lakes, NJ, USA
PerCP)
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Reagent

Company

Carprofen
Clodronate-Liposomes
Collagenase IV

D-Luciferin, Sodium Salt
ddH20

Deoxyribonuclease | (DNAse )
Dihydrorhodamine 123
dNTPs

Estradiol ELISA

Ethanol, absolute

Ethylene diamine tetraacetic acid
(EDTA)

Fetal calf serum (FCS)
Formaldehyde, Methanol-free

FoxP3/Transcription factor
staining kit

Giemsa-Stammlésung

GoTag®gPCR Master mix with
SYBR green flourescence

H151

Hemoglobin Assay Kit
Heparin

Human poly Ig Octagam 10%
Iron Stain Kit

Isoflurane

Ketamin (10%)
Lipopolysaccharides (LPS)
Serotype: 026:B6)

Luciferase Assay System

Methanol (100%)

Cp-Pharma, Hildesheim, Germany

Liposoma, AMSTERDAM, The Netherlands
Sigma-Aldrich, St. Louis, MO, USA

BioVision, Inc, Waltham, MA, USA

Kurts Laboratory

Sigma-Aldrich, St. Louis, MO, USA

Thermo Fischer Scientific, Waltham, MA, USA
Promega, Mannheim, Germany

DRG Diagnostics, Marburg, Germany

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Life Technologies, Carlsbad, CA, USA

Thermo Fischer Scientific, Waltham, MA, USA

eBioscience, San Diego, CA, USA

Roth, Karlsruhe, Germany

Promega, Mannheim, Germany

kindly provided by Andrea Ablasser (available at Invivogen)
Sigma-Aldrich, St. Louis, MO, USA

Ratiopharm GmbH, Ulm, Germany

Octapharma, Langenfeld, Germany

Abcam, Cambridge, UK

Piramal Critical Care Limited, West Drayton, UK
Wirtschaftsgenossenschaft deutscher Tierdrzte eG, Garbsen,
Germany

Sigma-Aldrich, St. Louis, MO, USA

Promega, Mannheim, Germany

Roth, Karlsruhe, Germany
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Reagent Company

Moloney murine leukemia virus Promega, Mannheim, Germany
revers transcriptase

N-Formyl-Met-Leu-Phe (fMLP) Sigma-Aldrich, St. Louis, MO, USA
PBS-Liposomes Liposoma, AMSTERDAM, The Netherlands

Phosphate buffered saline (PBS) Life Technologies, Carlsbad, CA, USA

Progesterone Sigma-Aldrich, St. Louis, MO, USA
Progesterone ELISA DRG Diagnostics, Marburg, Germany
Proteome Profiler Array Kit R&D Systems, Minneapolis, USA

Quant-iT™ Pico Green™ dsDNA  Thermo Fischer Scientific, Waltham, MA, USA
Assay Kit

RLT lysis buffer Promega, Mannheim, Germany

RLT buffer Qiagen, Hilden, Germany

RNasin Promega, Mannheim, Germany

RNeasy Mini Kit Qiagen, Hilden, Germany

Rompun® (2%) Bayer Vital GmbH, Leverkusen, Germany
ROTI®Histokitt Roth, Karlsruhe, Germany

Sesame oil Sigma-Aldrich, St. Louis, MO, USA

Sodium azide (NaN3) Roth, Karlsruhe, Germany

Ultracomp eBeads™ Thermo Fischer Scientific, Waltham, MA, USA

Compensation-Beads

2.1.4.Buffers, media, and solutions

Table 4: Buffers, media, and solutions

Buffer Reagent

Collagenase IV 100 mg/ml in PBS

DNAse | 10 mg/ml in PBS

EDTA-Stock solution 0.5 M EDTA in ddH20, pH 8.0

FACS buffer 3% FCS, 0.1% NaNs in PBS

FACS blocking buffer FACS buffer + 1.5% human poly Ig Octam
fMLP 100 mM in 0.2% DMSO/PBS
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Buffer Reagent

LPS 5 mg/ml (10.000 EU/mg) in ddH20
Phorbol myristate acetate (PMA) 1 mg/ml in H20

Red cell removal buffer (RCB) 10 mM NH4CI, 0.1 mM EDTA. 0.01 M NaHCOs3, pH 7.3

2.1.5.Antibodies

2.1.5.1.Antibodies for flow cytometry analysis

Table 5: Antibodies for flow cytometry analysis

Antibody Clone Isotype Company

CD103 2E7 hamigG BioLegend, San Diego, USA

cD11b M1/70 rlgG2b Ejf:’ﬁgADickinson and Company, Franklin Lakes,
CD11c N418 hamlgG eBioscience, San Diego, CA, USA

CD19 6D5 rlgG2a BioLegend, San Diego, USA

CD206 C068C2 rlgG2a BioLegend, San Diego, USA

CD31 390 rlgG2a BioLegend, San Diego, USA

CD326 G8.8 rlgG2a BioLegend, San Diego, USA

CDg3e 17A2 rigG2b BioLegend, San Diego, USA

CD4 GK15 rlgG2b Etj?tcj)g,ADickinson and Company, Franklin Lakes,
CD45 30-F11 rlgG2b BioLegend, San Diego, USA

CD8« 53-6.7 fgG2a Ejf:’ﬁgADickinson and Company, Franklin Lakes,
F4/80 BM8 rlgG2a BioLegend, San Diego, USA

Hoechst 33258 r?ﬁge‘;e” Thermo Fischer Scientific, Waltham, MA, USA
Ki-67 16A8 rlgG2a BioLegend, San Diego, USA

Ly-6B2 7/4 rlgG2a Bio-Rad, Hercules, CA, USA

Ly-6C HK1.4 rigG2c BioLegend, San Diego, USA

Ly-6G 1A8 rlgG2a BioLegend, San Diego, USA
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Antibody Clone Isotype Company

MHC-II M5/114.15.2 rlgG2b BioLegend, San Diego, USA

NK1.1 PK136 mlgG2a BioLegend, San Diego, USA

Propidium lodide Sigma-Aldrich, St. Louis, MO, USA

Siglec-F E-50-2440 rlgG2a Becton, Dickinson and Company, Franklin Lakes,
NJ, USA

TCRB H57-597 hamlgG eBioscience, San Diego, CA, USA
Becton, Dickinson and Company, Franklin Lakes,

TCRys GL3 hamlgG NJ, USA

TER-119 Ter-119 rlgG2b BioLegend, San Diego, USA

2.1.5.2.Antibodies for in vivo treatment

Table 6: Antibodies for in vivo treatment

Antibody Clone Isotype Company

anti-MPO 6D1 IgG2b BioXcell, West Lebanon, USA
anti-MPO 6G4 IgG2c BioXcell, West Lebanon, USA
anti-IFNAR-1 MAR1-5A3 IgG1 BioXcell, West Lebanon, USA
Isotype control MOPC-21 IgG1 BioXcell, West Lebanon, USA

2.1.6.Mouse strains

Table 7: Mouse strains

Mouse Strain Name Description

C57BL/6J

B6.129S4-
Ccr2tmilfc/Jd

B6.129S-

Cybbtm1Din/J

B6(Cg)-

Tmem173tm1.

2Camb/J

from Rayk
Behrendt

BL6
CCR2--
agp91phox-
null

STING+

AB-Luc

Non-transgenic wild-type mice

Animals lack CCR2 and therefore cannot release monocytes from
the bone marrow

Animals can not produce any NADPH-oxidase dependent ROS
Animals lack the transmembrane protein 173 (STING), which

signals downstream of cGAS. Due to this deficiency, nucleic acid
recognition through cGAS/STING is impaired.

Animals express luciferase reporter upon IFN-B production [182]
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2.1.7.Software

Table 8: Software

Software Company

BioRender BioRender, Toronto, Canada

FACS Diva vV6.1.1 Becton, Dickinson and Company, Franklin Lakes, NJ, USA
FlowJoTM 10.5.3 Tree star, Ashland, OR, USA

Graphpad Prism 8 GraphPad Software, La Jolla, CA, USA

Image Lab Bio-Rad, Hercules, USA

Living Image® Software  PerkinElmer, Waltham, MA, USA

MagellanTM 6 Tecan Trading AG, Ménnedorf, Switzerland
nSolver 4.0 NanoString Technologies

Numbers Apple, USA

Pages Apple, USA

QlAxcel ScreenGel Qiagen, Hilden, Germany

Quantstudio 5 Thermo Fischer Scientific, Waltham, MA, USA
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2.2. Methods
2.2.1.Mouse handling

Female and male 8-12 week-old mice were used in this study. Mice were kept under
specific pathogen-free (SPF)-conditions with five mice per cage in the house of
experimental therapy (HET), University Hospital Bonn. One week before
experiments, mice were transferred to the mouse facilities in our laboratories to
avoid stress during the investigation. When C57BL/6J mice were used as a control
group for knockout mice, they were bred in the same facility. When only C57BL/6J
mice were used in experiments, they were bought from Charles River, Sulzfeld, -
Germany, or bred in our facility, depending on the experiment. All animal
experiments were approved by governmental committees (Landesamt fUr Natur,
Umwelt und Verbraucherschutz (LANUV), NRW). As such, all studies were carried
out under the projects Az. 81-02.04.2019.A174 and Az. 81-02.04.2020.A149.

2.2.2.Vaginal lavage

Vaginal lavage was collected daily, starting four days before vasculitis induction, to
determine the estrus cycle phase of female mice. Unanaesthetized mice were firmly
held, and the vagina was flushed with 75 pl PBS by pipetting on the vaginal opening
and subsequent aspiration. Vaginal lavage was pipetted on diagnostic microscope
slides with a Teflon field (Thermo Fisher) and air-dried. Afterwards, slides were fixed
with methanol (100%) for 10 minutes at room temperature (RT) and stained with
Giemsa (for detailed description, see section 2.2.22.). Slides were mounted using
ROTI®Histokitt, and images were taken with an IX71 light microscope. Estrus cycle
stage was then determined by cytology of vaginal lavage as previously described
[183]. In brief, the estrus cycle can be divided into 4 phases: proestrus, estrus,
metestrus, and diestrus. The proestrus phase is characterized by round nucleated
epithelial cells. During the estrus stage, cytology displays dying non-nucleated
epithelial cells that become folded. The next phase, metestrus, is cytologically
characterized by a few infiltrating neutrophils together with nucleated and non-
nucleated/folded epithelial cells. In the last phase, diestrus, cytology consists of
neutrophils only. Each phase lasts about one day. Representative images of each

phase are shown in Appendix Figure 34.
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2.2.3.0variectomy

24 days before AAPV induction, female mice were anesthetized with 2-3%
isoflurane in O2. When mice did not react to pinching in the paws anymore, a small
area of the lower back was shaved. Mice were placed on a 37°C warm heating mat
to maintain body temperature. The shaved skin was disinfected, and a small
incision was made on the dorsal side of the mice. Subsequently, an incision of the
muscle layer was made on the left and right side of the backbone, the ovaries plus
fat pad were pulled out, and the ovaries were cauterized. The fat pad was carefully
pushed back into the mouse, and wounds were closed by sewing with a 6.0
surgical silk thread. Operated mice were placed in a new cage that was maintained
warm until mice were fully awake again. Mice were treated with painkillers
(Carprofen 4 mg/kg) on the day of operation and the following three days. ELISA
confirmed the absence of hormones (estrogen and progesterone) in serum (see
section 2.2.11.).

2.2.4.In vivo blocking treatment

For in vivo blockade of interferon receptor-1 (IFNAR-1), mice received 250 pg of
IFNAR-1 antibody or the respective isotype control antibody via intraperitoneal (i.p.)
injection every 2nd day, starting one day before AAPV induction (d-1) [184]. For in
vivo blockage of STING, mice received 750 nmol of the small molecule inhibitor
H151 in 200 pl PBS supplemented with 10% DMSO and 10% Tween-80 daily i.p.,
starting at dO [97]. Prof. Andrea Ablasser kindly provided H151. Control mice

received only vehicles.

2.2.5.Alveolar macrophage depletion

To deplete alveolar macrophages, mice were given 50 ul of Clodronate-Liposomes.
Control mice received PBS-Liposomes (Liposoma, Netherlands) or PBS
intratracheally (i.t.) [185] under isoflurane anesthesia two days before AAPV

induction. For a detailed description of intratracheal application, see section 2.2.9..
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2.2.6.Hormone supplementation

17B-estradiol (here referred to as estradiol or E2; 50 pug/ml) and progesterone (P4;
10 mg/ml) were diluted in sesame oil [186, 187]. Mice received 100 pl of hormone
solution subcutaneously (s.c.) daily, starting four days before vasculitis induction
until the day of final analysis. The injection site alternated between the neck, right
flank, and left flank.

2.2.7.Pulse Oximetry

To quantify blood SpO2 (%), mice were anesthetized with 2-3% isoflurane in air.
Hind-leg was shaved, and an oximeter sensor was placed on the thigh. SpO2 was
measured using MouseOx™ Pulse-oximeter (Starr Life Science) each second for
3-5 min, and values were averaged. Measurements were performed by Dr. Susanne

F. Viehmann.

2.2.8.In vivo luminescence quantification

To quantify in vivo luminescence in IFN-f3 reporter mice (AB-Luc mice) before AAPV
induction and before killing on day 3, 4.5 mg D-luciferin was injected in 150 yl PBS
i.p.. Mice were anesthetized with 2-3% isoflurane in O2 and placed in an IVIS
Lumina Il pre-warmed at 37°C. Quantification of luminescence was started 5
minutes later. Sequential pictures of decreasing exposure time were acquired, and
the time point at which there was no signal saturation for all mice was selected for
quantification. The following machine settings were used: Field of view: 12.5;

Binning factor: 4; emission filter: open; excitation filter: blocked; filter position: 1.

2.2.9.Vasculitis induction

For vasculitis induction, mice were anesthetized with 2-3% isoflurane in O2 on
day 0. Mice were fixed on an intubation platform (Harvard Apparatus) and intubated
with the help of a laryngoscope for small animals and a 22G (0.9 x 25 mm) butterfly
cannula. Mice were then ventilated using a MicroVent ventilator (Harvard Apparatus)
with 2-3% isoflurane and O2 at 250 pl air/stroke and 250 strokes/minute. Then,
10 pg fMLP and 10 ug LPS were applied intratracheally (i.t.) in 50 pl PBS through
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the cannula. Mice were further ventilated for 30 seconds (sec) to evenly distribute
the compounds throughout the lung before removing the cannula. 1 mg total anti-
MPO antibodies (clone 6G4 and 6D1, each 0.5 mg) were diluted in 200 pl PBS and
injected i.p.. Control groups were left untreated or received only the anti-MPO
antibodies i.p., respective isotype controls, or only fMLP+LPS i.t., as indicated in
the respective Results section. Mice's well-being was visually monitored and by

weighing daily.

2.2.10.0rgan sampling

Mice were painlessly killed by an overdose of Rompun/Ketamin. For this, 200 pl of
10% Rompun and 10% Ketamin in PBS were injected i.p. per mouse. To sample the
bronchoalveolar fluid, mice were opened on the ventral side, and the lungs and the
heart were exposed by opening the ribcage carefully. Blood was taken from the
heart using a heparinized syringe, collected in an Eppendorf tube, and maintained
on ice until further isolation of plasma (see section 2.2.11.). Afterwards, mice were
tracheostomized by exposing the trachea, removing the muscle layer, and making a
small incision below the cricoid cartilage. Bronchoalveolar lavage fluid (BALF) was
taken by intubating the trachea with a self-made tubing made from a needle and
0.58 mm diameter polyethylene tubing. Lungs were then flushed thrice with 1 ml
PBS + 2 mM EDTA each. Depending on the downstream assay, BALF was handled

differently, as described in the respective Methods subsections.

Lungs were collected after collecting the BALF. For histological analysis, lungs were
slowly filled with 1 ml 4% paraformaldehyde (PFA), stored at 4°C in 4% PFA
overnight, and further processed as described in section 2.2.12.. For analyzing gene
expression, lungs were removed, frozen in liquid nitrogen, and stored at -80°C until
further processing (see section 2.2.13.). For flow cytometric analysis, lungs were
dissected and digested using 1 mg/ml collagenase IV (1x) and 100 U/ml DNase | for
30 minutes at 37°C with occasional mixing until fully digested. Afterwards, samples
were filtered through a 5 ml polystyrene tube equipped with a 35 pym cell strainer
cap (Thermo Scientific). Samples were centrifuged for 5 minutes at 1600 rpm, and
red blood cells were lysed for 10 mins at RT using RCB lysis buffer. Cells were

washed with PBS and surface stained, as described in section 2.2.17..
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2.2.11.Plasma isolation and hormone quantification

Plasma was isolated by centrifuging whole blood for 10 mins at 14000 rpm. Plasma
was transferred to a new tube and centrifuged for 10 mins at 14000 rpm. Plasma
was transferred to a new tube and stored at -20°C until further use. 17B-estradiol
(E2) and progesterone (P4) concentrations were quantified by ELISA according to

the manufacturer’s description (Estradiol or Progesterone ELISA, DRG).

2.2.12. Lung histology

PFA-fixed lungs were sent to Prof. Peter Boor (Institute of Pathology, University
Hospital Aachen) for processing and analysis. H&E staining was performed on 1 pm
thick microtome sections in paraffin, and slides were scanned using a bright-field
scanner (Aperio AT2, Leica) at 40x magnification. Blinded histopathological scoring
was performed as previously described [188, 189]. In brief, samples were scored
according to three parameters: immune cell infiltration, tissue destruction, and the
number of lobes affected. Hemorrhage involvement was not included. Scores were:
0 (no inflammation), normal lung structure; 1 (slight), very few and only focal
inflammatory cells on vessel walls, no or minimal tissue destruction; 2 (medium),
few cells in airspace with small areas of tissue destruction; 3 (strong), large areas
with inflammatory infiltrates and tissue destruction, up to one lobe involved; 4

(extensive), as 3 but involving more than 1 whole lobe.

2.2.13.Gene expression analysis in lung tissue

mMRNA isolation from frozen lungs and gene expression quantification was kindly
performed by our collaboration partners, Dr. Hella Luksch and Prof. Angela Résen-
Wolff (University Hospital Dresden), as previously described [190]. RNA was
extracted using RNeasy Mini Kit (Qiagen, Hilden, Germany). 2 pg RNA were
transcribed (Promega, Mannheim, Germany) according to the manufacturer's
instructions. gPCR was prepared using GoTag®gPCR Master Mix with SYBR green
fluorescence (Promega, Mannheim, Germany). Quantitative real-time PCR was
performed using Quantstudio 5 (Thermo Fisher Scientific, Berlin, Germany). Gene

expression was normalized to the housekeeping gene using the AACt method for
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comparing relative expression. Primer sequences: Ifn-3 Forward: 5’-TCC GAG CAG
AGA TCT TCA GGA A-3; Ifn-B Reverse: 5’-TGC AAC CAC CAC TCATTC TGA G-3'.

2.2.14.Hemoglobin quantification in BALF

150 pl of BALF was taken and diluted 1:2 and 1:4 in PBS + 2 mM EDTA in a 96 flat-
bottom plate to obtain non-saturated measurements. Hemoglobin absorbance was
quantified at 400 nm with subtraction of background at 670 nm using an
absorbance reader (Tecan). PBS + EDTA served as blank. Afterwards, background
absorbance and blank were subtracted from samples, and dilution factors were
calculated. Additionally, hemoglobin concentration was quantified using a
colorimetric assay (Sigma). Because colorimetric quantification correlated strongly
with optical density quantification (R=0.98) (see Appendix Figure 36), we continued

using only optical density for hemoglobin quantification.

2.2.15.Extracellular DNA quantification in BALF

100 pl supernatant of the first BALF lavage was taken to quantify extracellular DNA.
Samples were transferred to a 96-well plate, and DNA was quantified according to
the manufacturer's instructions (Quant-iTTM Pico GreenTM dsDNA Assay Kit,
Thermo Fisher Scientific). In brief, DNA standards and samples were incubated with
Quant-iTTM PicoGreenTM dsDNA Reagent for 2 min in the dark at room
temperature. Fluorescence intensity was quantified using a plate reader (Tecan) with

an excitation wavelength of 480 nm and an emission wavelength of 520 nm.

2.2.16.Cytokine quantification of BALF

To quantify cytokines in BALF of mice with AAPV, we used a Proteome Profiler Array
(R&D) according to the manufacturer’s description. In brief, membranes were
blocked by shaking for one hour at RT and afterwards incubated with 200 pl
supernatant of the first BALF lavage overnight at 4°C under shaking. Membranes
were washed with the provided washing buffer three times for 10 mins at RT and
then incubated with detection antibody for one hour, shaking at RT. Membranes

were washed and incubated with horseradish peroxidase (HRP) for 30 mins at RT,
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shaking. Membranes were covered with chemiluminescence reagent and incubated
for one minute. The excessive reagent was removed, and membranes were imaged
using ChemiDoc XRS+ System (Bio-Rad) with an exposure time of 60 seconds.

Intensities were quantified using Image Lab Software (Bio-Rad).

2.2.17.Flow cytometry analysis

Flow cytometry was performed as previously described [191, 192]. Briefly, cell pellet
of BALF or lungs was resuspended in fluorescence-activated cell scanning (FACS)
blocking buffer, and 10% volume was transferred to a 96-well plate for staining. The
plate was centrifuged for 5 min at 1600 rpm, 4°C, to pellet the cells, and the
supernatant was removed. Cells were resuspended in 50 pl antibody mixture diluted
in FACS blocking buffer. Cells were stained on ice for 20 minutes in the dark.
Afterwards, the plate was centrifuged, the supernatant removed, and cells washed
in 150 pl FACS buffer to remove unbound antibodies. After centrifugation, the
supernatant was removed, and cells were resuspended in FACS buffer containing
the live/dead marker HOECHST33258 (1:10,000) and 5,000 CaliBRITE™ counting
beads per well (BD). Cell acquisition was performed using the LSR Fortessa with
DiVa software v9.0.1 (BDBiosciences). The gating strategy for cell identities is

shown in Appendix Figure 35. Analysis was performed in FlowJo v10 (TriStar).

For compensation, Ultracomp eBeads (Thermo Fisher Scientific) were used. Beads
were stained and treated as described for samples, but each sample with only a

single antibody.

For intracellular staining, samples were first stained with Zombie UV fixable viability
dye (1:2,000) in PBS for 30 minutes on ice. Excess viability dye was washed out
twice with PBS. Surface staining with antibody master mix diluted in FACS blocking
buffer was performed for 30 mins on ice in the dark. Samples were washed and
fixed using Fix/Perm solution (Foxp3 transcription factor staining kit, eBioscience)
for 30 minutes at room temperature. Samples were washed in 1x Perm buffer

(eBioscience) and intracellularly stained for Ki-67 or CD206. After 60 minutes of
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incubation at RT, samples were washed twice in Perm buffer, resuspended in FACS

buffer containing counting beads, and acquired immediately.

Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP)
plug-in in FlowJo v. 10.6.1 was used to perform dimensionality reduction of flow
cytometric data. Prior to UMAP, data was cleaned using the FlowAl plug-in in
FlowdJo, and samples were concatenated. Doublets and dead cells were excluded
before UMAP. Specific cell populations were identified by standard gating, as shown

in Appendix Figure 35.

2.2.18.ROS staining

To quantify reactive oxygen species (ROS), cells were cell-surface stained first, as
described in 2.2.17. and then incubated with dihydrorhodamine 123 (DHR123) for
30 mins at 37°C following the manufacturer’s instructions. Positive control for ROS
production was treated with 1 pg/ml phorbol myristate acetate (PMA) for 30 mins at
37°C before ROS staining.

2.2.19.Cell sorting

Mice were painlessly sacrificed, and lungs were dissected and digested, as
described in section 2.2.10. Cells were surface stained to identify the populations of
interest to be sorted using BD FACSMelody or BD FACSAria cell sorter.

2.2.20.Ex vivo luminescence quantification of sorted cells

In order to identify IFN-B production in different cell populations, macrophages,
neutrophils, eosinophils, endothelial cells, epithelial cells, and lymphoid cells
identified as shown in Appendix Figure 37 were sorted from lungs of AB-Luc mice
three days after disease induction. Naive mice served as control. Depending on the
experiment, an equivalent number of cells ranging from 62,500 to 500,000 was
plated in a white 96-well plate and lysed by incubation with 20 pl passive lysis buffer
(Promega) for 5 mins on a rocking plate. Afterwards, 100 pl of luciferase substrate
(Promega) was added per well, and luminescence was acquired for 10,000 ms using

a Tecan plate reader.
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2.2.21.NanoString

Classical and Siglec-F+ neutrophils were sorted from the lungs of C57BL/6J mice
six days after AAPV induction (as described in 2.2.19.). 250,000 sorted cells were
resuspended in 8 pl PBS and lysed by adding 4 pl RLT buffer (Qiagen, Hilden). Cells
were vortexed for one minute, and cell lysates were either used fresh or stored at
-20°C for seven days before use. For NanoString analysis, fresh or thawed lysates
were used, and hybridization was prepared as described in the manufacturer’s
guide. Hybridization was conducted for 24 h at 65°C, and samples were afterwards
cooled down at 4°C and analyzed immediately. The “Immunology panel” from
NanoString was used, which analyzes 317 genes associated with immunologic
processes and pathways. Dr. Fraser Duthie (University Hospital Bonn) kindly
performed NanoString analysis. Further detailed quantification was performed using
nSolver 4.0 software. Quality control was performed by excluding counts below the
detection limit (threshold set to 20) and normalizing samples to six positive controls
and 14 housekeeping genes. Pathway scores were automatically calculated in the
nSolver software and were derived from the first Principle Components Analysis
(PCA) scores.

2.2.22.Preparation and staining of cytospins

The population of interest was sorted as described in section 2.2.19.. To spin cells
on a glass slide, cells were resuspended in 50% FCS in PBS, and 200 pul containing
about 100,000 cells were loaded in a cytospin chamber. Chambers were centrifuged
for 3 min at 800 rpm at RT. Glass slides were removed, air-dried, and stored at RT

until further use.

For Giemsa staining, cells on cytospins were surrounded with a Dako Pen (Agilent
Dako, USA) to avoid liquid leakage during the fixation/staining process. Cells were
then fixed for 10 min with 100% methanol, washed in ddH20, and stained with
20% Giemsa in ddH20 for 20 min. Excess stain was removed by washing the slides
in ddH20. Slides were mounted and analyzed using a light microscope (IX71,

Olympus).
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For iron staining, a Prussian blue stain (Iron Stain Kit, Abcam) was used according
to the manufacturer's description. In brief, slides were incubated with iron stain for 3
minutes, washed in ddH20O, and afterwards counterstained in nuclear fast red for 5
mins and washed in distilled water again. Slides were mounted and analyzed using

a light microscope (IX71, Olympus).

2.2.23.Statistical Analysis

Statistical analysis was performed with Graphpad Prism software v9. Mann-Witney
student’s t-test was used to compare two groups. One- or two-way ANOVA was
used when comparing 3 or more groups with Tukey’s multiple comparisons test.

Statistical significance was marked as follows: * p<0.05; ** p<0.01; *** p<0.001.
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3. Results

3.1.Development of a novel mouse model for ANCA-associated
vasculitis in the lung

3.1.1. Combination of fMLP, LPS, and anti-MPO IgGs induce
pulmonary vasculitis

We have developed a novel mouse model that mimics clinical disease hallmarks to
investigate the underlying mechanisms driving ANCA-associated pulmonary
vasculitis (AAPV). In patients, vasculitis surges are often preceded by bacterial
infections [193]. Therefore, we applied low doses of the bacterial ligands fMLP and
LPS intratracheally together with intraperitoneal administration of two mouse
monoclonal antibodies directed against murine MPO (clone 6D1 and 6G4) [83, 189]
(Figure 7, A). Within three days, mice had a decrease in well-being indicated by a
weight loss of up to 20% of their initial body weight (Figure 7, B) and a decreased
survival rate (Figure 7, C), which were not observed in naive mice or mice treated
only with anti-MPO IgGs. Mice treated only with fMLP+LPS underwent moderate
and transient weight loss. Additionally, combination of fMLP+LPS and anti-MPO
reduced lung function as quantified by peripheral blood oxygenation (Figure 7, D).
AAPV induction also increased lung pathology (Figure 7, E and F) from day one after
induction (Figure 7, G). Furthermore, mice with AAPV developed severe pulmonary
hemorrhages quantified by the optical density of hemoglobin in the BALF (Figure 7,
H and [), peaking by days 1 to 3 (Figure 7, J and K). Hemorrhages were
macroscopically visible (Figure 7, L) and were specific to the combinatory treatment
as none of the control groups developed them at any time (Figure 7, H and I).
Optical density of hemoglobin (Hb) was the method of choice for hemorrhage
quantification as it directly correlated with Hb quantification by a colorimetric assay
(Sigma) (Appendix Figure 35). Although fMLP+LPS treatment induced a degree of
lung pathology (Figure 7, E), it was to a lesser extent than that in mice undergoing
AAPV; notably, it did not result in lung bleeding (Figure 7, H). Surviving mice with
AAPV recovered most of their original weight by day 7 (Figure 7, B) when they
displayed reduced lung hemorrhages (Figure 7, I-K). Together, this model reflects

severe pulmonary involvement in patients with AAPV.
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Figure 7: Combination of fMLP, LPS, and anti-MPO IgGs induce pulmonary vasculitis.
(A) Schematic representation of experimental setup. On day 0, female mice were given
either 10 pg fMLP + 10 pg LPS in 50 pl PBS i.t, 1 mg anti-MPO antibody i.p. (0.5 mg of
each clone 6D1 and 6G4), or their combination (AAPV group). (B) Weight changes over
time. (C) Survival over time. (D) Peripheral blood oxygen (SpO2) saturation over time. (E-G)
Histopathology score of the lung from the indicated treatments at day 3 (E) at day 7 (F) and
of mice with AAPV over time (G). (H-J) Hemoglobin quantification in bronchoalveolar lavage
fluid from the indicated treatments on day 3 (H) on day 7 (I) and of mice with AAPV over
time (J). (K) Representative images of bronchoalveolar lavage fluid of mice with AAPV at the
indicated time points. (L) Representative images of lungs of fMLP+LPS and AAPV-treated
mice at day 3. The data shown represent 2 (C-G) or more than 5 experiments (B, H-L).
Mean + SEM; each symbol represents a mouse. One-way ANOVA, *p<0.05; **p<0.01;

***p<0.001. The experiment was performed with the assistance of Dr. Susanne F. Viehmann,
University of Bonn.
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3.1.2.lmmune cell infiltration in the bronchoalveolar space during
AAPV disease

To identify which cell types may be involved in disease pathogenesis, we
characterized the cellular compartment during disease progression in the
bronchoalveolar space (BAS) as a surrogate for infiltration into the lung [194]. For
this, mice were treated either with anti-MPO, fMLP+LPS, or their combination
(AAPV), and immune cells in the bronchoalveolar lavage fluid (BALF) were quantified
after 6 hours and after 1, 3, or 7 days. Standard, as well as Uniform Manifold
Approximation and Projection (UMAP) analyses, demonstrated that anti-MPO
treatment alone did not provoke immune cell infiltration, with most of the cells being
resident alveolar macrophages (AMs) as in naive untreated mice (Figure 8, A and B).
In contrast, fMLP+LPS or AAPV treatment resulted in a rapid influx of immune cells,
although the latter resulted in an over 2-Log higher increase at the peak of
infiltration (Figure 8, A and B).

Within 6 hours after disease induction, neutrophils had infiltrated the
bronchoalveolar space of mice undergoing AAPV and to a similar level in mice
treated with only fMLP+LPS (Figure 8, C). AAPV induction resulted in a further
increase, with neutrophils peaking at day 3 when they dominated the cellular
infiltrate, followed by a decline in their numbers by day 7 when mice were
recovering from lung hemorrhages. A similar pattern was observed for other myeloid
cells like eosinophils (Figure 8, D) and monocytes (Figure 8, E). Interestingly, tissue-
resident alveolar macrophage (AM) numbers initially decreased upon administration
of fMLP+LPS, independently of anti-MPO injection. However, their numbers
progressively recovered and increased around 10-fold in mice with AAPV by day 7
(Figure 8, F). We observed another macrophage population infiltrating the
bronchoalveolar space from day 3 after disease onset, which remained at least until
day 7. Although to a lesser extent, this population was also present upon
fMLP+LPS treatment (Figure 8, G). These macrophages were Ccr2-dependent,

indicating a monocytic origin, and will be further discussed in Results section 3.3.1..

When investigating the lymphoid compartment infiltrating the BAS, we quantified a
more than 10-fold increase in NK cells (Figure 8, H) and B cells (Figure 8, I) one day

after AAPV induction that lasted for at least 7 days. Conventional T cell counts also
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increased, although this was specific to fMLP+LPS treatment, with only a minor
increase due to AAPV progression (Figure 8, J). Altogether, AAPV provoked a
stronger immune cell infiltration than fMLP+LPS treatment, which was dominated

by neutrophils and macrophages.
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Figure 8: Immune cell infiltration in the bronchoalveolar space during AAPV disease.
On day 0, female mice were given either 10 ug fMLP + 10 pg LPS in 50 pl PBS i.t, 1 mg
anti-MPO antibody i.p. (0.5 mg of each clone 6D1 and 6G4), or the combination. Mice were
painlessly killed after 6 hours and 1, 3, and 7 days later. Bronchoalveolar lavage fluid was
taken, and specific immune cells were quantified by flow cytometry. (A) UMAP analysis was
performed using FlowJo software. (B-J) Quantification of immune cell populations overtime
of the indicated groups - leukocytes (B), neutrophils (C), eosinophils (D), monocytes (E),
alveolar macrophages (Mas) (F), infiltrating macrophages (G), NK cells (H), B cells (I) and
conventional T cells (J). Dotted line indicates cell numbers in untreated naive mice. Gating
strategy for cell identities is shown in Appendix Figure 35. Shown is a representative of at
least 3 independent experiments with 5 mice per group. Mean + SEM; each symbol
represents a mouse. One-way ANOVA, *p<0.05; **p<0.01; **p<0.001. For simplicity, only
statistically-significant changes in AAPV compared to fMLP+LPS are indicated. The
experiment was performed with the assistance of Dr. Susanne F. Viehmann, University of
Bonn.
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3.1.3.ldentification of Siglec-F+ neutrophils in AAPV disease

Neutrophils express high levels of MPO, the target of the antibodies used in this
study and one of the main targets considered to drive clinical ANCA-associated
vasculitis [85]. Although the exact mechanism underlying the clinical phase of AAV
remains to be elucidated, several studies have demonstrated that neutrophils are
required for disease pathogenesis [23]. Having seen a major contribution of
neutrophils to the cellular infiltrate upon AAPV induction (Figure 8, A and C), we
aimed to characterize neutrophils phenotypically as well as functionally. Therefore,
we initially investigated the phenotype of polymorphonuclear leukocytes (PMNSs) in
the bronchoalveolar lavage of mice with AAPV (Figure 9, A). As expected, we
identified classical Ly-6G- Siglec-F+ eosinophils and classical Ly-6G+ Siglec-F-
neutrophils by flow cytometry (Figure 9, B). Surprisingly, we also identified a major
Ly-6G and Siglec-F double-positive population infiltrating the lung after disease
induction (Figure 9, B). Siglec-F+ Ly-6G+ cells displayed similar size and granularity
as classical neutrophils identified by forward scatter (FSC) / sideward scatter (SSC)
using FACS (Figure 9, C). This was distinct from eosinophils, which had a higher
granularity (Figure 9, C). Morphological analysis of these populations using Giemsa
staining after FACS sorting revealed that Siglec-F+ Ly-6G- cells contained
eosinophilic granules and a less segmented nucleus that are characteristic of
eosinophils (Figure 9, D, left panel). In contrast, Siglec-F- Ly-6G+ cells had the
neutral cytoplasm and polymorphic nucleus characteristic of classical neutrophils
(Figure 9, D, middle panel). Siglec-F+ Ly-6G+ cells contained neutral granules
resembling neutrophils, albeit with a more condensed nucleus revealed by Giemsa
staining (Figure 9, D, right panel). Thus, hereafter these double-positive cells are
named Siglec-F+ neutrophils. Chromatin condensation is a hallmark of neutrophil

maturation [195], suggesting Siglec-F+ neutrophils are terminally differentiated.
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Figure 9: Identification of Siglec-F* neutrophils in AAPV disease. (A) Schematic
representation of experimental setup. On d0, AAPV was induced in female C57BL/6J mice
by applying 10 pg fMLP + 10 pg LPS in 50 pl PBS i.t. and 1 mg anti-MPO antibody i.p.
(0.5 mg of each clone 6D1 and 6G4). The mice were painlessly killed five days later, and the
bronchoalveolar lavage fluid was collected. FACS analysis was performed, and the
indicated PMN populations were sorted. Afterwards, cytospins were made and stained with
Giemsa. Cytospins were analyzed using a light microscope. (B) FACS sorting gates of the
cells of interest as indicated. (C) FSC and SSC FACS histogram of PMNs. (D)
Representative images of Giemsa staining of sorted populations spun on glass slides and
zoom in. Scale bar = 20 pm. Data is representative of two independent experiments. The
experiment was performed with the assistance of Ms. Karola Mai, University of Bonn.
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3.1.4.Neutrophils up-regulate Siglec-F in the lung environment

Having identified a phenotypically distinct neutrophil subset with unconventional
expression of Siglec-F, we aimed to characterize this subset in detail. First, we
investigated whether Siglec-F+ neutrophils are specific to the lung environment of
mice with AAPV and develop throughout the disease course or whether they are
already present in the systemic circulation (Figure 10, A). Detailed analysis of Siglec-
F+ neutrophil abundance in the lung during AAPV revealed that in the initiation
phase of the disease up to day 1, classical neutrophils were more prevalent than
Siglec-F+ neutrophils (Figure 10, B and D). However, Ly-6G+ neutrophils seemed to
up-regulate Siglec-F at the disease peak (day 3) (Figure 10, B), leading to a
predominance of Siglec-F+ neutrophils during the recovery phase at day 7
(Figure 10, B and D). In contrast, fMLP+LPS treatment alone did not result in a clear

expression of Siglec-F by neutrophils at any time point (Figure 10, B and C).

To elucidate whether Siglec-F was up-regulated by neutrophils already in systemic
circulation, we stained neutrophils in the blood throughout the disease course.
Siglec-F+ neutrophils were not detectable in blood 1 or 5 days after AAPV induction
(Figure 10, E and F), suggesting that classical neutrophils up-regulated Siglec-F as
they terminally differentiated in the lung. Additionally, we observed cytopenia of
classical neutrophils by day 5 in the blood (Figure 10, F), which is also observed in
patients with ANCA-associated vasculitis [196]. Although the underlying mechanism
remains to be elucidated, our data indicate that Siglec-F is up-regulated on

neutrophils upon recruitment into the inflamed lung.
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Figure 10: Neutrophils up-regulate Siglec-F in the lung environment. (A) Schematic
representation of experimental setup. On dO, mice were treated with 10 ug fMLP +
10 pg LPS in 50 pl PBS i.t. with or without injecting 1 mg anti-MPO antibody i.p. (0.5 mg of
each clone 6D1 and 6G4). 6 hours and 1, 3, 5, or 7 days later, mice were painlessly killed,
blood and bronchoalveolar lavage fluid were collected, and neutrophils were quantified by
FACS. (B) Representative FACS plots of PMNs in BALF of fMLP+LPS and mice with AAPV
at the indicated time points. (C and D) Neutrophil counts in BALF of fMLP+LPS treated
mice (C) and mice with AAPV (D) after 6 hours, 1, 3, and 7 days after disease induction.
(E) Representative FACS plots of PMNs in the blood of mice with AAPV at the indicated
time points. (F) Neutrophil counts in mice with AAPV in blood 1 and 5 days after disease
induction. Pooled data from two independent experiments (B-D) and representative data (E

and F). Mean + SEM; each symbol represents one mouse. Two-way ANOVA, *p<0.05;
**p<0.01; **p<0.001.
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3.1.5.Siglec-F+ neutrophils acquire a distinct transcriptomic profile
indicating terminal differentiation

In the microscopical analysis of the two neutrophil subsets, the chromatin of Siglec-
F+ neutrophils appeared to be more condensed than that of classical neutrophils
(Figure 9, D), suggesting lower transcriptional activity and a terminally differentiated
phenotype. Therefore, we investigated whether classical and Siglec-F+ neutrophils
exhibit distinct gene expression profiles. For this purpose, we analyzed mRNA
expression using NanoString analysis 6 days after disease induction (Figure 11, A).
Out of 317 analyzed genes, 123 differentially expressed genes in Siglec-F+
neutrophils compared to classical neutrophils reached statistical significance. Of
those, 107 genes were down-regulated while only 16 were up-regulated,
demonstrating a lower transcriptional activity in Siglec-F+ neutrophils compared to
their classical counterparts in the selected list of genes investigated (Figure 11, B).
Camp, Bcl6, II-15, or 1I-33 were amongst the top ten down-regulated genes in
Siglec-F+ neutrophils (Figure 11, C; complete list in Appendix Table 9). LL-37, which
is encoded by Camp, controls the release of inflammatory mediators, and BCL6
mediates anti-apoptotic properties and is important for neutrophil survival, whereas
IL-15 and IL-33 are involved in activating other immune cells like T cells, NK cells, or
eosinophils. Within the up-regulated genes in Siglec-F+ neutrophils, Cdkn1a, and
Ski, were amongst the top ten (Figure 11, D; complete list in Appendix Table 10),
which are potent suppressors of NETosis [197] and ROS production [198],

respectively.

Further pathway analysis revealed that genes associated with response to DNA
damage or nuclear matrix were up-regulated in Siglec-F+ neutrophils. In contrast,
pathways related to anti-apoptosis, inflammatory response, or cytokine activity

were down-regulated (Figure 11, E).

Consistently with the temporal dynamics of classical and Siglec-F+ neutrophils,
these results suggest that classical neutrophils contribute relatively more to the
inflammatory phase of the disease, whereas Siglec-F+ neutrophils have fulfilled their
effector function and reached the end of their lifespan as they down-regulate genes

associated with cytokine pathways and anti-apoptosis.
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Figure 11: Siglec-F+ neutrophils acquire a distinct transcriptomic profile indicating
terminal differentiation. (A) Schematic representation of experimental setup. On d0, AAPV
was induced in C57BL/6J mice by applying 10 pg fMLP + 10 pg LPS in 50 pl PBS i.t. and
1 mg anti-MPO antibody i.p. (0.5 mg of each clone 6D1 and 6G4). 6 days after disease
induction, mice were painlessly killed, single-cell suspensions prepared from the lungs, and
the indicated neutrophil populations FACS-sorted for NanoString analysis. (B) Differentially
expressed genes in Siglec-F+ neutrophils in comparison to classical neutrophils. (C) Top 10
down-regulated genes in Siglec-F* neutrophils. (D) Top 10 up-regulated genes in Siglec-F+
neutrophils. (E) Pathway analysis of data shown in B. Data shown are representative of two
independent experiments. The experiment was performed with the assistance of Ms. Karola

Mai, University of Bonn.
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3.1.6.Siglec-F+ neutrophils produce more NADPH-dependent ROS

Our results identified dynamic changes in the proportion of classical and Siglec-F+
neutrophils in the lung during AAPV progression expressing different transcriptional
programs. Therefore, we investigated whether those two neutrophil subsets fulfill
different functions during AAPV progression. One of neutrophils’ main effector
mechanisms is the production of superoxide radicals by the NADPH-oxidase
complex (NADPHox), which in turn are critical regulators of neutrophil functions
[199] and contribute to inflammation and tissue injury (reviewed in [200]). Therefore,
we quantified the production of ROS three days after disease induction by flow
cytometry using the ROS-dependent fluorescent dye dihydrorhodamine 123
(DHR123) (Figure 12, A and B). Classical neutrophils from C57BL/6J mice
undergoing AAPV produced only residual amounts of spontaneous ROS compared
to their NADPHox-deficient gp91phox-/nul counterparts in terms of proportion of
ROS-producing cells (Figure 12, B and C) and the amount produced (Figure 12, D).
However, we detected a substantial increase in spontaneous and PMA-induced
maximal ROS production by Siglec-F+ neutrophils (Figure 12, C and D). In contrast,
Siglec-F+ neutrophils from gp91phox-/nul- mice undergoing AAPV had similar low
levels of ROS production to those from C57BL/6J mice (Figure 12, B-D), indicating
that non-NADPHox-derived ROS (primarily mitochondrial) was residual and not
differentially expressed by these two neutrophil subpopulations. Taken together, we
demonstrate that Siglec-F+ neutrophils produced more NADPH oxidase-dependent

ROS during AAPV than their classical counterparts.

47



>
(@)

Analysis (d3) V Classical neutrophils
W 501 V Siglec-F* neutrophils
M E LS i ) = —
‘ ™ £ 401
i o D [ e ®.® o
W %50 Q xax
\° o ® ° S ol
o) , T 30 v
I
[a]
w5 20
g
& 107
0 & W ' L
\
\© o ©
\3 < \2e
ST g (&
B C57BL/6J gp91phox™n! D * &
FMO 2500+
'
. 20004
[T
3 1500,
Py v
Classical Classical g
Neutrophils Neutrophils v 1000+
T
Siglec-F+ Siglec-F+ a Vi
g - . =7
Neutrophils Neutrophils 500 “ ﬁ m
| pos. ctrl. /A\ = 0-
\ \s\\' \
TF T LA B A B e L i B A B AL B A O A A
0 108 104 0 108 10* 061% ,\Q‘(\O* \06'\
Comp-FITC-A :: DHR123 Comp-FITC-A :: DHR123 QQQ‘ og,c’“
Q

Figure 12: Siglec-F+ neutrophils produce more NADPH-dependent ROS. (A) Schematic
representation of experimental setup. On dO0, AAPV was induced in C57BL/6J and
gp91phox-nul mice by applying 10 pg fMLP + 10 pg LPS in 50 pl PBS i.t. and 1 mg anti-
MPO antibody i.p. (0.5 mg of each clone 6D1 and 6G4). Three days after disease induction,
mice were painlessly killed, the bronchoalveolar lavage fluid was collected, and ROS
production in neutrophils was quantified using FACS. As a positive control, cells were
stimulated with 1 pg/mL PMA at 37°C for 20 mins before ROS staining. (B) Representative
histograms of DHR123 fluorescence intensity in BALF neutrophils of C57BL/6J and
gp91phox~nul mice three days after AAPV induction. Pos. Cirl., neutrophils treated with
PMA. (C) Quantification of the frequency of ROS-producing neutrophils. (D) gMFI
quantification of ROS production by the indicated BALF neutrophil populations. The data
shown are pooled from two independent experiments. Mean + SEM; each symbol
represents one mouse. Two-way ANOVA comparing classical vs. Siglec-F+ neutrophils

within each group, **p<0.001. The experiment was performed with the assistance of Ms.
Karola Mai, University of Bonn.
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3.1.7.NADPH-oxidase-derived ROS drives pulmonary hemorrhages

Several neutrophil-mediated inflammatory processes, such as NETosis and even
neutrophil death, have been shown to depend on NADPH-oxidase-generated
ROS [31]. We, therefore, investigated whether vasculitis severity is altered in
gp91phox-deficient mice (Figure 13, A). Although gp91phox-/nul mice showed no
differences in weight loss (Figure 13, B), they had lower pulmonary hemorrhages as
quantified by hemoglobin content (Figure 13, C) and red blood cell counts in the
BALF (Figure 13, D) at the peak of disease, suggesting a potential pathogenic role
of NADPH-oxidase derived ROS in AAPV. However, there were no differences in the
overall leukocyte infiltration (Figure 13, E), particularly classical and Siglec-F+
neutrophils (Figure 13, F and G) in NADPHox-deficient mice. Interestingly, alveolar
macrophages were strongly decreased (Figure 13, H), while an infiltrating population
of macrophages (which will be further discussed in Results section 3.3.1.) was not
affected (Figure 13, 1). However, these results should be considered preliminary as
experiment was performed only once, and further investigations are needed to
confirm that NADPH-oxidase-derived ROS regulates lung hemorrhages but not the

immune cell compartment.
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Figure 13: NADPH-oxidase-derived ROS drives pulmonary hemorrhages. (A) Schematic
representation of experimental setup. On d0, AAPV was induced in C57BL/6J and
gp91phox-nul mice by applying 10 ug fMLP + 10 ug LPS in 50 pl PBS i.t. and 1 mg anti-
MPO antibody i.p. (0.5 mg of each clone 6D1 and 6G4). Three days after disease induction,
mice were painlessly killed, the bronchoalveolar lavage fluid was collected, and
hemorrhages and immune cell infiltration were quantified using FACS. (B) Weight changes
over time in C57BL/6J and gp91phox/nul mice with AAPV. (C) Quantification and
representative images of hemoglobin in BALF after three days. (D-I) FACS quantification of
RBCs (D), leukocytes (E), classical neutrophils (F), Siglec-F+ neutrophils (G), alveolar Mgs
(H), and infiltrating Mes () in BALF of C57BL/6J and gp91phox-/nul mice with AAPV. Data
are shown from one experiment. Mean + SEM; each symbol represents one mouse.

Unpaired student’s t-test, *p<0.05. The experiment was performed with the assistance of
Ms. Karola Mai, University of Bonn.
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3.2.Nucleic acid-sensing promotes ANCA-associated vasculitis
3.2.1.Extracellular DNA accumulates in the lungs upon inflammation

In patients with AAV, increased levels of extracellular DNA were found in serum as
well as at the side of lesions [24, 26]. Kessenbrock et al. suggested that NETosis is
a potential disease trigger, as they observed NETs formation in kidney biopsy of
patients undergoing small-vessel vasculitis [24]. However, whether extracellular
DNA accumulation is simply casual or pathogenic and involved in disease
progression remains to be elucidated. Hence, we investigated the role of DNA in
disease pathogenesis. First, we quantified extracellular DNA in the BALF of mice
throughout the disease course (Figure 14, A). In our mouse model, treating mice
with fMLP+LPS was sufficient to provoke extracellular DNA accumulation in the
BALF one day after application, which increased further on day 3. This increase was
independent of AAPV disease progression (Figure 14, B). However, only the
combination of fMLP+LPS with anti-MPO antibodies provoked pulmonary
hemorrhages (Figure 14, C and D). By day 7, when mice recovered from disease
and hemorrhages were partially cleared (Figure 14, C and D), extracellular DNA
levels returned to basal level (Figure 14, B). Interestingly, anti-MPO antibodies alone
did not induce any release of DNA. All in all, our data suggest that fMLP+LPS are
sufficient to promote extracellular DNA accumulation, but only the combination of

extracellular DNA and anti-MPO antibodies induces pulmonary hemorrhages.
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Figure 14: Extracellular DNA accumulates in the lungs upon inflammation.
(A) Schematic representation of experimental setup. On day 0, female mice were given
either 10 pg fMLP + 10 pg LPS in 50 pl PBS i.t, 1 mg anti-MPO antibody i.p. (0.5 mg of
each clone 6D1 and 6G4), or the combination. Mice were painlessly killed after 6 hours and
after 1, 3, and 7 days. Bronchoalveolar lavage fluid was taken, and extracellular DNA levels
and hemorrhages were quantified. (B) Extracellular DNA in BALF of mice treated either with
anti-MPO, fMLP+LPS, or combinatory treatment at the indicated time points.
(C) Quantification of hemoglobin in BALF at the indicated time points. (D) Representative
images of BALF. Data in (C and D) were already shown in Figure 7 (J and K) and are
included here for a comparison of kinetics with (B). Shown is a representative of at least 3
independent experiments. Mean + SEM; each symbol represents a mouse. Two-way
ANOVA, **p<0.01; ™*p<0.001. The experiment was performed with the assistance of Mr.
Calvin Krollmann, UKB, and Dr. Susanne F. Viehmann, University of Bonn.
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3.2.2.STING-deficiency does not prevent AAPV onset

Having identified increased extracellular DNA in the bronchoalveolar space of mice
with AAPV, we questioned whether nucleic acid sensors trigger an inflammatory
response that drives disease pathogenesis. As the cGAS-STING-type-I IFN pathway
is a major nucleic acid sensing pathway of double-stranded DNA, we investigated
whether STING-deficiency can prevent disease development (Figure 15, A). For this,
we used Tmem1739Y/J mice lacking functional STING, hereafter referred to as
STING--. Although pulmonary hemorrhages were only slightly weaker in STING-
deficient mice one day after disease induction (Figure 15, B), the number of
infiltrating leukocytes was significantly reduced compared to C57BL/6J mice
(Figure 15, C). Especially, neutrophils, which make up most of the infiltrating
immune cells by day one, were significantly reduced in STING~- mice (Figure 15, D).
One of the downstream signaling pathways of cGAS/STING activation is the
production of type-l IFN. Therefore, we investigated the expression of Ifn-B in the
lungs of wild-type and STING7- mice. Consistent with our results on lung
hemorrhages, we couldn’t detect any differences on day 1 (Figure 15, E). In
summary, STING-deficiency does not prevent induction of pulmonary hemorrhages

despite accumulation of extracellular DNA at that time.
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Figure 15: STING-deficiency does not prevent AAPV onset. (A) Schematic representation
of experimental setup. On day 0, female STING-- and C57BL/6J mice were given 10 pg
fMLP + 10 pg LPS in 50 pl PBS i.t. and 1 mg anti-MPO antibody i.p. (0.5 mg of each clone
6D1 and 6G4). Mice were painlessly killed 1 day later. Bronchoalveolar lavage fluid or whole
lung was taken to quantify hemorrhages, immune cell infiltration, and /fn-B expression.
(B) Quantification of hemoglobin and representative images of BALF of the indicated mice
with AAPV. (C and D) FACS quantification of total leukocytes (C) and absolute neutrophils
(D) in BALF of the indicated groups with AAPV. (E) Relative Ifn-B expression in lungs of the
indicated groups with AAPV. RNA from whole lung tissue was isolated, and /fn-B mRNA
expression was quantified by Dr. Hella Luksch, TU Dresden. Data are pooled from two
independent experiments (B-D) and one experiment (E). Mean = SEM; each symbol
represents a mouse. Unpaired student’s t-test; *p<0.05.
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3.2.3.STING-deficiency ameliorates disease progression in vivo

Apparently, STING activation is not necessary for disease induction because
STING-deficient mice developed pulmonary hemorrhages similarly to wild-type
mice during the initiation phase. However, we could already identify a slight
reduction of hemorrhages and immune cell infiltration by day 1. Therefore, we aimed
to investigate whether STING is required to prevent further disease progression at
later time points. Consequently, we investigated disease severity in STING-deficient
and wild-type mice (Figure 16, A). We observed that STING~- mice recovered faster
from weight loss than C57BL/6J (Figure 16, B). Moreover, they displayed statistically
significant lower pulmonary hemorrhages on day 3, quantified by hemoglobin
(Figure 16, C) and RBC counts (Figure 16, D) in the BALF. Although overall leukocyte
infiltration was only slightly reduced (Figure 16, E), neutrophil numbers strongly

decreased upon STING-deficiency (Figure 16, F).

Investigating the kinetics of I/fn-B gene expression over time course of AAPV
revealed a progressive but transient increase that peaked at day 3 (Figure 16, G),
which mirrors progression of hemorrhages (previous Figure 7, J). When comparing
Ifn-B expression in STING-- and C57BL/6J mice three days after disease induction,
we could see that STING-deficiency prevented up-regulation of Ifn- (Figure 16, H).
Interestingly, STING-- mice had slight increased Ifn-3 expression in comparison to
fMLP+LPS treated control mice (Figure 16, H). Thus, STING-signaling is required for
disease progression but might not be the only activated signaling pathway resulting
in IFN-B production during AAPV.
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Figure 16: STING-deficiency ameliorates disease progression in vivo. (A) Schematic
representation of experimental setup. On day 0, female STING~- and C57BL/6J mice were
given 10 pyg fMLP + 10 pug LPS in 50 pl PBS i.t. and 1 mg anti-MPO antibody i.p. (0.5 mg of
each clone 6D1 and 6G4). Mice were painlessly killed three days after disease induction.
Bronchoalveolar lavage fluid was taken, and hemorrhages, immune cell infiltration, and ifn-
expression in the lungs were quantified. (B) Weight change over time of the indicated
groups undergoing AAPV. (C) Quantification of hemoglobin of the indicated groups. (D-
F) FACS quantification of RBCs (D), total leukocytes (E), and total neutrophils (F) in BALF of
the indicated groups with AAPV. (G and H) Relative Ifn-B expression in lungs of wild-type
mice with AAPV over time (G) and in STING~- and C57BL/6J mice (H) with AAPV on day 3.
RNA from whole lung tissue was isolated, and /fn- expression was quantified by Dr. Hella
Luksch, TU Dresden. Data are pooled from two independent experiments (B-F) and one
experiment (G and H). Mean + SEM; each symbol represents a mouse. Unpaired student’s
t-test, *p<0.05; **p<0.01. The experiment was performed with the assistance of Dr. Susanne
F. Viehmann, University of Bonn.
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3.2.4.IFNAR-1 blockage ameliorates disease progression in vivo

STING-signaling normally results in type-l interferon production, which, in turn,
triggers a pro-inflammatory reaction. Having identified increased STING-dependent
disease progression as well as /fn-B gene expression in lungs during AAPV in mice,
we next investigated whether blocking type-l IFN signaling ameliorates disease
progression. For this purpose, we treated C57BL/6J mice with an anti-IFNAR-1
blocking antibody or the respective isotype control and analyzed disease
progression on day 3. Control mice were treated with fMLP+LPS only (Figure 17, A).
Inhibiting type-I IFN signaling prevented AAPV-induced weight loss compared to the
respective isotype control-treated mice (Figure 17, B). Additionally, pulmonary
hemorrhages quantified by hemoglobin (Figure 17, C) and RBCs (Figure 17, D) were
significantly reduced upon IFNAR-1 blockade. Similarly, leukocyte counts
(Figure 17 E), in particular, the number of infiltrating neutrophils were decreased
(Figure 17, F), whereas those of tissue-resident alveolar macrophages were not
affected (Figure 17, G). Although some mice still developed pulmonary hemorrhages
upon anti-IFNAR-1-treatment, weight change and leukocyte counts were
comparable to the control group treated with fMLP+LPS only (Figure 17, B, E and
F). These data indicate that IFNAR-1 blockade partially protects from pulmonary
vasculitis and suggests that targeting IFNAR-1 signaling may be of therapeutic

advantage.
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Figure 17: IFNAR-1 blockage ameliorates disease progression in vivo. (A) Schematic
representation of experimental setup. On days -1 and d1, female C57BL/6J mice were
given 250 pg of anti-IFNAR-1 blocking antibody or the respective isotype control i.p.. On
d0, AAPV was induced by applying 10 pg fMLP + 10 pg LPS in 50 pl PBS i.t. and 1 mg anti-
MPO antibody i.p. (0.5 mg of each clone 6D1 and 6G4). The control group received only
fMLP+LPS on d0. Mice were painlessly killed 3 days after disease induction.
Bronchoalveolar lavage fluid was taken, and hemorrhages and immune cell infiltration were
quantified. (B) Weight changes over time. (C) Quantification of hemoglobin and
representative pictures of BALF of the indicated groups. (D-G) FACS quantification of RBCs
(D), leukocytes (E), neutrophils (F), and alveolar macrophages (G) in BALF of the indicated
groups. Data are pooled from two independent experiments (B-G). Mean + SEM; each
symbol represents a mouse. One-way ANOVA, *p<0.05; **p<0.01; **p<0.001. The
experiment was performed with the assistance of Dr. Susanne F. Viehmann, University of
Bonn.

58



3.2.5.STING inhibitor H151 ameliorates AAPV in vivo

The group of Andrea Ablasser recently developed a small molecule STING inhibitor
that can be used in humans and mice [201]. Having identified the STING/IFN-I
signaling pathway to drive AAPV progression, we aimed to test whether this STING
inhibitor can be used as a pharmacological intervention in autoimmune vasculitis.
For this purpose, C57BL/6J mice were treated with H151 or the respective vehicle
control daily starting on the day of AAPV induction (d0), and disease progression
was analyzed after three days (Figure 18, A). Mice treated with H151 recovered
faster from weight loss (Figure 18, B), and they developed significantly weaker
pulmonary hemorrhages, quantified by hemoglobin (Figure 18, C) and numbers of
RBCs (Figure 18, D) in the BALF. This was further confirmed by quantification of
infiltrating immune cells by FACS, which demonstrated substantially fewer overall
leukocytes upon STING inhibition (Figure 18, E). Especially the influx of neutrophils
was prevented (Figure 18, F). Infiltrating macrophages were statistical significantly
decreased upon STING inhibition (Figure 18, G), whereas resident alveolar
macrophages were unaffected (Figure 18, H). Reduced immune cell infiltration was
further depicted by histopathological scoring, which significantly reduced upon
STING inhibition (Figure 18, I). Thus, targeting the STING signaling pathway using
small molecule inhibitors may be a potential pharmacological intervention for
patients with AAV.
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Figure 18: STING inhibitor H151 ameliorates AAPV in vivo. (A) Schematic representation
of experimental setup. Starting on day 0, female C57BL/6J mice were given 750 nmol of
H151 or the respective vehicle control (i.p.). On the same day, AAPV was induced by
applying 10 pyg fMLP + 10 pg LPS in 50 pl PBS i.t. and 1 mg anti-MPO antibody i.p. (0.5 mg
of each clone 6D1 and 6G4). Mice were painlessly killed 3 days after disease induction.
Bronchoalveolar lavage fluid was taken, and hemorrhages and immune cell infiltration were
quantified. (B) Weight changes over time. (C) Quantification of hemoglobin in the BALF of
the indicated groups. (D-H) FACS quantification of RBCs (D), leukocytes (E), neutrophils (F),
infiltrating macrophages (G), and alveolar macrophages (H) in BALF of the indicated groups.
() Histopathology score of lungs from mice with AAPV. Data are pooled from two
independent experiments. Mean + SEM; each symbol represents a mouse. Unpaired
student’s t-test, *p<0.05; **p<0.01; **p<0.001. The experiment was performed with the
assistance of Dr. Susanne F. Viehmann, University of Bonn.
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3.3.Dual role of macrophage subsets in ANCA-associated
vasculitis

3.3.1.Monocyte-derived macrophages infiltrate the bronchoalveolar
space during AAPV progression

After identifying the STING/type-| interferon pathway to promote pathogenesis of
vasculitis, we were interested in identifying the cell type sensing DNA and producing
type-l interferon. Investigating immune cell infiltration at the peak of the disease
(Figure 19, A) revealed a population of macrophages infiltrating the bronchoalveolar
space upon disease induction that were phenotypically distinct from tissue-resident
alveolar macrophages (Figure 19, B). Infiltrating macrophages accumulated strongly
in the lungs in mice with vasculitis in comparison to fMLP+LPS-treated mice
(Figure 19, C). Moreover, they become more prominent than resident alveolar
macrophages at the peak of the disease in terms of cell numbers (day 3)
(Figure 19, C).

Several findings indicated that monocytes gave rise to the infiltrating macrophage
subset. Phenotypically, infiltrating macrophages displayed enhanced Ly-6C
expression similar to monocytes and contrary to resident alveolar macrophages and
neutrophils (Figure 19, D left panel and E). Additionally, infiltrating macrophages
expressed F4/80, a macrophage marker not yet expressed on monocytes indicating
their advanced differentiation (Figure 19, D right panel and F). Furthermore,
expression of CCR2, which promotes monocytes egress from bone marrow and
thus infiltration into inflamed tissues [202], was required to generate a normal size of
infiltrating macrophages at the disease peak, as demonstrated in CCR2-deficient
(CCR2--) mice (Figure 19, G and H). Therefore, we conclude that monocyte-derived
macrophages infiltrate the lung during AAPV to become the dominant macrophage

population.
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Figure 19: Monocyte-derived macrophages infiltrate the bronchoalveolar space during
AAPV progression. (A) Schematic representation of experimental setup. On d0, AAPV was
induced in C57BL/6J and CCR2-deficient mice by applying 10 ug fMLP + 10 pg LPS in
50 pl PBS i.t. and 1 mg anti-MPO antibody i.p. (0.5 mg of each clone 6D1 and 6G4). Mice
were painlessly killed three days after disease induction, the bronchoalveolar lavage fluid
was collected, and macrophage subsets were analyzed using FACS. (B) Gating strategy to
identify distinct macrophage populations in female C57BL/6J mice after 3 days of AAPV
induction. (C) FACS quantification of macrophages in BALF of mice treated with fMLP+LPS
or AAPV. (D) Representative histograms of Ly-6C and F4/80 expressions of neutrophils,
monocytes, infiltrating, and alveolar macrophages. (E and F) Quantification of geometric
mean fluorescence intensity (gMFI) of Ly-6C (E) and F4/80 (F). (G) Gating strategy of
macrophage subsets in female C57BL/6J and CCR2-- mice after 3 days of AAPV
progression. (H) FACS quantification of macrophages in BALF of the indicated groups. The
data shown are representative of at least two independent experiments. Mean + SEM; each
symbol represents one mouse. One-way (E,F) or Two-way (C,H) ANOVA, *p<0.05; **p<0.01;
***p<0.001. The experiment was performed with the assistance of Ms. Katharina M.
Kirschner, University of Bonn (A-F).
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3.3.2.Monocyte-derived macrophages are main IFN- producers of
mice with active AAPV

To further investigate the role of type-I IFN promoting AAPV progression, we aimed
to identify the IFN-B-producing cells. For this purpose, we used IFN-3 reporter mice
which produce the luciferase enzyme upon Ifn-3 promoter activation (Figure 20, A).
After AAPV induction, mice had increased luminescence signal in the lungs
compared to naive mice, quantified using non-invasive In Vivo Imaging Systems
(IVIS), confirming our previous findings (Figure 20, B). When sorting our candidates
of interest (gating strategy and purity control shown in Appendix Figure 37) and
quantifying luminescence ex vivo, we could identify infiltrating monocyte-derived
macrophages as the main producers of IFN-B after AAPV induction. In contrast,
alveolar macrophages produced only small amounts, and lymphoid cells, epithelial
and endothelial cells, as well as neutrophils did not express detectable IFN-$3-
luciferase levels (Figure 20, C). These data suggest that infiltrating macrophages are

a main source of pathogenic IFN-3 in the lung during AAPV.
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Figure 20: Monocyte-derived macrophages are main IFN-B producers of mice with
active AAPV. (A) Schematic representation of experimental setup. On dO, AAPV was
induced in IFN-B reporter mice by applying 10 pg fMLP + 10 pg LPS in 50 pl PBS i.t. and
1 mg anti-MPO antibody i.p. (0.5 mg of each clone 6D1 and 6G4). IFN-3 production was
quantified in vivo using In Vivo Imaging Systems (IVIS) at dO and three days after disease
induction. On day 3, mice were painlessly killed, the lungs were collected, cells of interest
were sorted, and IFN-3 production was quantified ex vivo. Naive mice served as control.
(B) Representative images and quantification of luminescence in mouse lungs in vivo before
and after AAPV-induction. Dotted circle indicates the region of interest (ROI) where lungs
are located. (C) Quantification of luminescence of sorted cell ex vivo. FACS gating strategy
of mice with AAPV and sort purity are shown in Appendix Figure 37. RLU, relative light
units. Pooled data are shown from two independent experiments. Mean + SEM; each
symbol represents one mouse. Unpaired student’s t-test (B) or two-way ANOVA (C),
*p<0.05; **p<0.01; ™ p<0.001. IFN-B reporter mice were kindly provided by Prof. Rayk
Behrendt, TU Dresden.
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3.3.3.CCR2-deficiency ameliorates disease progression

To investigate whether IFN-B production by monocyte-derived infiltrating
macrophages is sufficient to cause vasculitis pathogenesis, we induced AAPV in
mice deficient for CCR2, lacking monocytes, and the identified monocyte-derived
infiltrating macrophages (Figure 21, A). We previously quantified that CCR2-
knockout mice (CCR2--) had reduced numbers of infiltrating macrophages after
AAPV-induction in comparison to wild-type (CCR2++) mice at the peak of the
disease (day 3). In contrast, tissue-resident alveolar macrophages were unchanged
(previous Figure 19, G and H). When investigating C57BL/6J mice with functional
CCR2 ((CCR2+/+) and heterozygous (CCR2+-)), we did not observe any differences
in terms of monocyte and macrophage numbers as well as in all disease read-outs
(Appendix Figure 38). Therefore, for simplicity, we pooled the data obtained using
those two mouse strains and labeled it as CCR2-WT. When elucidating disease
progression in CCR2-deficient (CCR2--) mice, we observed faster recovery from
weight loss (Figure 21, B) and significantly decreased pulmonary hemorrhages
(Figure 21, C) in comparison to their CCR2-WT littermates. However, leukocyte and
neutrophil counts did not differ (Figure 21, D and E), while we confirmed a
statistically significant reduction of monocytes in CCR2-deficient mice
(Figure 21, F). Thus, infiltrating macrophages drive the development of pulmonary
hemorrhages, most likely by sensing DNA and subsequently producing pathogenic
type-I IFN.
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Figure 21: CCR2-deficiency ameliorates disease progression. (A) Schematic
representation of experimental setup. On d0, AAPV was induced in CCR2--, CCR2+~, and
CCR2++ mice (data from the respective two were pooled for this figure and mice labeled as
CCR2-WT) by applying 10 pg fMLP + 10 pg LPS in 50 pl PBS i.t. and 1 mg anti-MPO
antibody i.p. (0.5 mg of each clone 6D1 and 6G4). Mice were painlessly killed after three
days, and the BALF was collected to quantify pulmonary hemorrhages and immune cell
infiltration. (B) Weight changes over time in the indicated groups. (C) Quantification of
hemoglobin in BALF and representative images. (D-F) Quantification of leukocytes (D),
neutrophils (E), and monocytes (F) in the BALF of mice with AAPV. The data shown are
representative of two independent experiments. Mean + SEM; each symbol represents one
mouse. One-way ANOVA, *p<0.05; **p<0.01; **p<0.001.
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3.3.4.IFN-B production by alveolar macrophages does not promote
AAPV pathogenesis

Having observed that tissue-resident AMs produced small amounts of IFN-3, we
wanted to investigate whether AMs contributed to disease pathogenesis. Therefore,
we depleted alveolar macrophages two days before disease induction by applying
Clodronate-loaded Liposomes intratracheally and investigated disease progression
on day 3 (Figure 22, A). FACS analysis and cell counts proved the reduction of
CD11b- Siglec-F+ tissue-resident alveolar macrophages on day 0 compared to the
application of PBS-Liposomes or PBS alone (Figure 22, B and C). Analysis of
disease progression revealed that despite slightly more weight loss in mice deficient
in alveolar macrophages (Figure 22, D), there were no differences in pulmonary
hemorrhages between clodronate liposome-treated mice and the respective control
group at the peak of the disease (Figure 22, E). Interestingly, monocyte-derived
macrophages increased dramatically after the depletion of alveolar macrophages
(Figure 22, F), likely due to an empty macrophage niche in the lung. However,
further mechanistic research is required to elucidate why monocyte-derived
macrophages increase so strongly. These data thus demonstrate that alveolar
macrophages are not required for disease onset and suggest they may be involved
in dampening further inflammation by limiting the size of the infiltrating macrophage

compartment.
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Figure 22: IFN-B production by alveolar macrophages does not promote AAPV
pathogenesis. (A) Schematic representation of experimental setup. Two days before AAPV
induction, mice received either Clodronate- or PBS-Liposomes or PBS (50 pl) i.t.. On dO,
AAPV was induced by applying 10 yg fMLP + 10 pg LPS in 50 pl PBS i.t. and 1 mg anti-
MPO antibody i.p. (0.5 mg of each clone 6D1 and 6G4). Mice were painlessly killed on
day 0 or after three days, and the BALF was collected to quantify pulmonary hemorrhages
and immune cell infiltration. (B) Representative FACS plots of alveolar macrophages in the
BALF of the indicated groups 2 days after Liposome application (day 0). (C) Quantification
of CD11b- Siglec-F+ alveolar macrophages in the BALF on day 0. (D) Weight changes over
time. (E) Quantification of hemoglobin in BALF. (F) FACS quantification of infiltrating
macrophages in BALF on day 3. The data shown are representative of two experiments (B
and C) or pooled data from two independent experiments (D-F). Mean + SEM; each symbol

represents one mouse. One-way ANOVA (C) or unpaired student’s t-test (D-F), **p<0.01;
***p<0.001.
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3.3.5.Alveolar macrophages remove extravascular red blood cells
during AAPV

While investigating the role of resident alveolar macrophages in AAPV progression,
we identified large phagocytes in the lung of mice with AAPV that had internalized
red blood cells (hereafter referred to as hemophagocytes) (Figure 23, A). We were
interested in which cell type takes up RBCs in the lung. CD206 expression of
macrophages is important for phagocytosis of red blood cells in sickle cell anemia
and malaria [203]. Investigation of CD206 expression by phagocytes after AAPV
induction revealed that alveolar but not infiltrating macrophages, neutrophils, or
monocytes highly expressed this marker (Figure 23, B and C). In line with this,
hemophagocytes were absent after alveolar macrophage depletion by Clodronate-
Liposomes application, as revealed by Giemsa staining of BALF cytospins
(Figure 23, D and E).

To identify the specific phagocytic population taking up extravascular RBCs,
phagocytes were sorted (alveolar macrophages, infiltrating macrophages, and
neutrophils), and iron staining was performed. Only alveolar macrophages had
internalized red blood cells during AAPV progression, indicated by blue iron staining
(Figure 23, F). In contrast, neither infiltrating macrophages (Figure 23, G) nor
neutrophils (Figure 23, H) showed RBC uptake. These results demonstrate that
alveolar macrophages are the main cells clearing extravascular RBCs resulting from

hemorrhages in the lung upon AAPV.
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Figure 23: Alveolar macrophages remove red blood cells after AAPV induction. Two
days prior to AAPV induction, mice received either Clodronate- or PBS-Liposomes i.t.
(50 pl). On dO, AAPV was induced by applying 10 ug fMLP + 10 pg LPS in 50 pl PBS i.t. and
1 mg anti-MPO antibody i.p. (0.5 mg of each clone 6D1 and 6G4). Mice were painlessly
killed after five or seven days, and the lungs and BALF were collected. Lung sections were
stained with H&E, and cytospins were stained with Giemsa and iron. Additionally, BALF
cells were stained for FACS. (A) H&E staining of lung sections of mice seven days after
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AAPV induction and zoom-in. Image was kindly provided by Prof. Natalio Garbi. (B-C)
Histogram of CD206 expression by indicated cell population (B) and quantification (C). (D
and E) Giemsa staining of BALF cytospins of the indicated groups. (F-H) Iron staining of
sorted alveolar macrophages (F), infiltrating macrophages (G), and neutrophils (H).
Representative images of at least two independent experiments. (A, D-H) 60x magnification.
Scale bar = 20 pm (A) and 50 pm (D-H). Insets show magnified exemplary cells from the
original 60x image. The data shown are representative of at least two independent
experiments. Mean + SEM; each symbol represents one mouse. One-way ANOVA,
***p<0.001. Experiment was performed with the assistance of Ms. Katharina M. Kirschner,
University of Bonn (B-H).

3.3.6.Depletion of alveolar macrophages prolongs AAPV progression

Extracellular heme released by lysed RBCs is a well-known pro-inflammatory
danger-associated molecular pattern (DAMP) [204, 205] and, thus, may contribute
to inflammation in vasculitis. To elucidate whether removal of extravascular RBCs
(hemophagocytosis) by alveolar macrophages contributes toward tissue
homeostasis during the recovery phase of AAPV, we depleted AMs by applying
Clodronate-Liposomes and investigated disease severity five days after AAPV
induction (Figure 24, A). Mice lacking alveolar macrophages (Figure 24, B) had a
stronger weight loss than their control counterparts and recovered slower (Figure
24, C). Interestingly, AM-deficiency led to stronger pulmonary hemorrhages on day
5 compared to most mice treated with PBS-Liposomes (Figure 24, D). Contrary to
results on day 3 (Figure 22), numbers of monocyte-derived macrophages in the
BALF were only slightly increased during the recovery phase (d5) following AM
depletion before disease induction (Figure 24, E), suggesting that AMs transiently
reduced the size of the monocyte-derived macrophage compartment at the peak of
disease. Thus, alveolar macrophages fulfill an anti-inflammatory role during AAPV

progression, clearing extravascular RBCs and dampening inflammation in the lung.
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Figure 24: Depletion of alveolar macrophages prolongs AAPV progression.
(A) Schematic representation of experimental setup. Two days prior to AAPV induction,
mice received either Clodronate- or PBS-Liposomes i.t. (50 pl). On d0, AAPV was induced
by applying 10 pg fMLP + 10 pg LPS in 50 pl PBS i.t. and 1 mg anti-MPO antibody i.p.
(0.5 mg of each clone 6D1 and 6G4). Mice were painlessly killed after five days, the BALF
was collected, and hemorrhages and immune cell infiltration were analyzed. (B) FACS
quantification of alveolar macrophages in BALF of the indicated groups. (C) Weight changes
over time in the indicated groups. (D) Quantification of hemoglobin in BALF. (E) FACS
quantification of infiltrating macrophages (E) in BALF of the indicated groups. Pooled data
are shown from two independent experiments. Mean + SEM; each symbol represents one
mouse. Unpaired student’s t-test, *p<0.05;"p<0.01; **p<0.001.

72



3.3.7.Depletion of alveolar macrophages prolongs AAPV progression
in a STING-independent manner

Our results indicate that monocyte-derived infiltrating macrophages are major
producers of IFN-B and drive disease pathogenesis. Because these macrophages
massively infiltrate the lung upon depletion of alveolar macrophages, we wanted to
investigate whether mice lacking AMs develop more pronounced disease
progression because of increased nucleic acid sensing by infiltrating macrophages
rather than the missing clearance of extracellular RBCs by AMs. Therefore, we
depleted alveolar macrophages in STING-deficient mice and investigated disease
progression after four days (Figure 25, A). As expected, alveolar macrophages were
significantly decreased compared to mice receiving PBS-Liposomes (Figure 25, B).
Similar to what we previously observed in wild-type mice, alveolar macrophage-
deficiency in STING~- mice led to severe weight loss (Figure 25, C) and increased
pulmonary hemorrhages (Figure 25, D). Additionally, overall leukocyte counts were
significantly increased (Figure 25, E), especially infiltrating neutrophils (Figure 25, F).
Interestingly, infiltrating macrophages were also increased (Figure 25, G), similar to
the results obtained in wild-type mice. Our data suggest that alveolar macrophages
contribute to tissue clearance by hemophagocytosis and dampening immune cell
infiltration independent of STING/IFN signaling. However, we cannot formally rule
out that infiltrating macrophages contribute to inflammation in a STING-

independent manner.
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Figure 25: Depletion of alveolar macrophages prolongs AAPV progression in a STING-
independent manner. (A) Schematic representation of experimental setup. Two days prior
to AAPV induction, STING-deficient mice were given either Clodronate- or PBS-Liposomes
i.t. (50 pl). On dO, AAPV was induced by applying 10 pg fMLP + 10 pg LPS in 50 pl PBS i.t.
and 1 mg anti-MPO antibody i.p. (0.5 mg of each clone 6D1 and 6G4). Mice were painlessly
killed after four days, the BALF was collected, and hemorrhages and immune cell infiltration
were analyzed. (B) FACS quantification of alveolar macrophages. (C) Weight changes over
time in the indicated groups. (D) Quantification and representative images of hemoglobin in
BALF. (E-G) FACS quantification of leukocytes (E), neutrophils (F), and infiltrating
macrophages (G) in the BALF of the indicated groups. Pooled data are shown from two
independent experiments. Mean + SEM; each symbol represents one mouse. Unpaired
student’s t-test, *p<0.05;**p<0.01; ***p<0.001.
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3.4.Female sex hormone estradiol ameliorates AAPV progression

3.4.1.Females sustain AAPV longer and have higher disease
variability compared to male mice
Autoimmune diseases often occur more frequently in women than men [136], likely
because of genetic or hormonal differences. Although overall vasculitis does not
present a sex bias, MPO-AAV is slightly more prevalent in women [5]. We, therefore,
employed our animal model to investigate a potential sex bias in AAPV disease by

directly comparing disease progression in male and female mice (Figure 26, A).

Although female mice lost more weight (Figure 26, B), we did not observe a sex-
dependent difference in the average severity of hemorrhages at the peak of the
disease (day 3) (Figure 26, C). However, hemorrhages in female mice recovered
slower than in males (Figure 26, D and E). In addition, the F-test indicated higher
variability in disease severity amongst female mice than male mice during the
recovery phase (Figure 26, D and E). Infiltrating leukocytes, however, were
unchanged comparing female and male mice throughout the disease (Figure 26, F-
H).

These data demonstrate that female mice have higher variability in disease severity
and sustain lung hemorrhages for longer periods than their male counterparts.
Based on the high variability in disease severity in female mice, our results suggest
that hormonal changes rather than other genetic differences between female and
male mice more likely contribute to differential disease progression because a
genetic impact would rather result in a less variable worsening or amelioration of

disease outcome.
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Figure 26: Females sustain AAPV longer and have higher disease variability compared
to male mice. (A) Schematic representation of experimental setup. On dO, AAPV was
induced in female and male C57BL/6J mice by applying 10 pg fMLP + 10 pg LPS in 50 pl
PBS i.t. and 1 mg anti-MPO antibody i.p. (0.5 mg of each clone 6D1 and 6G4). Mice were
painlessly killed after 3, 5, and 7 days, BALF was collected, and hemorrhages and immune
cell infiltration were quantified. (B) Weight changes over time in the indicated groups. (C-
E) Quantification of hemoglobin in BALF on days 3 (C), 5 (D), and 7 (E). (F-H) FACS
quantification of leukocytes in BALF on days 3 (F), 5 (G), and 7 (H). Pooled data are shown
from two independent experiments. Mean + SEM; each symbol represents one mouse.
Unpaired student’s t-test, *p<0.05; **p<0.01; ***p<0.001.
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3.4.2.Disease severity directly correlates with progesterone levels
and neutrophil abundance

As we observed a higher variability in disease severity in female compared to male
mice, we first investigated whether AAPV severity correlated to the estrus cycle at
the time of disease induction. Compared to humans, the equivalent estrus cycle in
mice is only 4-5 days long. It can be divided into 4 phases [206]: proestrus, estrus,
metestrus, and diestrus - each lasting for about one day (Figure 27, A). Proestrus
represents the initial phase of the estrus cycle in which estrogen levels rise and
progesterone levels are low. When estrogen levels decrease, and mice ovulate, they
enter the estrus phase, at which hormone concentrations are low in the blood.
Within metestrus, progesterone levels rise, reaching a peak in diestrus. The specific
estrus cycle phase, as determined by cellular analysis of vaginal washes stained
with Giemsa (Figure 27, B) (representative images are shown in Appendix Figure 34),
revealed no significant correlation with AAPV severity on day 5 (Figure 27, C).
Because determining the estrus cycle phase is relatively subjective, we next
quantified progesterone levels in the plasma of mice 5 days after AAPV induction,
demonstrating a statistically significant correlation with severity of pulmonary
hemorrhages (Figure 27, D). Moreover, disease severity correlated with neutrophil
abundance in the BALF (Figure 27, E), and higher neutrophil counts in the BALF
correlated with higher circulating progesterone levels (Figure 27, F). Thus, our data
indicate that disease severity positively correlates with neutrophil infiltration and
progesterone concentration in circulation. However, estrogen ELISA was not
sensitive enough to quantify hormone concentration in female mice. Thus it remains

open whether estrogen levels correlate with disease severity as well.
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Figure 27: Disease severity directly correlates with progesterone levels and neutrophil
abundance. (A) Schematic representation of estrogen and progesterone levels during
estrus cycle. (B) Schematic representation of experimental setup. On dO, vaginal lavage
was performed by pipetting PBS on the vaginal opening. Collected cells were transferred to
a glass slide and stained with Giemsa, and the estrus cycle phase was determined using a
light microscope. Subsequently, AAPV was induced in female C57BL/6J mice by applying
10 pg fMLP + 10 pg LPS in 50 pl PBS i.t. and 1 mg anti-MPO antibody i.p. (0.5 mg of each
clone 6D1 and 6G4). Mice were painlessly killed after five days, the BALF was collected,
and hemorrhages were analyzed. Additionally, plasma was isolated, and progesterone
levels were quantified. (C) Quantification of hemorrhages in BALF five days after AAPV
induction of mice that were at the indicated estrus phases on day 0. (D) Correlation of
hemorrhages and circulating progesterone levels on day 5. (E) Correlation of hemorrhages
and neutrophil numbers in BALF on day 5. (F) Correlation of neutrophil numbers in BALF
and circulating progesterone levels on day 5. Pooled data are shown from two independent
experiments with n=37 mice in total. Mean + SEM; each symbol represents one mouse.
One-way ANOVA (C) and regression analysis (D-F).
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3.4.3.Estradiol supplementation in male mice reduces disease
progression
In order to investigate whether female sex hormones can affect the disease
progression of ANCA-associated vasculitis, we performed interventional gain-of-
function experiments. We supplemented male mice with female sex hormones to
mimic the female proestrus (high circulating estrogen concentration), diestrus
(progesterone), and metestrus (progesterone and estrogen) phases and, thus,
elucidate direct hormonal effects on disease progression. For this, we injected
estradiol (E2), progesterone (P4), estradiol + progesterone (E2P4), or only vehicle
(oil) subcutaneously daily into C57BL/6J male mice, starting 4 days before disease
induction (Figure 28, A).

Mice treated with progesterone alone had a normal course of disease in terms of
weight loss (Figure 28, B), hemorrhages (Figure 28, C), and leukocytes in the BALF
(Figure 28, D and E). However, mice that were treated either with E2 or the
combination of E2P4 recovered faster from weight loss (Figure 28, B) and had
decreased pulmonary hemorrhages (Figure 28, C) as well as fewer overall
leukocytes in the BALF (Figure 28, D), 3 days after disease induction. When
quantifying different immune cell populations, we observed that E2 alone and in
combination with P4 reduced numbers of classical neutrophils significantly
(Figure 28, E) but had no major effect on infiltrating monocyte-derived macrophages
(Figure 28, F), alveolar macrophages (Figure 28, G) and classical monocytes
(Figure 28, H).

Our previous experiments demonstrated that DNA sensing and subsequent STING
activation promoted AAPV severity (Figure 16). Hormonal supplementation in male
mice did not significantly change DNA release into the BAS (Figure 28, I),
suggesting that E2 does not ameliorate disease progression by limiting extracellular

DNA accumulation as a potential agonist for STING-mediated nucleic acid sensing.
Hence, P4 supplementation did not affect disease progression, but E2 was
sufficient to ameliorate hemorrhages and dampened inflammation independently of

P4 co-administration.
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Figure 28: Estradiol supplementation in male mice reduces disease progression.
(A) Schematic representation of experimental setup. Four days before AAPV induction, male
mice were supplemented with female hormones estradiol (E2), progesterone (P4), estradiol
+ progesterone (E2P4), or vehicle (oil) by subcutaneous injection. On d0, AAPV was induced
by applying 10 pg fMLP + 10 pg LPS in 50 pl PBS i.t. and 1 mg anti-MPO antibody i.p.
(0.5 mg of each clone 6D1 and 6G4). Mice were painlessly killed after three days, the BALF
was collected, and hemorrhages, immune cell infiltration, and extracellular DNA were
analyzed. (B) Weight changes over time in the indicated groups. (C) Quantification of
hemoglobin in BALF. (D-H) Quantification of total leukocytes (D), neutrophils (E), infiltrating
macrophages (F), alveolar macrophages (G), and monocytes (H) in BALF of the indicated
groups. (I) Quantification of extracellular DNA in BALF. Hormone enrichment was confirmed
in the plasma on day 3 (Appendix Figure 39). Pooled data are shown from two independent
experiments. Mean = SEM; each symbol represents one mouse. One-way ANOVA
compared to oil, *p<0.05; **p<0.01.
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3.4.4.Estradiol supplementation in female mice ameliorates disease
progression

To exclude confounding effects from genetic differences between females and
males beyond sexual hormones affecting disease progression, we performed
hormonal supplementation in females which were previously ovariectomized to
disrupt natural hormone production and oscillation. After three weeks, hormone
levels were decreased to a basal level, which was confirmed via ELISA (Appendix
Figure 40). Mice were supplemented with estradiol and/or progesterone or vehicle
alone by subcutaneous injection starting four days before disease induction
(Figure 29, A). We could confirm that E2 and E2/P4 treatment ameliorated the well-
being of mice (Figure 29, B) and somewhat decreased pulmonary hemorrhages,
although not reaching statistical significance (Figure 29, C). E2/P4 treatment also
tended to reduce cell-free DNA in BALF (Figure 29, D), as observed in
supplemented males. However, contrary to supplementation in males, leukocyte
numbers in the BALF did not change upon hormonal treatment in ovariectomized

females (Figure 29, E).
Thus, our preliminary data suggest that estradiol ameliorates AAPV disease

independently of potentially confounding genetic differences between males and

females.
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Figure 29: Estradiol supplementation in female mice ameliorates disease progression.
(A) Schematic representation of experimental setup. Female mice were ovariectomized on
day -21 to reduce circulating hormone levels. Four days before AAPV induction (d-4),
female mice were supplemented with estradiol (E2), progesterone (P4), estradiol +
progesterone (E2P4), or vehicle (oil) by subcutaneous injection. On d0, AAPV was induced
by applying 10 pg fMLP + 10 pg LPS in 50 pyl PBS i.t. and 1 mg anti-MPO antibody i.p.
(0.5 mg of each clone 6D1 and 6G4). Mice were painlessly killed after three days, the BALF
was collected, and hemorrhages, extracellular DNA, and immune cell infiltration were
analyzed. Blood was taken on dO and d3 to confirm hormone supplementation by ELISA
(Appendix Figure 40). (B) Weight changes over time in female mice after ovariectomy and
hormone supplementation. (C) Quantification of hemoglobin in BALF of the indicated
groups. (D) Quantification of extracellular DNA in BALF. (E) Quantification of leukocytes in
BALF. Data are shown from one experiment. Mean + SEM; each symbol represents one
mouse. One-way ANOVA compared to oil, *p<0.05; **p<0.001.
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3.4.5.Unaltered endothelial cell proliferation in estradiol-treated mice

A well-known role of estradiol is its contribution to rebuilding the endometrium after
menstruation by promoting proliferation of epithelial cells [207, 208]. Thus, we
hypothesized that estradiol counteracts AAPV progression by inducing endothelial
proliferation of damaged blood vessels in the lung. To investigate this, we
ovariectomized female mice, supplemented them with estradiol or progesterone,
and induced vasculitis. Flow cytometric analysis of the proliferation marker Ki-67
three days after AAPV induction revealed no significant differences in the frequency
of proliferating Ki-67+ endothelial cells (EnCs) in hormone-supplemented female
mice compared to their non-supplemented counterparts (Figure 30, A and B).
Additionally, epithelial cells (EpCs) did not differentially proliferate (Figure 30, A and
C). Interestingly, CD4+ T cells, which served as a positive control for proliferation,
proliferated less upon progesterone treatment than the vehicle-treated group
(Figure 30, A and D). However, this most likely is not important for AAPV progression
as we didn’t see any physiological differences upon progesterone treatment
compared to the vehicle control. Thus, this data indicate that E2 did not counteract
AAPV progression by promoting endothelial or epithelial cell proliferation at the

disease peak (day 3).
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Figure 30: Unaltered endothelial cell proliferation in estradiol-treated mice. Female
mice were ovariectomized on day -21 to reduce circulating hormone levels. Four days
before AAPV induction (d-4), mice were supplemented with estradiol (E2), progesterone
(P4), estradiol + progesterone (E2P4), or vehicle (oil) by subcutaneous injection. On do,
AAPV was induced by applying 10 pg fMLP + 10 pg LPS in 50 pl PBS i.t. and 1 mg anti-
MPO antibody i.p. (0.5 mg of each clone 6D1 and 6G4). Mice were painlessly killed after
three days, and lungs were digested and samples stained intracellularly for Ki-67. (A) FACS
contour blots of Ki-67 expression in endothelial cells (EnCs), epithelial cells (EpCs), and T
cells of mice with AAPV. (B-D) Quantification of frequency of Ki-67+ EnCs (B), EpCs (C), and

CD4+ T cells (D). Experiment was performed only once. Data shown as mean + SEM; each
symbol represents one mouse. FMO - fluorescence minus one. One-way ANOVA compared
to oil, *p<0.05.
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3.4.6.Estradiol supplementation reduces circulating immune cells in
steady-state

Our results suggest that estradiol dampens disease progression by a mechanism
other than promoting the proliferation of endothelial or epithelial cells to repair
damaged blood vessels or bronchi. Therefore, we investigated whether sex
hormones affect the immune system itself. For this, female mice were
ovariectomized, and female and male mice were supplemented with E2 and/or P4
or vehicle control for four days. Circulating immune cells were quantified in the
blood. While numbers of classical neutrophils were unchanged upon hormone
supplementation (Figure 31, B), NK cells, monocytes, and B cells were decreased
upon E2 and E2/P4 treatment compared to mice receiving only vehicle. In contrast,
P4 supplementation alone, did not alter circulating immune cell numbers (Figure 31,
C-E)
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Figure 31: Estradiol supplementation reduces circulating immune cells in steady-
state. (A) Schematic representation of experimental setup. Female mice were
ovariectomized on day -21 to inhibit hormone production. Four days before AAPV induction
(d-4), female and male mice were supplemented with estradiol (E2), progesterone (P4),
estradiol + progesterone (E2P4), or vehicle (oil) by subcutaneous injection. On d0, mice
were painlessly killed, blood was collected, and circulating immune cells were analyzed. (B-
E) Quantification of classical neutrophils (B), NK cells (C), monocytes (D), and B cells (E) in
the blood of the indicated groups. ELISA confirmed hormone enrichment in the plasma on
day 0 in female mice (Appendix Figure 40). Data are pooled from two independent
experiments. Mean = SEM; each symbol represents one mouse. One-way ANOVA
compared to oil, *p<0.05.
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3.4.7.Estradiol decreases ROS production in lung neutrophils during
AAPV disease

Estradiol has been shown to inhibit superoxide release and NADPH oxidase activity
in vascular smooth muscle cells of ovariectomized mice, while progesterone
induced the release of ROS [209]. Having seen that NADPH oxidase-deficiency
ameliorates AAPV disease progression (previous Figure 13), we wanted to
investigate whether the protective effect of estradiol that we observe in AAPV is
associated with altered ROS production. For this purpose, female mice were
ovariectomized and supplemented with E2, P4, E2P4, or only vehicle. ROS
production by neutrophils was analyzed in the blood before disease onset and in
BALF three days after disease induction. On day O before disease induction, we
found decreased ROS production in blood neutrophils upon estradiol or
progesterone single treatment. In contrast, the combinatory treatment of the two
hormones did not differ from the vehicle control (Figure 32, A-C). Three days after
disease induction, classical neutrophils in the BALF still produced less spontaneous
ROS upon estradiol treatment (Figure 32, D-F) which was not the case for Siglec-F+

neutrophils (Figure 32, G-I).
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Figure 32: Estradiol decreases ROS production in lung neutrophils during AAPV
disease. Female mice were ovariectomized on day -21 to reduce circulating hormone
levels. Four days before AAPV induction (d-4), female mice were supplemented with
estradiol (E2), progesterone (P4), estradiol + progesterone (E2P4), or vehicle (oil) by
subcutaneous injection. On d0, AAPV was induced by applying 10 pg fMLP + 10 pg LPS in
50 pl PBS i.t. and 1 mg anti-MPO antibody i.p. (0.5 mg of each clone 6D1 and 6G4). Mice
were painlessly killed on dO or three days after disease induction, blood and BALF were
collected, and ROS production in different neutrophil subsets was quantified. Positive
control was treated with PMA before DHR123 staining. (A-C) Histogram (A), frequency (B),
and gMFI (C) of DHR123 positive classical neutrophils in blood on d0. (D-F) Histogram (D),
frequency (E), and gMFI (F) of DHR123 positive classical neutrophils in BALF on d3. (G-I)
Histogram (G), frequency (H), and gMFI (l) of DHR123 positive Siglec-F+ neutrophils in BALF
on d3. Experiment was performed only once. Data is shown as mean + SEM; each symbol
represents one mouse. One-way ANOVA compared to oil, *p<0.05, **p<0.01.
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3.4.8.Cytokine expression in BALF of mice with AAPV

To further investigate disease pathogenesis and how estradiol ameliorates AAPV
progression, we analyzed the release of cytokines in the bronchoalveolar space
using a proteome profiler array that allows quantification of 111 different cytokines.
First, we investigated cytokine release upon vasculitis induction in comparison to
naive mice or mice treated with anti-MPO or fMLP+LPS only at the peak of the
disease (day 3). For each group, a sample with an average level of hemorrhages
within its group was chosen, quantified by OD. While there were no detectable
cytokines in BALF of naive mice or those treated only with anti-MPO, we found
increased cytokine levels after fMLP+LPS challenge (Figure 33, A and B). Upon
vasculitis induction, we observed an up-regulation, compared to fMLP+LPS, of P-
and E-Selectin, which are essential for neutrophil rolling, as well as, e.g., CCL12
which specifically attracts eosinophils, monocytes, and lymphocytes. We further
observed increased expression of the B cell attractant CXCL13 and the B cell
activator BAFF. Moreover, MMP-3 and -9 were highly increased upon AAPV
induction compared to the fMLP+LPS challenge (Figure 33, C and D). In contrast,
we also found numerous down-regulated cytokines in mice with AAPV. CXCL2 or
GM-CSF, which are potent neutrophil and macrophage attractants, were strongly
decreased, the same as, e.g., CD14 which binds LPS in the presence of LPS-
binding protein (LBP) (Figure 33, E).

Having observed that estradiol ameliorates disease progression and that this is
apparently not because of increased vessel repair by endothelial cell proliferation,
we aimed to elucidate whether estradiol regulates cytokine production in mice with
AAPV. Therefore, we collected BALF supernatant of male mice supplemented with
female hormones and performed a proteome profiler array. We found only six
cytokines up-regulated upon estradiol treatment compared to oil-treated mice,
including LIX, IL-12, BAFF, CCL12, ICAM-1, and PDGF-BB (Figure 33, F and G).
Most of the detectable cytokines were down-regulated upon estradiol treatment,
including MMP-9 and -3, as well as IL-6 (Figure 33, F and H), supporting the
hypothesis that estradiol acts as an anti-inflammatory mediator. However, identified
candidates like the metalloproteases would have to be analyzed more in-depth to

investigate their involvement in disease pathogenesis.
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Figure 33: Cytokine expression in BALF of mice with AAPV. (A) Picture of proteome
profiler array membranes incubated with BALF supernatant of female mice which received
10 pg fMLP + 10 pg LPS in 50 pl PBS i.t. and 1 mg anti-MPO antibody i.p. (0.5 mg of each
clone 6D1 and 6G4). Naive mice, anti-MPO, and fMLP+LPS-only treated mice served as
control. Mice were painlessly killed after three days, and BALF was collected to quantify
cytokines. (B and C) Fold change of gene expression of the indicated groups compared.
(D and E) Top 15 cytokines that were up-regulated (D) and down-regulated (E) in BALF of
mice with AAPV compared to fMLP+LPS treated mice. (F) Pictures of proteome profiler
array membranes incubated with BALF of male mice treated with estradiol or oil four days
before AAPV induction. BALF was collected three days after AAPV induction. (G) Top 6
cytokines that were up-regulated in BALF of estradiol-treated mice in comparison to oil. (H)
Top 10 cytokines that were down-regulated in BALF of estradiol-treated mice in comparison
to oil. Data are shown from one experiment.
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4. Discussion

This thesis aimed to investigate the molecular and cellular mechanisms promoting
ANCA-associated vasculitis in order to elucidate new therapeutic targets. Previous
studies have investigated the requirement of neutrophils and ANCA in disease
induction. Upon priming, e.g., by an infection and subsequent activation by ANCA,
neutrophils extrude granule content and DNA that accumulate in the circulation and
at the site of inflammation. However, whether and how this might trigger disease
pathogenesis remains to be elucidated. As the current therapy strategies focus on
general and sustained immunosuppression, entailing severe side effects, there is an
urgent need to identify specific mechanisms involved in disease pathogenesis that

may be therapeutically targeted.

4.1.Combination of fMLP+LPS and anti-MPO induces severe
pulmonary vasculitis in mice

Clinical observations that patients with AAPV have increased circulating ANCA
levels [10] and that disease relapses are often associated with rising ANCA levels
[210-212] suggest a crucial role of anti-MPO IgGs in disease development.
Consistently with this, B cell depletion [75, 213] and plasma exchange therapies
[214] that lower circulating antibody titers are beneficial for patients with AAV.
Currently available mouse models for ANCA-associated vasculitis use active or
passive transfer of ANCA [45, 81, 215]. To circumvent the mild disease induction
and poor reproducibility associated with these models [216], researchers have
boosted neutrophil activation with LPS to mimic common infections preceding
vasculitis flares in patients, leading to increased disease severity in these models
[82]. Despite increased severity, disease penetrance is still poor [216]. In addition,
these preclinical models are mostly restricted to kidney pathology [85]. Although
kidney involvement is a severe complication, there are no consistent mouse models
for pulmonary hemorrhages, which is amongst the most lethal complication during
AAV surges of ANCA-associated vasculitis [85]. Therefore, we established a mouse
model reflecting severe clinical lung pathology in AAV. By applying low doses of the

bacterial ligands fMLP and LPS into the lung and systematically injecting two
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monoclonal anti-MPO IgGs, mice developed severe pulmonary hemorrhages and
lung pathology within three days. fMLP was needed to increase circulating
neutrophil numbers, while LPS led to activation of neutrophils and their subsequent
extravasation into the lung [189]. Although fMLP+LPS also increased immune cell
infiltration, it only induced a low grade of lung pathology, and mice never developed
pulmonary hemorrhages. Like in most clinical cases, disease in our model is
transient, and mice with AAPV cleared most of the hemorrhages by day seven after
disease induction. Fast recovery from hemorrhages may be due to the single
application of anti-MPO antibodies in our model, which stands in contrast to

patients with AAV who continuously produce autoantibodies [217].

4.2.Neutrophils maturation in the inflammatory lung environment
is indicated by Siglec-F expression

Depletion of circulating neutrophils prevented necrotizing and crescentic
glomerulonephritis, proving the essential role of neutrophils in AAV pathogenesis
[82]. In our model, we observed massive infiltration of neutrophils in the lung of mice
with AAPV as soon as 6 hours after disease induction. Whereas neutrophils are
classically characterized as Siglec-F- Ly-6G+, we found that infiltrating neutrophils in
the lung - identified by the polymorphic nucleus and transparent cytoplasm -
expressed Siglec-F by day three. In contrast to fMLP+LPS treated mice, Siglec-F+
cells accumulated in the bronchoalveolar space. Additionally, blood neutrophils
remained Siglec-F-, indicating that neutrophils up-regulated this marker when
infiltrating the lung environment. Siglec-F+ neutrophils were previously identified in a
mouse model of lung adenocarcinoma, where osteoblasts remotely supplied the
tumor site with these cells promoting cancer processes, e.g., tumor growth,
angiogenesis, and immunosuppression [218]. Siglec-F+ neutrophils at the tumor site
showed increased ROS production and promoted macrophage differentiation in vivo
[218]. Further characterization of this neutrophil subset by the group of Mikael Pittet

identified it as mature, non-proliferating, and long-lived [219].
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This is in line with our findings that Siglec-F+ neutrophils displayed a darker
chromatin staining than classical neutrophils, indicating more condensed chromatin,
a hallmark of neutrophil maturation [195]. This suggests that Siglec-F+ neutrophils
are less transcriptionally active, as DNA transcription is less efficient when densely
packed. Furthermore, our data revealed that most of the differentially expressed
genes in Siglec-F+ neutrophils were down-regulated compared to classical
neutrophils. The gene that decreased the strongest was Camp, encoding for LL-37,
a protein previously shown to be elevated in the serum of patients with AAV [220]. In
psoriasis, LL-37-decorated DNA acted as a potent inflammatory trigger activating
pDCs [221], and its role in AAV will be further discussed in the Discussion section
4.3.. Bcl6, which was also strongly decreased in Siglec-F+ neutrophils, has been

shown to prevent tissue neutrophil apoptosis during pulmonary inflammation [222].

In contrast, Cdkn1a is one of the genes highly up-regulated in Siglec-F+ neutrophils.
Cdknla encodes for the protein p21, which was previously shown to cause
neutrophil apoptosis [223]. Under resting conditions, neutrophils express only low
levels of Cdknla [224]; however, human airway neutrophils had about 140-fold
increased expression upon endotoxin exposure [225]. This data supports the idea
that this neutrophil subset reached a terminal differentiation and the end of their
lifespan. However, whether Siglec-F+ neutrophils contribute to inflammation or

resolution in ANCA-associated vasculitis remains to be investigated.

The production of ROS is a crucial mediator in many inflammatory diseases. We
observed high levels of ROS in lung neutrophils upon induction of pulmonary AAV.
What was surprising was the fact that NADPHox-deficiency ameliorated only
pulmonary hemorrhages but had no effect on immune cell infiltration three days
after disease induction. It may be that ROS directly targets the endothelium and
induces cell death, resulting in hemorrhages in the lung. For instance, excess ROS
inhibits nitric oxide (NO) production, resulting in endothelial dysfunction [226].
Additionally, ROS can trigger apoptotic signaling pathways in liver endothelial cells
by degrading their polysaccharide-coated surface layer [227], thus supporting our
hypothesis of ROS-induced endothelial death and subsequent hemorrhage

induction. However, ROS may play a dual role in the pathogenesis of AAPV, as

92



NADPHox-deficiency reduced the number of alveolar macrophages in the BALF,
which we found to be essential for clearance of hemorrhages in AAPV. It was
previously shown that ROS produced by neutrophils is required to trigger the
conversion of macrophages to a pro-resolving phenotype in an APAP-induced liver
injury model [228]. Therefore, ROS-deficiency might protect from pulmonary
hemorrhages but prevent dampening of inflammation and resolution of disease at a

later time point, which has not been investigated in this study.

4.3.Nucleic acid sensing via the STING/IFN axis drives AAPV
progression

Previously, it has been shown that NADPH oxidase activity and ROS production can
drive NETosis [31], and high concentrations of ROS were found to cause neutrophil
death [229, 230]. NETosis and aberrant DNA release have been demonstrated in
several autoimmune diseases, including AAV, where these mechanisms are believed
to be involved in disease pathogenesis [24-26]. We also detected increased
extracellular DNA levels in the BALF upon applying our mouse model. However,
whether increased extracellular DNA levels and NADPH-oxidase-driven
pathogenesis are directly linked in AAPV still needs to be investigated as we did not

quantify extracellular DNA in gp91phox-deficient mice.

Interestingly, treatment with the bacterial ligands fMLP+LPS alone already provoked
a similar DNA release to AAPV induction but without inducing pulmonary
hemorrhages. We hypothesize that anti-MPO antibodies form immune complexes
with neutrophilic MPO-decorated DNA and that the antibodies are required for
shuttling the DNA into the cell. Indeed, anti-MPO antibodies used in this study
bound MPO-decorated DNA released by neutrophils in an in vitro NETosis assays
(Dr. L. L. Teichmann, pers. comm.). Although we do not have direct proof for DNA
shuttling in AAPV, other studies have proposed a similar mechanism. For instance,
cytosolic delivery of extracellular DNA has been shown to provoke IFN-a expression
in vitro, although the mechanism of DNA uptake was not elucidated [231]. In
another study, immune complexes with DNA were translocated to the cytosol via Fc
receptor binding, driving monocyte activation and subsequent IL-13 production
[232].
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Besides antibodies, other proteins have been reported to shuttle DNA into the
cytosol. LL-37 was demonstrated to bind DNA and transport it into the cytoplasm
resulting in STING activation in myeloid cells in vitro [231] or TLR9 activation in
pDCs during psoriasis [221]. LL-37 was further implicated in the pathogenesis of
several autoimmune diseases like psoriasis [233] or SLE [234]. In this study,
classical neutrophils in mice with AAPV expressed high levels of Camp, suggesting
that LL-37 might shuttle neutrophilic DNA in our vasculitis model. In line with this,
Kessenbrock et al. found LL-37-decorated DNA to drive renal damage in AAV [24].
However, whether ANCA increase the expression of LL-37 which mediates

pathogenic DNA shuttling remains to be investigated.

Cytosolic DNA gets sensed by nucleic acid sensors triggering a pro-inflammatory
response, for instance, the expression of type-l IFNs. IFNs are crucial players
promoting immunity during infections (reviewed in [235]), but they also play
important roles in autoimmune diseases [236, 237]. For instance, IFN signature in
peripheral blood mononuclear cells (PBMCs) of patients with SLE correlated
positively with disease severity [238]. Recently, it has been shown that NETs are
phagocytosed, inducing cGAS-dependent IFN secretion [15]. In our group, we have
demonstrated that nucleic acid sensing via the STING/IFN-I axis promotes severe
AAPV pathogenesis. Increased cGAMP levels and an enhanced IFN signature in
PBMCs of patients with AAV supported the role of nucleic acid sensing also in
human disease [189]. These findings are consistent with data obtained from TREX1-
knockout mice, mimicking Aicardi-Goutieres syndrome, a STING-dependent

interferonopathy induced by TREX1 DNase-deficiency [95].

However, results in other publications are, apparently, in contradiction with our
findings. Although patients with STING-associated vasculopathy with onset in
infancy (SAVI), which is driven by a self-activating STING mutation, show an IFN-I
signature, disease in the corresponding mouse model is not ameliorated by a
deficiency in IRF3 or IFNAR-1 [190]. Additionally, Motwani et al. did not observe a
substantial increase in the expression of ISG by gain-of-function STING mutations

[239]. Altogether, our results indicate that the disease mechanisms driven by
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chronic STING activation, like in SAVI, differ from those in acute STING activation,
like in AAV.

Another study investigating ISG expression by PBMCs did not observe any
differences between patients with AAV and healthy controls [240]. However, they
examined the expression of only 7 ISGs (ISG15, SIGLEC1, STAT1, RSAD2, IFI27,
IF144L, and IFIT1), which were, besides IFI27, also not differentially expressed in our
patient's cohort. However, our study investigated more ISGs and found, for
instance, OASL, IFI35, or MX2 to be expressed stronger in patients with AAV

compared to healthy controls (data not shown).

Similar to what Batten et al. suggested in their study of SAVI [240], we propose that
DNA sensing via cGAS/STING is not the sole signaling pathway driving
pathogenesis, as we observe partial but not complete protection upon interfering
with the STING signaling pathway. It may well be that up-taken DNA gets sensed
simultaneously by other nucleic acid sensors like AIM2 or TLR9, another double-
stranded DNA sensor. TLR9 signaling was found to result in, e.g., IFN-a production
upon sensing DNA from herpes simplex virus-2 [241]. However, it is unlikely that
TLR9 signaling is involved in ANCA-associated vasculitis because Unc93B7-
deficient mice, lacking TLR3, 7, and 9, were not protected from disease progression
(C. Krollmann and L. L. Teichmann, University Hospital Bonn, pers. comm.). STING
signaling was shown to induce TNF-a production, independent of type-I interferon
[242]. Our group's preliminary data have also identified that TNF-a promoted
disease in our inducible model for autoimmune vasculitis. Therefore, it remains to be
investigated whether TNF-a is involved in AAPV disease development together with
IFN-I.

4.4.Monocyte-derived macrophages contribute to inflammation,
while alveolar macrophages promote resolution

Macrophages are a heterogeneous group of immune cells in many organs that play
different homeostatic and inflammatory roles, often performed by different
subpopulations [243]. Conversely, macrophages can produce pro-inflammatory
molecules like TNF-a, IL-6, NO, and ROS [244]. On the other hand, they actively
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inhibit responses to otherwise innocuous stimuli [245] or can even promote
resolution of inflammation by releasing anti-inflammatory mediators and clearing
cellular debris [246, 247].

In our model of AAPV, we have observed tissue-resident macrophages as well as a
macrophage subset infiltrating the lung upon disease induction. Further
investigations revealed that infiltrating macrophages were derived from circulating
monocytes and were primary producers of pathogenic IFN-B in the lung of mice
with AAPV, promoting disease progression. In clear contrast, tissue-resident alveolar
macrophages (AMs) in mice undergoing AAPV produced little IFN-B and instead
contributed to lung recovery by phagocytosing extravascular red blood cells and
dampening inflammation in a STING-independent manner. STING activation in
monocyte-derived macrophages, as well as tissue-resident Kupffer cells, was
previously found in fibrotic livers of patients with NASH, where STING expression
positively correlated with liver inflammation severity [248]. Tissue-resident
macrophages are often replaced upon inflammation by infiltrating monocyte-derived
macrophages, which are believed to promote inflammation [249-252]. However, few
studies compare tissue-resident and monocyte-derived macrophages functionally

within the same disease model beyond transcriptomic investigations.

Removal of dead or damaged cells by macrophages is essential to prevent
accumulation of inflammatory signals derived from cellular death [253-255].
Clearance of senescent or extravascular red blood cells by tissue-resident
macrophages is an important homeostatic process for dampening extracellular
heme accumulation as well as an essential mechanism of iron recycling [256].
However, hyper-activation of macrophages and the subsequent excessive uptake of
red blood cells may also cause severe anemia, as reported for malaria [257, 258]
and hemophagocytic lymphohistiocytosis (HLH) [259]. Therefore, this process

requires strict regulation.
Within our study, we observed beneficial clearance of extravascular red blood cells

by tissue-resident alveolar macrophages, contributing to recovery from pulmonary

hemorrhages. Although neutrophils, monocytes, and monocyte-derived
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macrophages are phagocytic cells as well [260, 261], we did not observe any
uptake of red blood cells by these populations. A possible explanation of the cell
type-specific uptake may be that in comparison to alveolar macrophages, none of
these other populations expressed CD206, which was shown to be important for
hemophagocytosis in sickle cell anemia and malaria [203]. Additionally,
phagocytosis of red blood cells requires the expression of SIRPa [262], which is
most abundant in some macrophages, monocytes, and neutrophils [263]. Thus, it
would be interesting to investigate SIRPa expression by the different macrophage
subsets in our AAPV model. Furthermore, IL-33 is released by damaged
erythrocytes, instructing the differentiation of iron-metabolizing macrophages via
the IL1RL1 receptor, resulting in subsequent MYD88 activation [264]. Having seen,
that Myd88 expression was strongly decreased in mature Siglec-F+ neutrophils in
the BAS of mice during recovery from AAPYV, it is most likely that this pathway is not
activated in neutrophils explaining why they may not have taken up RBCs in the

lung.

4.5.Estradiol supplementation ameliorates AAPV progression

Autoimmune diseases occur more frequently in women than men [136]. Although
the overall prevalence of vasculitis is equally distributed, 64% of patients with MPO-
AAV are women [5]. The sex bias was also reflected in our mouse model, where we
observed more severe disease outcomes in female mice. Additionally, disease
severity in females was more variable than in male mice, suggesting a dependency
of disease pathogenesis on hormonal oscillation rather than genetic differences
between females and males. We observed that female mice had more severe
hemorrhages at a progestogenic phase at the time of disease induction, where
circulating progesterone levels are high and estrogen levels are low. Investigating
the role of female sex hormones in the pathogenesis of AAPV revealed that estradiol
supplementation can reduce pulmonary hemorrhages and dampen inflammation in

Vivo.
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We initially hypothesized that estradiol ameliorates pulmonary hemorrhages by
inducing endothelial and/or epithelial cell proliferation, an important estrogen
function in the uterus during the menstruation cycle [207, 208]. However, we did not
see any significant differences in the proliferation of endothelial or epithelial cells
upon hormone supplementation in the lungs of mice with AAPV after three days.
The time point of analysis may be critical here. Mice treated with estradiol or the
combination with progesterone already displayed reduced pulmonary hemorrhages
by day 3, indicating that there have been repairing mechanisms, such as
proliferation of endothelial or epithelial cells, taken place earlier. Therefore, it may be

interesting to investigate proliferation as early as one day after disease induction.

In steady-state estradiol supplementation, in contrast to progesterone or vehicle
control, limited circulating leukocytes, including monocytes, NK cells, and B cells,
supporting the anti-inflammatory role of estrogen that has been previously reported
[265]. Although circulating neutrophil counts were unaffected by estradiol
supplementation at steady-state, they produced less spontaneous ROS compared
to vehicle control mice. Thus, three days after AAPV induction, male mice treated
with estradiol had significantly decreased neutrophil counts in the BALF. This is in
line with findings showing that estradiol can inhibit the NADPH oxidase subunit
gp91phox [266] as well as vascular NADPH oxidase activity [209]. It was further
demonstrated that NADPHox up-regulates MMP-9 production [35], which in turn
mediates neutrophil migration [34]. In line with these observations, we provide
evidence that estradiol reduced MMP-3 and -9 in the lungs of mice with AAPV.
Estradiol has been previously reported to reduce MMP-9 in an autoimmune
demyelinating disease model, leading to decreased infiltration of monocytes and T
cells in the CNS [155]. Altogether, these findings suggest that neutrophils are less
activated upon estradiol supplementation, leading to decreased NADPHox activity
and, consequently, reduced ROS and MMP-9 production. Consequently, this may

affect their ability to extravasate in the lung resulting in reduced tissue damage.
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Furthermore, we found that estradiol supplementation decreased the number of
inflammatory monocyte-derived macrophages in the lung. Previous studies have
shown that estradiol inhibits mechanisms of monocyte migration into tissues, where
they differentiate into macrophages. For instance, estradiol can inhibit MCP-1
production in coronary artery endothelial cells [267], a molecule required for
monocyte migration. Estradiol was also shown to directly inhibit the migration of
monocytes exposed to MCP-1 in vitro [268] and in vivo [269]. The group of Janis et
al. elucidated decreased expression of CCR2 in murine monocytes upon estrogen
stimulation [270]. Further evidence was provided by Giraud et al., who could show
reduced CCL2 expression by astrocytes upon estradiol treatment in a model of
experimental allergic encephalomyelitis, resulting in suppressed recruitment of
inflammatory myeloid cells [271]. These findings could explain why estradiol-treated
mice displayed a weaker disease phenotype, having seen that monocyte-derived
macrophages fulfill a pro-inflammatory role by producing IFN-B during AAPV

progression.

NADPHox activity was previously shown to decrease NETosis (a form of DNA
release) [31]. Having seen nucleic acid sensing dependent AAPV pathogenesis, we
investigated NETosis upon hormone supplementation. Interestingly, we observed
reduced amounts of extracellular DNA in BALF upon combinatory treatment with
estradiol and progesterone but not upon estradiol or progesterone treatment alone.
However, the two groups that included estrogen supplementation had ameliorated
disease progression. This suggests different mechanisms that improve disease
outcomes in estrogen and estrogen+progesterone-treated mice, which remain to be

elucidated.

Surprisingly, we have not seen any significant changes upon progesterone
supplementation alone. This may be because progesterone responsiveness
depends on the presence of estrogen, which is necessary for the expression of the
progesterone receptor [272]. Thus, the changes we observe in estradiol+

progesterone-treated mice may be the actual action of progesterone.
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A factor that we did not investigate in this project is the role of NO on disease
progression. NO regulates several biological processes and is essential for
maintaining vascular health and respiratory homeostasis [273, 274]. Estradiol was
found to increase the basal release of nitric oxide by endothelial cells, which led to
reduced binding of macrophages to the endothelium, an early event in the
development of atherosclerosis [275]. Furthermore, estradiol reduced the adhesion
of monocytes to the endothelium [276]. Reduced NO production by endothelial cells
upon estradiol supplementation may explain the decreased number of infiltrating

macrophages we observed during ANCA vasculitis.

Although our findings that constant supplementation with estradiol ameliorates
AAPV progression, our experimental design of hormone supplementation has some
limitations. The natural oscillation of hormones may have additional effects on the
immune system than the sole presence or absence of the single hormone itself.
Several studies showed that especially the withdrawal of hormones fulfills important
functions. For example, there is evidence that leukocyte infiltration, cytokine
release, and up-regulation of MMPs associated with menstruation are due to the
withdrawal of progesterone rather than its presence or absence [277, 278]. With this
background, it would be highly interesting to supplement mice with hormones and
discontinue the treatment to see how the disease progresses after hormonal

withdrawal.
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5. Conclusions and Outlook

This study has identified key cellular and molecular mechanisms for AAPV
progression: (1) nucleic acid sensing via the STING/IRF3/IFN-I axis drives disease
pathogenesis; (2) infiltrating monocyte-derived macrophages drive disease
progression by producing pathogenic IFN-B, while alveolar macrophages
contributed to disease recovery by clearing extravascular RBCs; (3) estradiol
supplementation ameliorated disease progression. However, important questions

remain to be answered.

1. What are the cellular targets of IFN-3 produced by infiltrating macrophages?
Blocking of IFNAR-I or JAK/STAT inhibition with Baricitinib (data not shown)
ameliorated AAPV progression, identifying a pathogenic role of IFNAR-I signaling.
To elucidate which cell type senses IFN-B in a pathogenic manner, an initial
suggestion would be to assess disease severity in bone marrow chimeras to identify
whether IFNAR-I expression is necessary on immune or non-immune cells.
Identification of specific cell types would require using the Cre/LoxP system in
mouse strains. Moreover, it would be interesting to investigate how IFN-B mediates
disease progression. A possibility is that endothelial cells recognize IFN-I, which

activates a cell death pathway.

2. Which other mechanisms, besides STING/IFN signaling, trigger endothelial
cell death?

STING/IFNAR-I axis dampened hemorrhage severity but did not completely prevent
them, demonstrating that other mechanisms than nucleic acid sensing via STING/
IFN-I contribute to disease progression. Therefore, other nucleic acid sensors, for
instance, AIM2, may also play a pathogenic role. Our group's preliminary results
have also identified that TNF-a promoted disease in our inducible model for
autoimmune vasculitis. Previously, it was shown that STING activation by bacterial
second messenger (3'-5')-cyclic-di-guanosine-monophosphate (CDG) led to an IFN-
I-independent TNF-a production [242]. Thus, combinatory blockade of IFN-B and

TNF-a action may further prevent pulmonary hemorrhages.
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3. How does estradiol supplementation ameliorate AAPV progression?

Regarding the hormonal effect on disease progression, an open question remains
on how estradiol ameliorates AAPV. As discussed here, suppression of NADPH-
oxidase by estradiol may constitute one such mechanism. To test this, estradiol
supplementation of gp91phox-deficient mice would be necessary. Moreover,
examining the involvement of metalloproteases in disease progression would be
interesting, as we have seen a reduction of MMP-3 and -9 as well as reduced

neutrophil infiltration upon estradiol treatment.

4. Why do female mice display worse disease severity than males?

The observation that female mice have more severe disease progression than males
is apparently contradictory to the improved disease prognosis upon estradiol
supplementation. We wonder whether the natural hormonal withdrawal in humans
and mice worsens hemorrhages and inflammation in the lung rather than the
hormone expression itself. To test this, it would be necessary to mimic hormonal

withdrawal and investigate disease progression.

102



Appendix

. A 4 .: P2 Y ) e = == A U]
| » ¥ 2 -~ 28 3
| A) proestrus e d © || B)estrus e
- 7.0 aaa P
K. o ¥ Rampy NS T P ¥
L4 » '.d 4 .. . oS Ay 4 '
° < p L B e ' g
. A & 5 - .
.\‘V'a’ e X\ A ey B ~‘}.r é)' "’ - ‘
. Silli2a < B A L g
JEN “ FL S . LY .
\ A A v 4 & -
*T7 % » o § @ « ¢ ' - 2
“ h & - LYY f . . -
o ¥ el B> & 20\
. “,( . & -39 ° ) ‘ . . s )‘
i : Y e J S § S - £ > » y “
V. v ‘e r {" - £ ‘:\ 2. v A
LS $ o N . "
- B et f Y SRS Y ‘7‘ »” 4 v o L ’
2 3 % > ’
e e S| PR > ¥ %
o i AR L g e & O
Y \ S > ¥
' i': @R, .._.‘\ . s p » £
" . S e & ° - . ’
\ et + ¢oel .
' . . : o 2 g ‘14 . »
° T A -
3 g 2 aw Nt >
L} I 2 P 2
S = W TR i I i ° T o
H < o ) . - P’
C) metestrus AR S & ¢ #7011 D) diestrus - ’
o 3 A 3 - A
- 1 b . d [ & e 3 v
o~ ¥ o Ve St 2 "\r‘ 2 T LA o 9
s R . . » A SR il o
¥ Vet R T . LF5 s
' R i'; N " 4 “i _re b
- . . s Yo gr
T : . ~ E:u .,c"'* &£
E e - o B e A
i . e . . :,' o "‘; e By
_v. or o .,5'6’ R"? o .: -
A% SO & B
. . A ] > ':ro Oa 3 . o7 e
. = SRR e T,
- X s a‘ < (P ) % .
-~ ...."" *. > 'l:'.‘.' ® 1
N L ey Sy, )
% 5 .
- I ¢ - - bt
OO MR (| o
’ _g . ' - : ¢
- 7 L S ST AL
7 Ll 5 Coa e @
hpe B0 . < : .
a . ,-‘ L4 9 ’ @ “ ‘ ot v 0:' s ® 9
o o d ¢ v LSl

Figure 34: Representative images of vaginal cytology at different estrus-cycle phases.
Vaginal lavage was performed, and smears were stained with Giemsa. Images represent
estrus-cycle phase: A) proestrus, B) estrus, C) metestrus, and D) diestrus. 10x magnification

and zoom-in.
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Figure 35: Correlation of optical density of hemoglobin and hemoglobin ELISA. BALF
was collected from mice five days after vasculitis induction. Hemoglobin was quantified
using an absorbance reader (400 nm - 600 nm reference) and a colorimetric assay (Abcam).
Data were correlated using Graphpad Prism Software.
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Figure 36: FACS gating strategy of BALF. BALF was collected from mice three days after
vasculitis induction. BALF was stained as described in 2.2.17. and analyzed using the LSR
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Table 9: Down-regulated genes in Siglec-F+ neutrophils

mRNA c::rllc;e V:l:.le mRNA Fold change p-value mRNA Fold change p-value
Camp 0004  0.00002 Tirs 0.176 0.00177 Tap 0.351 0.014
I 0.103 o.oooos| | Cd36 0.083 0.00196 | | ll4ra 0.384 0.014
Ifitm1 0104 000006 | |  Ciga 0.157 oooz01 | | zbtore 0.415 0.0144
Bcl6 0.048 o.oooo7| | Tnfsf4 0.227 0.00203 | | Cd79b 0.460 0.0158
Fogrd 0075 000009 | | socss 0.275 000241 | | imgr2 0.392 0.0159
ligal 0.120 o.ooo1o| | H2-Ebf 0.168 0.00288 | | Cxelt2 0.248 0.016
115 o063 000013| | cass 0.321 000292 | | statsp 0.344 0.0168
Lilrb3 0.166 o.oooz7| | Cd99 0.316 0.00309 | | ll23a 0.435 0.0176
H2-Aa 0095 000029 | | Lyee 0.253 000azs | | wgmi 0.321 0.0178
Notch2 0.189 0.oooso| | Ctnb1 0.398 0.00339 | | ltgas 0.243 0.018
Litaf 0173 000030 | | wyass 0.182 oooass | | cass 0.275 0.0196
Irf7 0.134 o.ooosel | Mbp 0.167 0.00364 | | Crif2 0.195 0.0213
Cxort 0104 000039 | | st 0.237 000376 | | Nod2 0.325 0.0218
Cxcl15 0.012 0.ooo4a| | Cd244 0.219 0.00431 | | Lib 0.392 0.0218
Muct 0020 o000s2| | raks 0.356 000435 | | Ciita 0.406 0.0235
Clu 0.030 o.ooosal | Cdse 0.215 0.00469 | | Smad3 0.277 0.0237
Bid o078 oooo2| | mapake 0.312 oooae2 | | iicos 0.202 0.0239
Cel6 0.196 0.00063| | 118 0.245 0.00504 | | I110rb 0.490 0.0258
I8rap o218 o000063| | inart 0.342 000507 | | Nper 0.538 0.0273
H2-Q10 0.036 0.ooo70| | Tagap 0.252 0.00515 | | Psmb9 0.233 0.0279
Fas 0.129 0.00074' | Stat1 0.314 0.00521 | | Ets1 0.270 0.028
Entpd 0.281 o.ooos1| | Ptpn6 0.293 0.00536 | | Cer2 0.522 0.0304
Itgad 0203  oooos4| |  cas 0.346 000ss7 | | liéra 0.480 0.0318
llrap 0.144 o.ooos4| | Jak1 0.330 0.00563 | | Celd 0.432 0.0332
16 0192 000096 | |  Mapkapke 0.285 000602 | | tcamt 0.395 0.0339
l110ra 0.291 o.ooogel | Hest 0.262 0.00615 | | Casp1 0.382 0.0354
Staté o262 000097 | | Tomrz 0.207 000s41 | | Sell 0.204 0.0356
Stat3 0.248 0.oo124| | Irak4 0.306 0.00678 | | Tyfb 0.486 0.0363
Clgb o122 000126 | |  Daxse 0.314 000720 | | Fni 0.257 0.0366
Lilra6 0.100 0.oo131| | Spn 0.257 0.00728 | | Notch1 0.460 0.0369
Cd274 0213 000139 | | Trare 0.243 oooss3 | | csiir 0.544 0.0428
Cd74 0.193 0.00146| | Cardo 0.316 0.00859 | | Relb 0.304 0.0443
133 oos 000147 | | Fegis 0.275 o0oss | | Lif 0.545 0.0455
cp 0.154 o.oo154| | H2-Ab1 0177 0.00960 | | I118r1 0.470 0.046
Boi3 o146 ooo1ss| | st 0.369 oot220 | | cate 0.562 0.0469
Mapk14 0.277 0.00165| | H2-DMa 0.339 0.01370 | |

105




Table 10: Up-regulated genes in Siglec-F+ neutrophils

mRNA Fold change p-value
Cdknia 13.93 0.004
Ski 8.94 0.014
Ma 7.31 0.023
[11rl2 6.82 0.000
Tnf 6.68 0.020
Mif 6.50 0.025
Ccl3 5.82 0.032
Fcgr2b 5.54 0.031
Tnfrsf13b 5.06 0.003
Ahr 4.79 0.001
Cish 4.56 0.039
Ikbke 4.29 0.009
Cd48 3.76 0.011
Trp53 2.99 0.026
Ccl9 2.71 0.002
Psmb10 2.27 0.026

106



A 5 st
100 .
2 =
S 'y
<
S
E o ”
T Eosinophils
Iy
&
)
—lﬂ!
5. NI
1 Comp-BV711-A: Ly6G
2 Ve
8 1y ( =
z 7
2 N
E 3 el
L / T
£ N
10 0y S o O T
s
10
4 =] 4
- Z a0 o 10 W
9 4 Comp-PE-Cy7-A :: CD11c
I g
H
S
0 0
EnC 3
10° A
2 il
7 S 7 s 8B
10 0 10 10 10 [10° 0 10 10 10 104 y .
SSC-A Comp-APC-Cy7-A :: CD45 <
3
g
a 10
3
S o EpC
7103
—IOX o 10x lD‘ 105
Comp-APC-A :: Epcam
B Pre-Sort C Post-Sort
O naive
100+ 100+ vV AAPV

O naive

80 V AAPV 80+ 7

60 604

40+ 40+

20+ 204

0 @@Dcoz -I-‘-- 0 (NN I U I B

T T

% of Total
% of Total

09 @5 (@ ‘(\\\9 ‘D% @9 (@ \(\\\5
\‘\ &\‘\‘!\ ?x‘;&‘oﬂ’ e\\;“‘\‘ (\x\‘“\ ?};\)\‘oﬂ’

N\
W™ \
W

© © S NS © © 0‘3 \©
W2\ NI\ W2 (02 o
PN\ ((’1 9\3\‘& PN\ ?/: e\i\‘OQ PN

Figure 37: FACS gating strategy and purity of macrophage sort. Lungs were collected
from IFN-reporter mice three days after vasculitis induction. (A) Gating strategy indicated in
mice with AAPV. (B) Purity of indicated cell population before sorting of naive and mice with
AAPV. (C) Purity of indicated cell population after sorting of naive and mice with AAPV.
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Figure 38: Comparison of homozygous and heterozygous CCR2 wild-type mice. AAPV
was induced in CCR2++ and CCR2+- mice. After three days, mice were painlessly
sacrificed, and BALF was taken. Hemorrhages and immune cell infiltration were quantified.
(A-C) FACS quantification of alveolar macrophages (A), infiltrating macrophages (B), and
monocytes (C) in BALF of the indicated groups. (D) Weight changes over time in the
indicated groups. (E) Hemorrhages in BALF. The data is shown from one experiment. Mean
+ SEM; each symbol represents one mouse. Unpaired students t-test.
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Figure 39: Hormone quantification in plasma of male mice. Blood was taken on d3 of
male mice, which were supplemented with hormones starting at d-4. (A) Estrogen levels in
plasma on d3. (B) Progesterone levels in plasma on d3. The data shown are pooled from

two independent experiments. Mean + SEM; each symbol represents one mouse. One-way
ANOVA *p<0.05; **p<0.01.
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Figure 40: Hormone quantification in plasma of ovariectomized mice. Blood was taken
on d0 and d3 of ovariectomized mice supplemented with hormones starting at d-4.
(A) Estrogen levels in plasma on dO and three days after AAPV induction. (B) Progesterone
levels in plasma on dO and three days after AAPV induction. The data is shown from one
experiment. Mean + SEM; each symbol represents one mouse. One-way ANOVA *p<0.05;
**p<0.01 **p<0.001.
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