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Abstract

Five and a half years after Lung Transplantation (LTx), Bronchiolitis Obliterans Syndrome
(BOS) becomes the main leading cause of death. Main risk factors for BOS development in-
clude episodes of acute rejection, as well as Ischemia Reperfusion Injury (IRI). IRl is a complex
inflammatory response, which involves activation of innate immunity transmitted by Toll-Like
Receptor 4 (TLR4) signaling. An exogenous TLR4 ligand includes Lipopolysaccharide (LPS)
from Pseudomonas aeruginosa infection, which is strongly associated with BOS development.
Hallmarks of BOS entail inflammatory fibrosis and immune cell infiltration including T-cells and
monocytes. Apoptotic donor-derived lung macrophages are then replaced by recruited mono-
cytes as part of the innate immunity. However, classical recruited monocytes, as well as alveo-
lar macrophages can contribute to alloimmunity. Further, macrophages were shown to be a
potential source of Vascular endothelial growth factor ¢ (Vegf-c) upon TLR4 engagement in
experimental models of other inflammatory diseases. Vegf-c, a well-known growth factor, induc-
es lymphangiogenesis. Increased lymphatic activation, caused by IRl or VEGF-C, was found to
be detrimental to survival in rat heart allografts and molecular VEGF-C trapping significantly
improved cardiac allograft survival. However, in a study of acute lung rejection led to a loss of
lymphatic vessels and injection of recombinant human (rh)VEGF-C156s 20 days after develop-
ing acute rejection, improved drainage of harmful molecules in the lung and reduced inflamma-
tory cell infiltration, including macrophages. Less profibrotic macrophages, as well as a faster
recovery was observed in a bleomycin model of lung fibrosis, a long-term result in end stage
BOS, by an expanded lymphatic network, induced by transgenic Vegf-c overexpression. Alto-
gether, it remains unclear, whether Vegf-c is beneficial or detrimental after lung transplantation
and how its expression may be regulated. Therefore, this thesis elaborates potential regulatory
mechanisms of pro-lymphangiogenic gene expression. Cell line and primary macrophages of
murine and human origin were stimulated with LPS, LPS + Interferon gamma (IFNy), IFNy or
Interleukin 4 (IL-4). After analysis of potentially regulating transcription factors by online Chro-
matin Immunoprecipitation sequencing (ChiPseq) data for Vegf-c expression in macrophages,
combined treatment of LPS-stimulated cells with a p65 translocation inhibitor or combined
treatment of LPS + IFNy with a Signal Transducer and Activator of Transcription 1 (STAT1)
phosphorylation inhibitor was applied for several time periods. Expression levels of the pro-
lymphangiogenic genes Vegf-c, Collagen and Calcium Binding EGF Domain 1 (Ccbe?), and A
Disintegrin and Metalloprotease with Thrombospondin Motifs-3 (Adamts3) were determined by
quantitative Polymerase Chain Reaction (QPCR). In addition, Vegf-c protein was measured by
immunoblotting and Flow Cytometry (FC) in a murine macrophage cell line as well as in human
blood-derived monocytes. Finally, conditioned medium of these stimulated macrophages was
applied on top of a murine lymph node-derived cell line, followed by readout of p-p44/p42 levels
by immunoblotting. This study found that TLR4 engagement leads to the upregulation of Vegf-c,
Ccbe1, and Adamts3 mRNA in macrophages. In addition, LPS treatment upregulates Vegf-c
protein. While p65-dependent TLR4-signaling positively regulates all three lymphangiogenic
factors, the STAT1-dependent IFNy-signaling pathway negatively affects their expression.
Blockage of STAT1 phosphorylation rescues Vegf-c and Ccbe1 mRNA in primary mouse mac-
rophages and Vegf-c protein in a mouse macrophage cell line and human monocytes. The
study also found that released and functionally cleaved VEGF-C of cell line and primary murine
macrophages elevates p44/p42 phosphorylation downstream of the Vascular Endothelial
Growth Factor Receptor 3 (VEGFR-3) receptor of a tested endothelial cell line of lymphatic
identity. In summary, genetic regulation of pro-lymphangiogenic factors under conditions post-
LTx was investigated. | ascertained that 1) Vegf-c, Ccbe1, and Adamts3 are expressed in proin-
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flammatory macrophages and monocytes, 2) their genetic upregulation is regulated through the
TLR4 pathway, and p65 3) IFNy inhibiting the LPS-induced upregulation of Vegf-c, Ccbe1, and
Adamts3 via STAT1, and 4) VEGF-C derived from LPS stimulated macrophages upregulated p-
p44/p42 signaling in lymphatic endothelial cells.
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1. Introduction
1.1 Lung Transplantation as Final Option for Terminal Lung
Diseases

Lung transplantation (LTx) is the last option for end-stage respiratory failure. End-stage respira-
tory failure mainly occurs in terminal lung diseases like Chronic Obstructive Pulmonary Disease
(COPD), Idiopathic Interstitial Pneumonia (IIP), Cystic Fibrosis (CF), Interstitial Lung Disease-
not Idiopathic Interstitial Pneumonia (ILD-not [IP), Alpha-1-Antitrypsin Deficiency (A1ATD) and
re-transplantation after allograft rejection (Chambers et al., 2019). In 2022, 6,784 lung trans-
plants were registered worldwide, with 2,073 performed in the European Union and 254 in Ger-
many (Global Observatory on Donation and Transplantation). Those 2022 data are based on
the Global Observatory on Donation and Transplantation (GODT) data, produced by the WHO-
ONT (World Health Organization and the Spanish Transplant Organization, Organizacion
Nacional de Trasplantes (ONT)) collaboration. However, despite increasing numbers of trans-
plantation (Global Observatory on Donation and Transplantation) and improving surgery tech-
nigue and treatment, the median survival time of LTx patients with 6.8 years in 2017 remains
significantly lower compared to other Solid Organ Transplants (SOT) due to the development of
chronic allograft rejection (Barker et al., 2014; Chambers et al., 2019). Lung allografts are more
susceptible to rejection as they face several specific challenges like a large overall surface area,
including blood endothelium, mechanical ventilation with air contaminated by nosocomial path-
ogens, continued exposure to a plethora of particles in the environment, and the constant pa-
trolling of the organ by immune cells and the existence of intra-organ lymphoid tissue. Thus,
lung transplants are more prone to Ischemia-Reperfusion Injury (IRI), infection, as well as rapid
innate and adaptive immune processes, which can trigger allograft rejection (Gelman et al.,
2009; Kreisel et al., 2011; Krupnick et al., 2014; Witt et al., 2014). Chronic Lung Allograft Rejec-
tion (CLAD), displayed as Bronchiolitis Obliterans Syndrome (BOS), becomes the primary
cause of death one-year post-LTx surgery (Chambers et al., 2019).

1.2 Post-Transplantation Complications

Besides surgery-related complications like vessel/bronchial anastomosis issues, edema, and
IRI (Hanley & Welsh, 2003), infections and allograft immunity pose a significant risk to the
transplant. Infections, promoted by impaired mucociliary clearance and cough reflex, intubation,
and immunosuppression (Hanley & Welsh, 2003), frequently are caused by gram-negative bac-
teria like Pseudomonas aeruginosa (containing Lipopolysaccharide (LPS)), Cytomegalovirus
(CMV) or fungi (Aspergillus spp., Candida spp.) (Hanley & Welsh, 2003) and treated by antibi-
otic, antiviral or antifungal medication respectively (Kennedy & Razonable, 2017).

Important alloimmune mechanisms for developing lung allograft rejection entail interactions of
Antigen-Presenting Cells (APC) with T cells, whereby one originates from the donor and one
from the recipient. In direct allorecognition allogeneic Major Histocompatibility Complexes
(MHC) are directly presented by donor APCs to recipient T cells. In indirect allorecognition re-
cipient APCs digest and present alloantigens as MHC-peptides to recipient T cells. In the semi-
direct allorecognition, donor alloantigens are presented by recipient APC to recipient T cells
(Martinu et al., 2009; Wood & Goto, 2012; Yoshiyasu & Sato, 2020). Therefore, past research
and post-LTx treatment mainly focused on targeting the proliferation and activation of lympho-
cytes, especially T cells. Common treatment strategies are categorized into induction therapy
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and maintenance therapy. Induction therapy is usually based on the depletion of T lymphocytes
by antibodies (polyclonal anti-thymocyte globulins, monoclonal anti- Cluster of Differentiation 3
(CD3) or monoclonal anti-CD25) or IL-2-agonists (Basiliximab) to prevent proliferation and acti-
vation of T cells. Maintenance therapy often comprises a glucocorticoid (Prednisone), a cal-
cineurin inhibitor (Tacrolimus), inhibiting T cell activation, and an antimetabolite, inhibiting de-
novo purine synthesis of active lymphocytes (Mycophenolate-Mofetil) or mammalian Target of
Rapamycin (mTOR) inhibitors, impairing antigen presentation by reduction of macrophage
CD80 expression (Sirolimus) (Chambers et al., 2017; Chung & Dilling, 2020; Knoop et al., 2004;
Salehi & Reed, 2015; Sweet, 2013). However, subsequent immune responses to infections and
lung allograft rejection persist despite current treatment regimens. Therefore, further research
on the immunopathological mechanism of lung allograft rejection is needed.

1.2.1 Ischemia Reperfusion Injury

The onset of Ischemia-Reperfusion Injury (IRI) is initiated by a sudden cessation of blood flow in
the organ donor and involves a complex process. The organ then undergoes cold storage, fol-
lowed by implantation and sudden reperfusion with the blood of the organ receiver. This pro-
cess triggers a large cascade of immunological processes (de Perrot et al., 2003; den Hengst et
al., 2010; Talaie et al., 2021; Weyker et al., 2013). In a nutshell, the changing levels of mechan-
ical shear stress and sudden supply of oxygen without present antioxidants on Blood Endotheli-
al Cells (BECs) results in the activation of Nicotinamide Adenine Dinucleotide Phosphate
(NADPH) Oxidase 2 (NOX2) and generation of Reactive Oxygen Species (ROS) by BECs and
Polymorphonuclear Neutrophils (PMNs) within 6 to 24 hours (Chatterjee et al., 2014). Further-
more, when NOX2 is activated in CD4+ invariant Natural Killer T cells (iNKT), it leads to the
expression of Interleukin-17 A (IL-17A). In addition, studies of IRl in dogs demonstrated a signif-
icant increase of IFNy in Bronchoalveolar Lavage (BAL) one and four hours after transplantation
(Serrick et al., 1994) and a marked elevation of BAL fluid IFNy up to 14 days after LTx in grafted
lungs compared to native lungs (Chang et al., 1991). IL-17A in turn, triggers the release of in-
flammatory cytokines and chemokines such as Tumor Necrosis Factor Alpha (TNFa), CC-motif-
Chemokine Ligand 2 (CCL2), CC-Chemokine Ligand 5 (CCL5), and Interleukin 6 (IL-6), leading
to the infiltration and activation of neutrophils and monocytes, followed by pulmonary injury
(Ferrari & Andrade, 2015; Laubach & Sharma, 2016; Sharma et al., 2016; Sharma et al., 2011).
Monocytes are important mediators for neutrophil influx post IRI (Gelman et al., 2010; Maus et
al., 2003) and depletion of monocytes dampens lung injury and inflammation. However, adop-
tive transfer of monocytes results in partial restoration of acute lung injury (Tatham et al., 2018).
When ROS is released, it causes cell damage and apoptosis of alveolar epithelial cells, BECs,
and alveolar macrophages. This damage results in the release of cell contents containing Dam-
age-Associated Pattern (DAMP) molecules, which further lead to blood vessel damage and the
disruption of the endothelial barrier, important hallmark characteristics of IRl (Laubach &
Sharma, 2016; Yang & Tracey, 2010). Blood vessel damage causes edema, which is a buildup
of fluid in the lungs, while Lymphatic Vessel (LV) damage results in insufficient drainage and
immune reactions caused by DAMPs (Chatterjee et al., 2014). IRI also implies an inflammatory
response, which involves the activation of innate immunity transmitted by Toll-Like Receptor 4
(TLR4) signaling (Kreisel & Goldstein, 2013; Merry et al., 2015; Shimamoto et al., 2006;
Takahashi et al., 2016; Wu et al., 2007; Zanotti et al., 2009; Zhao et al., 2006). Endogenous
TLR4 ligands include DAMP molecules like High-Mobility-Group-Box-Protein B1 (HMGB1)
(Arslan et al., 2010; Yang & Tracey, 2010) (reviewed in (Chen et al., 2010; Hasenauer et al.,
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2021)) and Low-Molecular-Weight Hyaluronic Acid (LMW-HA), which both are increasingly re-
leased by damaged, necrotic or apoptotic cells post-transplantation, can both bind to TLR4
(Andrade et al., 2006; Sharma et al., 2013; Todd et al., 2014; Yang et al., 2010), and are en-
hanced during IRI (Leventhal & Schroppel, 2012). Inflammatory mechanisms caused by
DAMPS activating the innate immune system are also called sterile inflammation (Abraham et
al., 2000; Chen & Nunez, 2010; Hasenauer et al., 2021). Merry and colleagues have demon-
strated, that TLR4 in alveolar macrophages is a key receptor for sterile inflammation of the lung
allograft (Merry et al., 2015; Zanotti et al., 2009). Furthermore, a study done by Wu et al.
showed decreased IRl by HMGB1 blockage and increased injury by recombinant HMGB1.
However, neither of these treatments had an impact in TLR4- mice, indicating the importance
of TLR4 (Wu et al., 2010). An exogenous TLR4 ligand includes LPS from Pseudomonas aeru-
ginosa infection, which is a Pathogen-Associated Molecular Pattern (PAMP) molecule frequent-
ly found in lung transplantation patients and strongly associated with BOS development (Botha
et al., 2008).

1.2.2 Primary Graft Dysfunction

Primary Graft Dysfunction (PGD) is an early and rapid process after surgery and cannot be
detected through lung function tests that are typically used to diagnose acute or chronic allograft
rejection. PGD is caused mainly by IRI and has an incidence rate of approximately 30% within
the first 72 hours of transplantation. PGD is a result of the innate immune system and allograft
rejection was commonly believed to be solely associated with the adaptive immune system.
However, PGD and chronic allograft rejection are strongly associated with each other (Bharat et
al., 2008). PGD is associated with high early mortality rates, and if a patient survives, they face
a significant risk of acute allograft rejection and chronic allograft rejection (Fiser et al., 2002;
Kreisel et al., 2011; Porteous et al., 2015; Verleden et al., 2014).

1.2.3 Acute Rejection

Acute Rejection (AR) is a type of cellular immune response diagnosed between three months
and one-year post-surgery by immune cell infiltrates visible on Transbronchial Biopsies (TBB)
and increased amounts of eosinophils and lymphocytes present in BAL. AR is displayed by
unspecific symptoms of tiredness, cough, dyspnea, fever, or hypoxemia. Further indicators of
the disease are a 5-10% reduction of the Forced Expiratory Volume per One Second (FEV1)
and visible cellular infiltrates on X-rays or Computer Tomography (CT) scans (Hanley & Welsh,
2003). The diagnosis of AR is classified into two subgroups, A and B, each containing grades of
severity from 0 (no rejection) to 4 (severe rejection). Perivascular and interstitial mononuclear
cell infilirates define class A, while class B is defined by airway inflammation and is seen as a
possible precursor of Bronchiolitis Obliterans (BO). For example, AR class A, grade 4 includes
evident diffuse perivascular interstitial and alveolar infiltrations of mononuclear cells. Further,
the destruction of alveolar pneumocytes in association with intra-alveolar necrotic cells, macro-
phages, hyaline membranes, hemorrhage, and neutrophil granulocytes besides parenchymal
necrosis and necrotic vasculitis occur. In comparison, AR, class B, grade 4 is displayed by a
dense band of activated mononuclear cells in the bronchi and bronchioles, detachment of the
epithelium from the basal membrane epithelial ulceration, fibrous-purulent exudates consisting
of neutrophils, and epithelial necrosis (Yousem et al., 1996). Besides that, early after LTx, im-
mune cells including T cells massively infiltrate the lung allograft (Byrne et al., 2021). Recent
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research has further focused on specific subsets of T cells in chronic lung allograft rejection
(Bergantini et al., 2021; Tissot et al., 2019). Detection of BAL cell IFNy expression correlated
significantly with acute rejection in human patients (Moudgil et al., 1999). Further, IFNy mRNA
expression was associated with increased acute lung allograft dysfunction and to a greater dec-
rement of FEV1. For IFNy, the sensitivity for acute cellular rejection was 78%, the specificity
was 86%, the positive predictive value was 74% and the negative predictive value was 88%
(Ross et al., 1999). In one study of murine lung transplant, CD4+ T cells isolated from allogene-
ic lung recipients lacking circulating classical monocytes were protected against allorecognition,
but allografts still experienced acute rejection (Gelman et al., 2010). Treatment of AR is usually
done by high dose steroids for three days (Hanley & Welsh, 2003).

1.2.4 Chronic Rejection

Chronic Lung Allograft Dysfunction (CLAD) is an umbrella term for different subtypes of chronic
lung diseases, which are majorly diagnosed after lung transplantation (LTx). Subtypes of CLAD
are BOS, which occurs in up to 70% of cases, Restrictive Allograft Syndrome (RAS), and a
mixed type (Verleden et al., 2014). In contrast to BOS, RAS is defined by a restricted air flow
pattern with the Total Lung Capacity (TLC) measuring < 90% of stable baseline value. In addi-
tion, potential air trapping with infiltrates visible on High Resolution Computer Tomography
(HRCT), parenchymal/pleural fibrosis with/without obliterated bronchioles detected in TBB and a
strict progressive clinical course, comprise characteristics of RAS (Verleden et al., 2014). On
the other hand, BOS is a diagnostic system for airway diseases after lung transplantation,
based not on histopathological analysis but on specific examination techniques. Incidence of
BOS diagnosis within five years post-surgery is up to 60% and after nine years up to 90% of
LTx patients (Boehler et al., 1998; Estenne & Hertz, 2002; Neuringer et al., 1998). Despite BOS
usually being observed in allograft recipients, it also can be found in patients of autoimmunity or
graft-versus-host disease (Barker et al., 2014). BOS typically presents itself in patients with
progressive dyspnea, non-productive cough over weeks or months, and an obstructive airflow
pattern diagnosed by a decline of FEV1/Forced Vital Capacity (FVC) lower than 80% of base-
line, air trapping visible on HRCT scans and a progressive clinical course (Sato, 2020; Verleden
et al., 2014). The severity of BOS is classified by the decline of FEV1 as well as Forced Expira-
tory Flow (FEF) of the middle portion of a Forced Expiration (FE) (Table 1.2.4.1).

Table 1.2.4.1 BOS Classification

Classification of BOS severity according to (Estenne & Hertz, 2002). FEV1, Forced Expiratory Volume in 1
second. FEF 25-75, Forced Expiratory Flow (FEF) of the middle portion of a Forced Expiration (FE). Class
Op, potential BOS.

Severity Spirometry values

BOS 0 FEV1 > 90% of baseline and FEF 25 - 75 > 75% of baseline

BOS Op (potential) | FEV1 81% to 90% of baseline and/or FEF 25 - 75 < 75% of baseline
BOS 1 FEV1 66% to 80% of baseline

BOS 2 FEV1 51% to 65% of baseline

BOS 3 50% or less of baseline

Once BOS is histologically proven by TBB, it is termed Bronchiolitis Obliterans (BO) (Estenne &
Hertz, 2002). For histological analysis of BO, two subcategories exist. A is for BO without biop-
sy, and B is for histological evidence of BO (Estenne & Hertz, 2002). BO, category B is subdi-
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vided into active BO and inactive BO, whereby active BO is defined as fibrosis with intrabron-
chial or peri-bronchial submucosal mononuclear cell infiltrates with progressive epithelial cell
damage. Inactive BO on the other hand consists of a dense fibrotic scarring without cellular
infilirates (Yousem et al., 1996). While one mechanism of chronic rejection is indirect alloim-
munity, the complete immunopathogenesis is not fully understood yet (Jaramillo et al., 2005).
Well known risk factors for BOS development include donor-recipient mismatch for age, sex,
Human-Leucocyte-Antigen (HLA) or CMV-status, and Gastroesophageal Reflux Disease
(GERD). Further, IRI, AR, as well as alloimmune-induced autoimmunity and infections impose a
significant risk to develop BOS. (Arjuna et al., 2021; Bando et al., 1995; Burton et al., 2009;
Estenne & Hertz, 2002; Fiser et al., 2002; Sharples et al., 2002). Notably, certain factors re-
peatably show association to development of BOS: Infection with Pseudomonas aeruginosa
(Botha et al., 2008), enhanced levels of HMGB1 in mouse and human BAL (Takamori et al.,
2019; Yoshiyasu & Sato, 2020), and increased levels of Interferon-gamma (IFNy)+ T cells
(Hodge et al., 2009; Hodge et al., 2012) have been published. Previous clinical research found
significantly higher amounts of IFNy+ T cells in induced sputum and BAL of BOS patients than
in healthy allograft recipients or patients with stable lung transplants (Mamessier et al., 2007).
Besides neutrophils and T cells, monocytes infiltrate the tissue in high amounts shortly after
transplantation (Estenne & Hertz, 2002).

1.3 Pulmonary Macrophages post Lung Transplantation

About 95% of the alveolar space in the human lung consists of pulmonary macrophages, while
less than 4% are lymphocytes, 1% Dendritic Cells (DC), and 1% neutrophils (Martin & Frevert,
2005). In addition to this astonishing fact, as mentioned before, macrophages (M®) play a vital
role in lung transplantation. Pulmonary macrophages are derived from Embryonic Hematopoiet-
ic Stem Cells (HSC), which constantly renew themselves by local proliferation (Epelman et al.,
2014). In addition Bone Marrow (BM)-derived monocytes patrol the lung or are recruited to the
lung via the bloodstream to react to tissue damage and inflammation (Geissmann et al., 2010).
These recruited monocytes can potentially differentiate into Interstitial (IM) or Alveolar Macro-
phages (AM) by Macrophage-Colony-Stimulating Factor (M-CSF) or Granulocyte/Macrophage-
Colony-Stimulating Factor (GM-CSF) in the lung respectively (Hamilton, 2002; Stanley et al.,
1994). Further, pulmonary macrophages can polarize to different phenotypes, which were his-
torically classified into M1 for pro-inflammatory macrophages by stimulation of the T-Helper Cell
1 (TH1)- cytokine IFNy or LPS and M2 for anti-inflammatory macrophages, typically stimulated
by the TH2 cytokine Interleukin 4 (IL-4) (Hashimoto et al., 2013; Hussell & Bell, 2014; Mills et
al., 2000). Two critical signaling pathways of pro-inflammatory macrophages entail TLR4-
dependent and IFNy-dependent signaling. Once IFNy binds to IFNy-Receptor (IFNyR) on mac-
rophages and monocytes, box 1 domains of the IFNyR1/2 move closer together to recruit Janus
Kinase 1/2 (JAK1/JAK2) respectively (Blouin et al., 2016). JAK2 becomes autophosphorylated
and activated before phosphorylating and activating JAK1. JAK1 phosphorylates the tyrosine
residue 440 (Y440) of IFNyR1, followed by the formation of a docking site, which is specific for
the Src Homology 2 (SH2) domain of Signal Transducer and Activator of Transcription 1
(STAT1) (Chapgier et al., 2006). STAT1 forms dimers and gets phosphorylated by JAK2 at ty-
rosine 701 (Y701). The phosphorylated STAT1 dimer (pSTAT1) is then translocated to the nu-
cleus (Schroder et al., 2004), where it can bind to a promoter region to induce or inhibit tran-
scription of various genes. Typical binding regions of pSTAT1 are Interferon Stimulated Genes
(ISG)-regions or Gamma Interferon Activated Site (GAS) sequences (Decker et al., 1997). Many
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genes induced by IFNy signaling transcribe transcription factors like Interferon Response Factor
1 (IRF1) (Bhat et al., 2018; Lehtonen et al., 1997). Finally nuclear pSTAT1 can be dephosphory-
lated by T Cell Protein Tyrosine Phosphatase 45 (TCP45) and transported back to the cyto-
plasm (Kramer et al., 2009). The innate immune system cells, containing macrophages and
monocytes, react to pathogen-induced or sterile inflammation by binding the respective exoge-
nous or endogenous TLR4-ligands (Medzhitov, 2001). Once TLR4 ligands bind, the signaling
pathways are activated. One major downstream signaling pathway is the Nuclear Factor Kappa-
Light-Chain-Enhancer of Activated B Cells (NF-kB)-pathway, consisting of the canonical and the
non-canonical pathways, which can be modulated separately or combined. Bay 11-7082, a non-
specific NF-kB inhibitor of both canonical and non-canonical NF-kB-signaling pathways, irre-
versibly inhibits Inhibitor of Nuclear Factor Kappa B Kinase Subunit Beta (IKKB) and Inhibitor of
Nuclear Factor Kappa B Kinase Subunit Alpha (IKKa). In the canonical pathway, inactive IKKB
cannot phosphorylate and degrade Inhibitor of NF-kB (IkB), which prohibits the release and
translocation of Rel A (p65). In the non-canonical pathway, inactive IKKa cannot phosphorylate
p100 and induce p100 processing, resulting in the p52-Rel B heterodimer translocating into the
nucleus (Yu et al., 2020). JSH-23 specifically blocks p65 translocation to the nucleus without
further disrupting the upstream signaling pathway (Shin et al., 2004).

Main functions of pulmonary macrophages entail phagocytosis, release of antimicrobic and pro-
inflammatory agents (Xue et al., 2014) and surfactant clearance (Maus et al., 2002). Besides
that, macrophages can function as APC to activate B and T-cells by presenting foreign antigen
to them (Gaudino & Kumar, 2019; Mantovani et al., 2004) and therefore play an important role
in alloimmunity and lung allograft rejection. Although monocytes and macrophages are increas-
ingly seen as important in understanding immunopathology of allograft rejection, it is still not
targeted in clinical therapy. However, understanding the role of monocytes and macrophages
following lung transplantation could support in prevention and therapy of BOS (Schreurs et al.,
2020). Donor lung macrophages induce an initial response in lung IRI, followed by recipient
monocytes replacing the majority of apoptotic donor derived alveolar macrophages after trans-
plantation (Bittmann et al., 2001; Byrne et al., 2020; Maus et al., 2006) and mediating down-
stream events (Kopecky et al., 2020) as contributing to the development of alloimmunity
(Gelman et al., 2010). Further, an increasing amount of research shows accumulation of mac-
rophages in settings of acute and chronic allograft injury (reviewed in Mannon, 2012). In a small
clinical study absolute monocyte counts were decreased in LTx but slightly increased in BOS
patients with shift towards classical monocytes and less nonclassical monocytes in both groups.
But no significant differences between LTx and BOS patients due to a small number of total
cells were detected (Schreurs et al., 2020). Notably, a study in epithelial ovarian cancer demon-
strated increased Lymphatic Vessel Density (LVD) correlated with increased numbers of tumor
associated macrophages alongside elevated expression of HMGB1 (W. Zhang et al., 2014). As
HMGB1 is known as an endogenous TLR4 ligand and lymphangiogenesis being driven by vas-
cular endothelial growth factors, this suggests macrophages expressing lymphatic vascular
endothelial growth factors triggered by TLR4 signaling.

1.4 The Lymphatic System in Lung Transplantation

The lymphatic system consists of Lymphatic Endothelial Cells (LECs) lining up to LV, which play
two major roles after LTx. First, LVs remove fluids and harmful molecules from the tissue and
thus reduce edema and DAMP induced tissue damage (Ruggiero et al., 1994; Todd et al.,
2014). Secondly, LVs transport immune cells toward lymph nodes, where immune cells get
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activated by the presentation of alloantigens to trigger the alloimmune response (Alitalo, 2011;
Zawieja, 2005). The lymphatic system and its signaling through the VEGFR-3 receptor and its
ligand VEGF-C are discussed in several different inflammatory diseases. For example, blocking
VEGFR-3 signaling in acute and Chronic Colitis aggravates intestinal inflammation by reducing
lymphatic drainage, inducing edema, increasing inflammatory cell infiltration, and elevating pro-
inflammatory cytokines (Wang et al., 2016). Similarly, Crohn's Disease and Ulcerative Colitis
are chronic Inflammatory Bowel Diseases in which patients' colons presented increased levels
of VEGF-C, and increased LVD and VEGF-C stimulation led to protection against Colitis and
reduced inflammatory cell infilirate. This study demonstrated clearance of the inflamed area by
Evans blue, Green Fluorescent Protein (GFP)+ inflammatory cells, and fluorescent-coated LPS
beads. All methods proved that lymphatic clearance towards the draining lymph node was in-
creased by VEGF-C treatment. Further, migration of macrophages was especially observed,
whereas migration of DCs did not occur (D'Alessio et al., 2014). In a study of mouse glioblasto-
ma, adenoviral Vegf-c led to increased lymphatic drainage of tumors and, thus, to enhanced
priming of anti-tumor CD8+ T cells in the draining deep cervical lymph nodes. Following CD8+ T
cell priming, these cells migrate toward the tumor and induce rapid clearance of the glioblasto-
ma (E. Song et al., 2020). This pictures the opposite mechanism of what is needed for lung
allograft tolerance. However, the role of lymphangiogenesis and VEGF-C in lung transplantation
is not understood in detail yet. Whereas some studies show detrimental effects of lymphangio-
genesis on other solid organ transplants like heart or cornea (Claus Cursiefen et al., 2004;
Dashkevich et al., 2016), research done in kidney allografts showed prolonged survival by
VEGF-C induction (Pedersen et al., 2020; Todd et al., 2014). Further, one study in acute lung
rejection has illustrated that activation of lymphatic endothelium via VEGFR-3 by external
VEGF-C protects the allograft by facilitating the clearance of hazard molecules (Cui et al.,
2015). Hence, more research is needed to understand the underlying molecular mechanisms of
lung allograft immunity.

1.4.1 VEGFR-3 - VEGF-C - Signaling

VEGFR-3-VEGF-C signaling is fundamental to lymphangiogenic proliferation and survival (Ma &
Oliver, 2017; Vimalraj et al., 2023). VEGFR-3 is expressed in LECs, acting as a homodimer that
responds to the extracellular ligands VEGF-C and VEGF-D. When bound to its primary ligand
VEGF-C, VEGFR-3 homodimers activate the Rapidly Accelerated Fibrosarcoma (RAS) - Extra-
cellular Signal-Regulated Kinase 1 and 2 (RAF-ERK1/2) pathway, which involves multiple cell
activities, including proliferation, migration, and survival. Thus, a standard downstream readout
of activated VEGFR-3 signaling is determining elevated levels of pERK (p-p44/p42) by Western
Blot (WB) after a stimulation time between 5 and 60 minutes (Achen et al., 1998; Coso et al.,
2011; Deng et al., 2015; Joukov et al., 1996; Koch et al., 2011; Makinen et al., 2001; Simons et
al., 2016; Veikkola et al., 2001). Vegf-c expression is reported in Dendritic Cells (DC), CD4+ T
cells and macrophages (Baluk et al., 2005; C. Cursiefen et al.,, 2004; Hamrah et al., 2003;
Nykanen et al., 2010; Schoppmann et al., 2002). Secreted VEGF-C initially exists as a 58 kilo-
dalton (kDA) precursor with limited VEGFR-3 activation potential. Some research suggests Col-
lagen and Calcium-Binding EGF Domain-1 (CCBE1) and A Disintegrin and Metalloproteinase
with Thrombospondin Motifs 3 (ADAMTS3) to process VEGF-C into its fully active form of 21
kDA (Jeltsch et al., 2014). Both have been shown to facilitate cleavage of VEGF-C sufficiently
alone (Janssen et al., 2016; Jeltsch et al., 2014).
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Figure 1.4.1 Mechanism of Proteolytic VEGF-C Activation by CCBE1 and ADAMTS3 (Jeltsch et al.,
2014)

The binding of pro-VEGF-C to VEGFR-3 is facilitated by the N-terminal domain of CCBE1, fol-
lowed by proteolytic processing of pro-VEGF-C to produce mature VEGF-C, which in turn acti-
vates VEGFR-3. However, the greyish elements of the figure are hypothetical, and the initial
binding of VEGF-C to VEGFR-3 could involve either a monomeric or dimeric VEGFR-3. Addi-
tionally, it remains unknown whether the function of CCBE1 requires the removal of its C-
terminal domain (Figure 1.4.1). Notably, experiments by Jeltsch et al. have shown that CCBE1
could potentially induce a high level of biologically active VEGF-C (Jeltsch et al., 2014)

1.4.2 Ccbe1l

The co-enzyme CCBE1 is known to be expressed in fibroblasts (Jha et al., 2017; J. Song et al.,
2020; Wang et al., 2020), smooth muscle cells, endothelial cells (Jha et al., 2017), and epithelial
colorectal cancer cells (Zhao et al., 2018). Further, CCBE1 is associated with several human
diseases, including Hennekam Lymphangiectasia-Lymphedema Syndrome Type 1 (Alders et
al., 2009) and is involved in VEGF-C processing (Jeltsch et al., 2014). CCBE1 facilitates the
assembly of a cleavage complex by recruiting pro-VEGF-C from the liquid phase to the cell
surface. However, how this interaction occurs is still not fully determined as it may be too weak
to detect (Kiinnapuu et al., 2021), even though predictions as depicted in Figure 1.4.1 exist (Bui
et al., 2016; Jeltsch et al., 2014).

1.4.3 Adamts3

ADAMTSS is expressed in various cell types, such as trophoblastic cells, mesenchymal cells
around blood vessels (Janssen et al., 2016), the mouse central nervous system and cartilage
(Le Goff et al., 2006). It has been found to cleave pro-VEGF-C exclusively (Janssen et al.,
2016) and inactivate reelin, a brain glycoprotein (Ogino et al., 2017). Moreover, it also process-
es Procollagen 1l (Col2a1), which is a type of cartilage collagen (Fernandes et al., 2001). In
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Adamts3’ mice, there is an absence of lymphatics and Hennekam Lymphangiectasia-
Lymphedema Syndrome Type 3 is a human disease associated with Adamts3. However,
Adamts3 remains much less characterized compared to other Adamts (Dupont et al., 2022; Le
Goff et al., 2006).

1.5 Aim of the Study

Although lung transplantation (LTx) remains the only option for end-stage respiratory failure, it
achieves a significantly lower survival time than any other solid organ transplant due to the de-
velopment of Bronchiolitis Obliterans Syndrome (BOS). BOS is defined by inflammatory fibrosis
and infiltration of immune cells like monocytes into the airway lumen (Barker et al., 2014). Mon-
ocytes can replace the majority of apoptotic donor-derived alveolar macrophages after trans-
plantation (Byrne et al., 2020) and could act as Antigen-Presenting Cells (APC) to T cells. Vas-
cular Endothelial Growth Factor C (VEGF-C), released by macrophages in other inflammatory
diseases, binds to the lymphatic Vascular Endothelial Growth Receptor 3 (VEGFR-3), activating
lymphatic endothelial cells. Activated lymphatic endothelium proliferates and thus increases
lymphatic drainage of fluids, harmful molecules, and immune cells towards lymph nodes, initiat-
ing the alloimmune response. On the one hand, VEGFR-3 signaling block was reported to re-
duce antigen-presenting cell traffic and alloimmune response, improving the chronic rejection
rate in experimental rat heart transplantation (Dashkevich et al., 2016). On the other hand, an
expanded lymphatic network by transgenic Vegf-c overexpression decreased pro-fibrotic mac-
rophage influx and accelerated recovery from bleomycin-induced lung injury in a mouse lung
fibrosis model (Baluk et al., 2020). Further, additional VEGF-C increased lymphatic drainage
and reduced acute rejection in a mouse model of acute lung rejection (Cui et al., 2015).

However, unknown remains:
I)  Whether post-LTx lymphangiogenesis is beneficial,
I)  how the temporal and spatial expression pattern of post-LTx Vegf-c looks like, and
Ill) how Vegf-c expression could be regulated by macrophages in the setting of LTx.

Therefore, the main aim of this doctoral thesis was to determine the molecular mechanisms
underlying the genetic regulation of pro-lymphangiogenic factors under conditions mimicking the
stimulatory environment post-LTx.

In more detalil, | intended to

1. Investigate gene expression patterns of pro-lymphangiogenic Vegf-c, Ccbe1, and
Adamts3 in different subsets of myeloid cells.

2. ldentify signaling pathways in positive regulation of pro-lymphangiogenic gene expres-
sion in myeloid cells.

3. Identify signaling pathways in negative regulation of pro-lymphangiogenic gene expres-
sion in myeloid cells.

4. Ascertain the effect of modified gene expression in macrophages on lymphatic endothe-
lium.
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2. Material and Methods

2.1 Materials
2.1.1 Mice and Maintenance

The experimental mice were maintained in the Institute of Lung Health and Immunity (LHI),
Helmholtz Zentrum Minchen. Wildtype (WT) mice of the C57BL/6N strain were bought from
Charles River Deutschland (Sulzfeld, Germany). Animals were kept under the national and insti-
tutional guidelines, providing room temperature, humidity, 12 hours of light daily, food, and wa-
ter ad libitum. The used mice were male and 7-25 weeks old. All experiments were approved by
the local government for the administrative region of Upper Bavaria, Germany.

2.1.2 Informed Consent Healthy PBMC Donors

Blood donors for Peripheral Blood Mononuclear Cells (PBMC) isolation were healthy and be-
tween 29 and 48 years old, two male and one female. All donors donated blood upon informed
consent.

2.1.3 Commercially Available Kits

Table 2.1.3.1 Commercially Available Kits

Name

Source

Amersham ECL Prime Western Blotting
Detection Reagent

GE Healthcare

cDNA kit

Thermo Fisher Scientific GmbH

Endothelial Cell Growth Medium MV 2 KIT

Promocell

human Pan-Monocyte Isolation Kit

Miltenyi Biotec GmbH, USA

Monocyte Isolation Kit (BM), mouse

Miltenyi Biotec GmbH, USA

peqGOLD Total RNA Kit

PEQLAB Biotechnologie GmbH, Erlangen,
Germany

Pierce BCA Protein Assay Kit

Thermo Fisher Scientific GmbH

Pierce ECL Western Blotting Substrate

Thermo Fisher Scientific GmbH

PowerUp SYBR Green Master Mix

Life Technologies GmbH

RNeasy Plus Mini Kit

Qiagen

SuperSignal West Femto Substrate

2.1.4 Devices

Table 2.1.4.1 Devices

Name

Thermo Fisher Scientific GmbH

Source

-20°C freezer MediLine LGex 410

Liebherr, GNP

-80°C freezer U725

Innova, Vacuum insulation Panel Tech

Autoclave

WTC, binder
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Axio Observer.Z1 microscope

Carl Zeiss Microscope GmbH, Jena, Germany

Axioimager with an M2 microscope

Carl Zeiss Microscope GmbH, Jena, Germany

Cell freezing container

CoolCell (Biocision)

Centrifuge 5430

Eppendorf AG, Hamburg, Germany

Centrifuge Galaxy 16 DH

VWR International GmbH, Darmstadt, Germany

ChemiDoc™ XRS + Molecular Imager®

Life Science Research Bio-Rad

Cool centrifuge, Mikro 220R

Andreas Hettich GmbH & Co.KG, Tuttlingen,
Germany

Cool centrifuge, Rotina 35R

Andreas Hettich GmbH & Co.KG, Tuttlingen,
Germany

Corning LSE™ Mini Microcentrifuge,
120V

Corning

FACS Canto Il flow cytometer

BD Biosciences

Haemocytometer Neubauer

Karl Knecht Assistant, Sondheim, Germany

Heatblock HBT 130

DITABIS, Digital Biomedical Imaging Systems
AG, Pforzheim, Germany

Heatblock Thermomixer Compact

Eppendorf AG, Hamburg, Germany

Heating-blocks

Haep Labor Consult

Incubator MCO-18AC

SANYO Component Europe GmbH, Minchen,
Germany

Lamina airflow

Laborgerate, Pfaffenhofen, Germany

Liquid nitrogen cell tank BioSafe 420SC Cryotherm
Magnetic fields separator Miltenyi Biotech GmbH, USA
Magnetic Steerer IKAMAG REO IKA Werke

Microscope

Carl Zeiss Microscope GmbH, Jena, Germany

Multiplate Reader Infinite 200 Pro

Tecan Trading AG

NanoDrop® ND-1000 spectrophotometer

Thermo Scientific, Wilmington, USA

PCR Thermocycler (Nexus Eco, Nexus

Eppendorf AG, Hamburg, Germany

Gradient)
pH meter pH-Meter inoLab pH 720 (W TW)
) INTEGRA Biosciences GmbH, Fernwald, Ger-
Pipetboy
many
Pipettes Eppendorf AG, Hamburg, Germany

QuantStudio 5

Life Technologies

Racks for 1.5 ml tubes

Stratagene

Roll mixer

VWR International GmbH, Darmstadt, Germany

gPCR Thermocycler StepOneTM

Applied Biosystems, Darmstadt, Germany

Scale, Precisa XT 6200C-FR

Pesa Waagen AG

SDS PAGE Chamber Bio-Rad

Bio — Rad Laboratories

Sub Aqua Pro Waterbath

Grant

Thermal Cycler PTC 200

Bio — Rad Laboratories

Thermomixer

Eppendorf AG, Hamburg, Germany

Vacuum pump

BVC basic, Vacuumbrand

Voltage device Bio-Rad

Bio — Rad Laboratories

Vortexer, VM3

Ingenieurbiro CAT M. Zipperer GmbH, Staufen,
Germany
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Vortexer, Vortex Genie 2

] Scientific Industries, NY, USA

Western Blot Chamber, Bio-Rad

2.1.5 Software

Table 2.1.5.1 Software

name

‘ Bio — Rad Laboratories

source

Axiovision 4.8 software

Carl Zeiss Microscope GmbH, Jena, Germany

BD FACSDIVA

BD Biosciences

FlowJo Software, Version 9.6.4

TreeStart Inc

GraphPad Prism 9.1

GraphPad Software

Imaged 2.9.0/1.53t

tutes of Health, USA

Wayne Ranband and contributors National Insti-

ImageLab™ 5.2.1 Software

Life Science Research Bio-Rad

Light Cycler 480 software release 1.5.1

Roche Diagnostics

Magellan™ Tecan Life Sciences

Max Quant software package University of Minnesota,USA
Microsoft Excel Microsoft

Microsoft Powerpoint Microsoft

Microsoft Word Microsoft

Nucleic Acids - nd

Thermo Scientific, Wilmington, USA

PDF XChange Editor Version 9.3, build
361.0

PDF-X-Change Co Ltd.

QuantStudio™ Design & Analysis Soft-
ware v1.5.2

Life Technologies, Applied Biosystems, Darm-
stadt, Germany

StepOne™ Software - Version 2.3

Life Technologies, Applied Biosystems, Darm-
stadt, Germany

ZEN 2010-Digital Imaging for Light-
microscopy Software

Carl Zeiss Microscope GmbH, Jena, Germany

2.1.6 Reagents and Solutions

Table 2.1.6.1 Reagents and Solutions

name source

Acrylamide: N,N’- Methylene- Bisacrylamide
40% (29:1)

Carl Roth

Ammonium Persulfate (APS) ZYTOMED Systems

Antibody Diluent ZYTOMED Systems

Blot Stripping Buffer Thermo Scientific

Bovine Serum Albumin (BSA) Sigma-Aldrich

Complete® Mini Without EDTA (Protease-

o Roche Diagnostics
Inhibitor)

Dakopen Dako

Dimethyl Sulfoxide (DMSO) Sigma Life Science, Carl Roth
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Distilled water

ZYTOMED Systems

DNase/RNase free water

Promega

dNTP Solution 10mM (per dNTP) (contains
dATP, dTTP, dGTP, dCTP)

Carl Roth

;D;;b;;:)co s Phosphate Buffered Saline Biochrom GmbH
EDTA Buffer Ph 9 Roche Diagnostics
Ethanol (p.a.) Sigma-Aldrich
Fetal Bovine Serum (FBS) Bio and Sell
Fluorescent Mounting Medium Dako

HEPES, 1M

Gibco by Life Technologies

HIER Citrate Buffer, pH 6

ZYTOMED Systems

Hoechst 33342, 20 mM Solution in Water

Anaspec Inc.

Isopropanol

Carl Roth

Laemmli Sample Buffer, 4x

Bio — Rad Laboratories

Lymphoprep

Stemcell Technologies Inc.

Methanol

Sigma-Aldrich, Merck-Millipore

Mgcl2 (25 mM)

Life Technologies GmbH

MuLV Reverse Transcriptase

Carl Roth

Non-Essential Amino Acids, 100x

Merck Millipore, Biochrom

Non-Fat Dried Milk Powder

AppliChem

Paraformaldehyde (PFA)

AppliChem

PCR Buffer Il + MgCl2

New England Biolabs

Penicillin/Streptomycin

Gibco, Thermo Fisher Scientific GmbH

Phosphate Buffered Saline (PBS)

Applied Biosystems, Darmstadt, Germany

Platinum® SYBR® Green gPCR Supermix-
UDG

Thermo Fisher Scientific GmbH

PowerUp™ SYBR™ Green Master Mix

Thermo Fisher Scientific GmbH

Precision Plus Protein ™ Standards —Dual
Color

Bio — Rad Laboratories

Random Hexamers 50 uM

Thermo Fisher Scientific GmbH

RNase Inhibitor 20 U/pl

Bela-pharm

Roswell Park Memorial (RPMI) Medium 1640

Gibco, Thermo Fisher Scientific GmbH

Sodium Dodecyl Sulfate (SDS)

AppliChem

Sodium Pyruvate, 100 mM

Gibco by Life Technologies

Temed Bio — Rad Laboratories
Tris Carl Roth

Trypsin (0.25%) -EDTA solution Sigma-Aldrich

Tween 20 Sigma-Aldrich

Ultrapure™ Distilled Water DNase/RNase

Invitrogen by Life Technologies

free
Xylene Carl Roth
Xylol Sigma-Aldrich

B-Mercaptoethanol (3-ME)

Sigma Life Science

B-Mercaptoethanol, 50 mM

Gibco by Life Technologies
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2.1.7 Buffers and Stock Solutions

Table 2.1.7.1 Buffers and Stock Solutions

Buffer Name Ingredients
1% BSA

B/S/P Permeabilization Buffer 0.5% Saponin
PBS

Laemmli Sample Buffer 1x

10 ul of B-Mercaptoethanol and 90pl of 4X Laemmli buffer

MACS (Magnetic Activated Cell
Sorting) - Buffer

0.5% FBS
2mM EDTA

PBS-T / Washing Buffer

1x PBS
1% Tween 20

Paraformaldehyde (PFA) 4%

4 g of PFA and 100 ml of PBS

PBS, 10x

25.6 g NazHPO4
29 KH2PO4

80 g NaCl

2 g KCI

900 ml dH20

Running Buffer

1,5 M Tris — HCI
pH 8,8
5% viv 10% SDS

RIPA

NaCl 150 mM

Tris pH 7,2 10 mM
SDS 0,1%

Triton x 100 1%
Deoxycholate 1%
EDTA 5 mM

Transfer Buffer

150 mM Glycine
20 mM Tris
20% Methanol

TBS buffer 1x

2.1.8 Cell Culture Media

Table 2.1.8.1 Cell Culture Media

Cell Type

20X TBS- 50 ml, dH20-950 ml

Media Ingredients

RAW264.7 Cell Culture Medium

DMEM (Dulbecco's Modified Eagle's Medi-
um) F12

10% v/iv FCS

1% viv Penicilin/Streptomycin

SVEC4.10 (Simian Virus 40-Transformed
Mouse Microvascular Endothelial Cell Line)

DMEM
10% v/v FCS
1% viv Penicilin/Streptomycin

Svec4.10

G MV-2 kit (Promocell) without VEGF-A
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Bone Marrow-Derived
(BMDM)/Monocytes

Macrophages

RPMI (Roswell Park Memorial Institute)1640
medium

10% v/v FCS

1% v/v Penicilin/Streptomycin

0.1% v/v 50 mM B-Mercaptoethanol

+ 10/20/40ng/ml M-CSF/GM-CSF-...

Starve Medium for Each One

2.1.9 Other Consumables

Table 2.1.9.1 Other Consumables

Name

0.1% or 1% FCS (0.5-5ml FCS in 500ml)

Company

1.5 ml, 2 ml Eppendorf Tubes

Eppendorf AG, Hamburg, Germany

15 ml, 50 ml Falcons

Falcon

96 Wells gPCR Plate

Thermo Scientific, Wilmington, USA

96-Well Imaging Plates, Falcon®

Corning, Thermo Fisher Scientific GmbH

Absolute TM qPCR Seal (AB1170)

Thermo Scientific, Wilmington, USA

Cell Culture Dishes

Corning, Thermo Fisher Scientific GmbH

Cell Culture Flasks 75cm? (T75)

Greiner Bio-One

Cell Culture Plates

Greiner Bio-One, Cellstar

Cell Scraper

Corning, Thermo Fisher Scientific GmbH

Combitips Advanced®

Eppendorf AG, Hamburg, Germany

Coverslips Thickness 1.5H Round, @: 12 mm

Carl Roth ®

Cryovials 1.5 ml

Greiner Bio- One

Disposable Pipetting Reservoirs

Greiner Bio-One

Extra Thick Blot Paper - Filter Paper

Bio — Rad Laboratories

FACS Tubes

BD Bioscience

Glas Pasteur Pipettes

VWR International GmbH, Darmstadt, Ger-
many

Gloves

Kimtech Sterling Nitrile Gloves

Immun - Blot PVDF Membranes for Protein
Blotting

Bio — Rad Laboratories, Merck-Millipore

LS Columns

Miltenyi Biotech GmbH, USA

MACS Smart Filters (30 + 70um)

Miltenyi Biotech GmbH, USA

Microscope Slides

Thermo Fisher Scientific GmbH

Miltenyi CT Tubes

Miltenyi Biotech GmbH, USA

Pipette Tips

Eppendorf AG, Hamburg, Germany

Polystyrene Round-Bottom Tube with Cell
Strainer Cap

Falcon Corning

SepMate Tubes 50ml

Stemcell Technologies Inc.

Sterile Measuring Pipettes

VWR International GmbH, Darmstadt, Ger-
many

Syringes And Needles

B.Braun

1.5 ml, 2 ml Eppendorf Tubes

Eppendorf AG, Hamburg, Germany
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2.1.10 Antibodies
Table 2.1.10.1 Antibodies
Name Host Conjugate Dilution Company
1:500/1:1000 for
Vegf-C (PA5-29772 Rabbit Invit
egf-C (PA5-29772) abbi none WB, 1:200 FC nvitrogen
Anti-Rabbit IgG Cell Signali
mirathltlg Goat HRP 1:3000 el >1gnaling
(7074S) Technology
Actin (A3854) Mouse mAb HRP 1:50,000 Sigma-Aldrich
Anti-Rabbit AF 488 Alexa Fluor (AF) .
Goat IgG 1:200 Invitrogen
(A-11008) 488
Podoplanin Syrian Ham- .
none 1:200 Origene
(TA336668) ster mAb
Anti-Syrian Hamster
Goat IgG Alexa Fluor 488 | 1:800 abcam
AF 488 (ab180063) g xari
Podoplanin (25-5381- | Syrian Ham- o
PE-Cy7 1:40 eBioscience
82) ster IgG
Vegfr-3 (130-112- REA834 Hu- . I
PE 1:50 Miltenyi Biotec
772) man IgG1
-p44/42 MAPK Cell Signali
PP Rabbit none 1:2000 el >1gnaiing
(T202-Y204) (4370S) Technology
p44/42 MAPK . 1:1000 Cell Signaling
Rabbit none
(4695S) Technology
Vinculin . .
Rabbit IgG none 1:5000 Invitrogen
(42H89L44/700062)
. ) Horse-Radish-
Vineulin-HRP Rabbit mAb Peroxidase 1:5000 Cell Signalin
i Xi : i i
(18799S) gnaling
(HRP)

2.1.11 Murine Primer

Table 2.1.11.1 Murine Primer

Source/mRNA

ﬁ:rr;ee Genebank Accession Forward Primer (5’ To 3’) | Reverse Primer (5’ To 5)
#/Primer Bank ID
PrimerBank ID:

Adamts3 | 294345396¢c3 ACAGCCATCTACAC- ATGTCAC-

(Harvard) | GeneBank Accession: | GGAAGTG CAACATAGGCACAG
NM_001081401
PrimerBank ID:

Ccbet 124378017¢c3 ACTGGCCTCAAAC- CGGCCTTGCTTAA-

(Harvard) | GeneBank Accession: | GCCTAC TATGAGACAG
NM_001081401

Hprt1 CCTAAGATGAGCG- CCACAGGACTA-
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1+2 CAAGTTGAA GAACACCTGCTAA
AGCTACTG- AGAGGTCCTTTTCAC-
Hprt1 3+4
TAATGATCAGTCAACG CAGCA
CGG-
GCACATCAAA-
Inos1 CAAACATGACTTCAGG
c GCGGCCATAG
Tnfa CACCAC- GGCTAC-
GCTCTTCTGTCT GCTCTTCTGACTC
CCAGCACAGGTTAC- TAGACATGCACCGG-
Vegf- 0] tal., 2013
egrc | (Osawaeta )| cTeaceaa CAGGAA
Stat1 TACGAAAAGCAAGCG- TGCACATGACTT-
TAATCT GATCCTTCAC
I ATGCCAATCAC- CCTGCTTT-
TCGAATGCG GTATCGGCCTGT
Mrc1 ACCTGGGGAC- AAAAATT-
(CD206) CTGGTTGTAT GCCTCGCGTCCAA
2.1.12 Enzymes
Table 2.1.12.1 Enzymes
Name Function Company
Vanadate Inhibits Proteases New England Biolabs Inc
Complete Mini, EDTA | Inhibits Proteases Roche Diagnostics
(11836170001)

2.1.13 Stimulants and Inhibitors

Table 2.1.13.1 Stimulants and Inhibitors

Name

Function

Company

Bay 11-7082 (B5556)

Canonical & non-canonical NF-kB Inhibi-
tor

Sigma Aldrich-Merck

JSH-23 (J4455)

Canonical NF-kB Inhibitor

Sigma-Aldrich-Merck

Fludarabine

pSTAT1 Inhibitor

SelleckChem S1491

LPS (E-coli 055:B5) TLR4-Binding Sigma-Aldrich
rm (recombinant murine) | drives Recruited Macrophage Differenti-
. Immunotools

M-CSF ation

Drives Alveolar Like Macrophage and
rm GM-CSF ) L Immunotools

DC Differentiation
m IFN-y (12343536) Binding IFN Receptor Immunotools
m IL-4 (12340043) Binding IL-4 Receptor Immunotools

rh (recombinant human)
IFN-y (130-096-484)

Binding IFN Receptor

Miltenyi Biotec
GmbH, USA

rh VEGF-C156s (752-VC)

Binding the VEGFR-3 Receptor

R&D systems
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2.1.14 Cell Lines

Table 2.1.14.1 Cell Lines

Name Cell Type Company

RAW264.7 | Murine Macrophages Cell Line ATCC TIB-71

SVEC4.10 | Simian Virus 40-Transformed Mouse Micro-Vascular Endo- | ATCC CRL-2181
thelial Cell Line

2.1.15 Tools for Data mining

Table 2.1.15.1 Tools for Data Mining

Name URL Data Type Type Analysis Version

UCSC Genome http://genome. | ChIPseq Chromatin  Accessi- | Mouse genome
Browser ucsc.edu Data Sets bility and TF Binding | mm10, 03/2023
Cistrome Data | http://cistrome. | ChIPseq Chromatin  Accessi- | Mouse genome
Browser org/db/#/ Data Sets bility and TF Binding | mm10, 03/2023
Cistrome Toolkit to | http://dbtoolkit. | ChIPseq RP Scores of TF Mouse genome
Predict TF Binding | cistrome.org/ Data Sets mm10, 03/2023

2.2 Methods

2.2.1 lIsolation of Murine Bone Marrow

Male C57BL/6J were sacrificed by cervical dislocation. The femur and tibia of the hind legs were
collected, muscle tissue was removed, and bones were cut open. Afterward, bone marrow was
flushed out with RPMI medium with the help of an 18-gauge needle on a syringe. After centrifu-
gation for 10 minutes at 410g, cells were re-suspended in RPMI, filtered through a 70pum nylon
mesh, counted in a Neubauer counting chamber, supplemented with 10% FCS, 1% penicillin-
streptomycin and 0.1% B-Mercaptoethanol and seeded 1.5ml suspension per 6 well at a con-
centration of 1.7x10% cells/ml. Finally, it was topped up with 1.5ml of the above medium, sup-
plemented with 40ng/ml M-CSF for recruited, monocyte-derived like macrophages or GM-CSF
for alveolar-like macrophages, respectively.

2.2.2 Differentiation of Bone Marrow-Derived Macrophages

Isolated and seeded bone marrow cells are kept in culture for seven days with replacement of
1.5ml medium with 1.5ml fresh medium, supplemented with 20ng/ml M-CSF on days 2,4 and 6
and 10ng/ml M-CSF on day 7 before being washed thoroughly to remove undifferentiated cells.
Then, cells were ready for polarization and stimulation. For polarization of macrophages to-
wards a classical phenotype or a non-classical phenotype, differentiated cells were fetal calf
serum (FCS)-starved for 12-18 hours with 0.1-1% FCS and then incubated with 1ug/ml LPS and
20ng/ml IFNy or 20ng/ml IL-4 for 6-24 hours, respectively. Further, stimulation with 1pg/ml LPS
or 20ng/ml IFNy alone was also done. Successful stimulation was tested by quantitative Poly-
merase Chain Reaction (QPCR) of either the Inducible Nitric Oxide Synthase 1 (/nos) gene or
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Tumor Necrosis Factor Alpha (TNFa) gene being upregulated by LPS or IFNy and Mannose
Receptor C type 1 (Mrc1) by IL-4 stimulation, respectively.

2.2.3 lIsolation of Murine Monocytes

For the isolation of monocytes from murine bone marrow, the isolated bone marrow suspension
was processed with the monocyte isolation kit from Miltenyi. Negative selection by magnetically
labeling non-target cells like T cells, B cells, Natural Killer (NK) cells, dendritic cells, erythroid
cells, and granulocytes significantly increased the percentage of monocytes. The isolated bone
marrow suspension was centrifuged and resuspended in 175ul of Magnetic Activated Cell Sort-
ing (MACS) buffer (PBS with 2% FCS, 2mM EDTA) per 5x107 cells and mixed with 25ul Fc-
Receptor (FcR) blocking reagent as well as 50yl biotin-antibody cocktail per 5x107 cells before
incubation for 5 minutes at 2-8°C. After that, cells were washed with 10ml of MACS buffer per
5x107 cells, centrifuged for 10 minutes at 300g, and resuspended in 400yl MACS buffer and
100ul of anti-biotin microbeads per 5x107 cells. After a further 10 minutes of incubation at 2-8°C,
the suspension was applied onto rinsed MACS LS columns clipped to a magnetic field. While
magnetically labeled non-target cells were kept in the column, the flow-through representing the
enriched monocyte fraction was collected together with three extra washes of the column with
3ml of MACS buffer. The monocyte-enriched suspension was centrifuged for 7 minutes at 300g
and resuspended in RPMI medium supplemented with 10% FCS, 1% penicillin-streptomycin,
and 0.1% B-Mercaptoethanol. Afterward, a medium supplemented with the listed stimulants for
classical or non-classical polarization, respectively, was added on top. Successful polarization
was assessed by qPCR as described for the macrophages before.

2.2.4 lIsolation of Human Blood-Derived Monocytes

150 — 200 ml of fresh Ethylenediaminetetraacetic Acid (EDTA) blood was drawn from the do-
nors and cooled on ice. First, all blood was filled into falcon tubes and centrifuged at 2300rpm
for 10 min to separate serum from the rest. The serum was taken off, and the remaining blood
was mixed in the following ratio: 15 ml of blood with 15 ml of PBS was mixed and gently pipet-
ted on top of 15 ml of Lymphoprep at the wall of a 50 ml SepMate tube. This mixture was centri-
fuged for 10 minutes at 1200g with brakes on and as much clear supernatant as possible taken
off until a whitish cloud of PBMCs was reached. The remaining transparent layer, including the
cells, was quickly (< 2 sec) poured into a fresh falcon tube and centrifuged for another 10
minutes at 1200g to separate cells from platelets. The supernatant was removed, and the cell
pellet consisting of PBMCs was washed two times with cold PBS. Next, monocytes were isolat-
ed from PBMCs using the Pan monocyte isolation kit from Miltenyi. Therefore, the cell number
was determined by counting in a Neubauer counting chamber and 1x107 cells resuspended in
40ul of MACS buffer. MACS buffer consisted of PBS with 2 mM EDTA and 0.5% FCS. 10yl of
FcR blocking reagent as well as 10pl of biotin-antibody cocktail of the kit were added to each
40ul of cell suspension, mixed well, and incubated for 5 minutes at 2-8°C. 30ul of buffer was
added per 107 cells and topped with 20yl of anti-biotin microbeads per 107 cells for 10 minutes
at 2-8°C. Finishing that last incubation step, the whole cell suspension was applied on Miltenyi
LS columns clipped to a magnetic field separator, which was washed with 2ml of MACS buffer
before. The flow through of the cell suspension was collected containing the monocytes en-
riched cell population. Finally, the column was rewashed with MACS buffer to collect any resid-
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ual monocytes, and the flow through was combined with the cell suspension for further cell cul-
ture.

2.2,5 Cell Lines

RAW264.7 cells were purchased from ATCC (ATCC TIB-71™) and cultured in DMEM-F12 me-
dium supplemented with 10% FCS and 1% penicillin-streptomycin. Cells were used between
passages 9 and 26. Successful polarization was tested by gPCR as described for the primary
macrophages before. SVEC4.10 cells were purchased from ATCC (ATCC CRL-2181™) and
cultured in DMEM medium supplemented in 10% FCS and 1% penicillin-streptomycin.

2.2.6 Cell Culture

All cells were cultured in T75 cell culture flasks or round cell culture dishes at 37°C with 5%
CO2 and 90% humidity.

2.2.7 Inhibition of NF-kB

To inhibit the canonical as well as the non-canonical NF-kB pathways, the chemical Bay 11-
7082 was dissolved in dimethyl sulfoxide (DMSO) up to concentrations of 1, 2, or 5mM respec-
tively and used in a 1:1000 dilution in medium to reach a final concentration of 1, 2 or 5 yM with
a maximum final DMSO concentration of 0,1%. To specifically inhibit the canonical NF-kB path-
way, the translocation of the subunit p65 (RelA) was inhibited with the chemical JSH-23, diluted
in DMSO up to concentrations of 15, 30 and 40mM and used in a 1:1000 dilution in medium to
reach a final concentration of 15, 30 or 40 uM with a maximum final DMSO concentration of
0,1%. Successful inhibition was tested by qPCR of the /nos gene being downregulated with NF-
kB inhibition.

2.2.8 Inhibition of pSTAT1

To inhibit the signaling through pSTAT1, Fludarabine, a chemical for the depletion of Stat1 pro-
tein and its phosphorylation, was dissolved in DMSO up to concentrations of 5, 20, and 40 mM
and used in a 1:1000 dilution in a medium to reach a final concentration of 5, 20 or 40 uM with a
maximum final DMSO concentration of 0,1%. Successful inhibition was tested by gPCR of the
Irf1 gene being downregulated with STAT1 phosphorylation inhibition.

2.2.9 RNA Extraction

For the isolation of cytosolic RNA, either the PeqGOLD total RNA isolation kit or the Qiagen
RNA plus mini kit was used. 500ul or 350ul RNA lysis buffer was added before loading the cell
lysate onto DNA removing columns and centrifuging for 1 minute or 30 seconds at 12,000 or
8,000 x g, respectively. The flow-through was mixed with the same volume of 70% ethanol and
added to RNA binding columns. These were centrifuged for 1 minute or 30 seconds at 10,000
or 8,000 x g, respectively. After washing with 500 or 700ul of wash buffer 1 and centrifuging for
40 seconds or 30 seconds at 10,000 or 8,000 x g, two more washing steps were done with
600p! or 500pl of wash buffer 2 at the same velocity. Between each washing step, the flow
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through was discarded. Finally, an extra centrifugation step removed residual buffers. The dried
RNA binding columns were loaded with 20-50ul of 70°C warm RNase-free water and left for
incubation at room temperature or 70°C for 5 minutes. Centrifugation at 5,000 x g or 8,000 x g
was done for 1 minute to elute the RNA, and the elute was immediately stored on ice.

2.2.10 Determination of RNA Concentration

To measure the concentration and purity of isolated RNA, 1ul of the elution was applied to a
nanodrop machine and measured with the nucleic acid and RNA-40 setting before starting a
two-step quantitative PCR (qPCR). The elution was considered pure when the A260/A280 nm
ratio was around 2.

2.2.11 cDNA Synthesis

Preparing the first step of qPCR, volumes for equal amounts of RNA were calculated across all
samples of the same experiment and filled up to 9ul with RNase-free water. Up to 1ug of RNA
was then incubated at 70°C for 10 minutes and then cooled on ice for another 5 minutes. Ac-
cording to the protocol, the following volumes were mixed per sample: 10l 2x RT buffer mix,
1ul of 20x RT enzyme mix, and 9ul of RNA. RNA elutions were then mixed with 11ul master
mix, and reverse transcription started at a thermocycler with the following program: 60 minutes
at 37°C, 5 minutes at 95°C and then cooled down to 4°C until samples were either used for
gPCR or frozen at -20°C for storage. cDNA samples were filled up with up to 80ul H20 depend-
ing on the initial input of RNA before the cDNA transcription.

2.2.12 Quantitative Polymerase Chain Reaction (qQPCR)

As the second step of gPCR, a master mix was prepared to contain 2.4yl H20, 0.6ul gene-
specific primer (listed in materials), and 5ul SYBR green Master Mix per 2 ul RNA sample in a
well of a 96-well plate. The PCR reaction was performed by the use of a Thermocycler
StepOne™ following the scheme of 5 minutes at 95°C, 5 seconds at 95°C, 5 seconds at 59°C
and 30 seconds at 72°C. After 45 cycles with this scheme, the reaction ended after 15 seconds
at 95°C, followed by automated production of a melt curve. gPCR was done, including technical
duplicates for each biological duplicate, and were normalized to the housekeeping gene Hypo-
xanthine Phosphoribosyl Transferase 1 (Hprt1). SYBR green is a fluorescent dye binding to
double-stranded Desoxyribonucleic Acid (DNA). Therefore, by amplification during the PCR
reaction, the intensity of the fluorescent signal increases equally to the amount of double-
stranded DNA. For analysis, mean Ct values of technical duplicates were taken to calculate the
relative expression levels of the tested genes. For calculation, the following equation was ap-
plied to all samples: relative expression = 2-ACt with ACt = Ct (gene of interest) — Ct (house-
keeping gene).

2.2.13 Flow Cytometry

For Flow Cytometry (FC), harvested cells were counted, and a minimum of 1x10°% cells were
aliquoted into each tube. After centrifugation at 300 x g for 7 minutes, the medium was removed
by inverting the tube. To block unspecific antibody binding, 50ul of FCcR block solution containing
CD16/CD32 antibody (1:50 in PBS with 2% FCS) was added and incubated for 20 minutes,
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followed by the addition of 50ul surface antibody staining master mix and a fixation specific
live/dead cell stain if needed, for further 30 minutes. Surface staining was followed by washing
with FACS buffer (PBS, 2% FCS). For intracellular staining, a fixation step for 10 minutes with
200ul 4% PFA at RT is done before washing with FACS buffer and permeabilizing with 1ml
B/S/P buffer (1% BSA, 0.5% Saponin in PBS) for 10 minutes at RT. Subsequently, to permea-
bilization, cells are rewashed and resuspended in 50ul FcR Block as before for 10 minutes,
followed by intracellular staining in B/S/P buffer for 30 minutes. The staining procedure was
finished by washing twice with B/S/P buffer and once with FACS buffer before resuspending in
200p! FACS buffer for analysis.

2.2.14 Gating Strategy for FC Analysis

Macrophage VEGF-C analysis was done by gating the live/dead stain-negative population and
the VEGF-C positive population. Voltage adjustment and gate setting were based on a mixture
of 50% positively stained and 50% unstained cells, separating positive and negative popula-
tions.

2.2.15 Immunofluorescence Staining

20,000 SVEC4.10 cells were seeded on round-shaped microscopy coverslips inside a 12-well
overnight. The next day, the medium was gently washed away with PBS before covering the
cells with 4% PFA for 10 minutes at room temperature, followed by washing with a wash buffer
consisting of PBS and 0.2% tween20. A solution with 10% goat serum, 1% BSA, 0.3% glycine,
and 1% tween20 in PBS was applied to the PFA-fixated SVEC4.10 cells for 1 hour to block
unspecific antibody binding. The blocking solution was removed gently and replaced by anti-
body solution, including a 1:50 PODOPLANIN antibody, 5% goat serum, and 0.2% tween20 in
PBS. After two days of incubation, later coverslips were washed three times for 5 minutes with
wash buffer as before and incubated in a secondary antibody solution including anti-syrian
hamster AF488 1:800 as well as Hoechst-dye 1:800 for marking chromatin in nuclei. The
stained cells were washed thrice for 5 minutes after 1 hour of secondary antibody incubation.
Finally, dried coverslips were mounted upside down on microscope slides with a few microliters
of fluorescent mounting medium and left to dry in the dark until images were taken.

2.2.16 Protein Extraction

For isolation of proteins, lysis buffer prepared from RIPA buffer supplemented with the protein-
ase inhibitors vanadate (1:100) and complete (1:20) was prepared. 25 to 100 pl of this lysis
buffer was used to resuspend the thawed cells. The suspension was transferred to fresh Ep-
pendorf tubes, snap-frozen in liquid nitrogen for 5 seconds, and thawed on ice again. Lysates
were then centrifuged at 13000 x g for 15 minutes at 4°C, and their supernatants were trans-
ferred into new Eppendorf tubes and stored at -80°C.

2.2.17 Bicinchoninic Acid Assay

For measurement of total protein concentration, the Pierce BCA protein assay was used. Pep-
tide bonds of proteins reduce copper ions, which then can form complexes with Bicinchoninic
Acid (BCA). This reaction leads to violet coloration with the absorbance of light of 562 nm wave-
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length (Walker, 1994). A standard curve with triplicates of different Bovine Serum Albumin
(BSA) concentrations was prepared, and 10 ul of each sample was mixed with 200 pl working
reagent containing copper and BCA added to 96-well plate wells. After 30 minutes of incubation
at 37°C, the absorbance was measured in the Tecan Plate Reader. Following the protein con-
centration, the needed volume for 7.5-20ug of protein was calculated using the standard curve.

2.2.18 SDS Polyacrylamide Gel Electrophoresis

For size-dependent separation of proteins, proteins are denatured by heat and Sodium Dodecyl
Sulfate (SDS), and thiol bonds are reduced by 3-Mercaptoethanol (3-ME). Protein suspensions
were thawed on ice, and 7.5-20ug of protein was mixed in a 1:4 ratio with freshly prepared load-
ing buffer containing 1 nineth B-ME and 9 parts Laemmlibuffer and heated to 95°C for 10
minutes before cooling on ice. SDS polyacrylamide gels were prepared by pouring a 10, 12, or
15% acrylamide separating gel solution into a cast of the company BioRad covered by isopro-
panol to smoothen the top surface. After polymerization, isopropanol was removed, a 5%
acrylamide stacking gel solution was poured on top, and a 10/15-well comb was placed inside.
After complete polymerization, the gel cassette was placed into a running module in a mini tank.
The comb was removed after filling the running chamber and a mini tank with 1 x SDS- Poly-
acrylamide Gel Electrophoresis (PAGE) running buffer. Samples and marker were loaded into
the wells before running the machine at 100 Volt (V) for approximately 15 minutes and another
hour at 120 V (Laemmli, 1970; McLellan, 1982; Ornstein, 1964).

2.2.19 Immunoblotting

After running gel electrophoresis, separated proteins were transferred to a Polyvinylidene Fluo-
ride (PVDF) membrane. For the transfer, a sandwich with one layer of sponge, filter paper,
PVDF membrane, gel, filter paper, and sponge inside a gel holder cassette was prepared after
soaking filter paper with 1 x transfer buffer and activating the membrane in 100% methanol for 1
minute. The sandwich was placed into a mini trans-blot module inside a mini tank filled with ice-
cold 1 x transfer buffer and a cooling aid, and the transfer was done for 70 — 90 minutes at 100
V. In cases where VINCULIN was used as a loading control, the membrane was cut horizontal-
ly, one ladder band below the expected band of VINCULIN. Afterward, the membrane was
washed three times for 15 minutes with 1 x Phosphate Buffered Saline Tween20 (PBST) buffer
and blocked for 1 hour in 5% non-fat dry milk dissolved in 1 x PBST buffer. Following that step,
the membrane was incubated with 5 — 7 ml 1% milk primary antibody solution at room tempera-
ture for 20 — 30 minutes and then at 4°C overnight. The next day, the membrane was rewashed
six times for 5 minutes in 1 x PBST buffer before incubating for 1 hour in 5 — 7 ml 1% milk sec-
ondary antibody (Horse Radish Peroxidase (HRP)-conjugated) solution at room temperature.
After incubation, the membrane was washed six times for 5 minutes in PBST. For detection,
access PBST was gently removed with tissue, and 1.2 ml of mixed ECL detection reagent was
applied on top of the membrane and incubated for 4 minutes. The chemiluminescent reaction
was visualized on immunolabelled proteins using ChemiDoc Imager and Image Lab 5.1 soft-
ware. For quantification, densitometry was done on single bands and normalized to bands of
total p44/p42 (in case of p-p42/44) and then to B-ACTIN or VINCULIN (VCL), respectively. 3-
ACTIN was detected after washing the membrane three times with 1 x PBST, incubating in
stripping buffer for 15 minutes, washing three times for 5 minutes in 1 x PBST, and repeating
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immunodetection with an HRP-conjugated B-ACTIN antibody diluted 1:50,000 in 1% milk solu-
tion.

2.2.20 Conditioned Medium Experiments

For macrophage-Conditioned Medium (CM) experiments, macrophages were stimulated with
0.1 or 1% FCS starve medium supplemented with 1ug/ml LPS or 1ug/ml LPS+ 20ng/ml IFNy for
24 hours. Then, the conditioned medium (CM) was either directly transferred to starved
SVECA4.10 cells or stored at -80°C until usage. Since higher percentages of FCS are known to
induce p44/p42 phosphorylation, FCS starvation with 0.1% or 1% FCS was used as a negative
control, whereas 10% FCS served as a positive control in p44/p42 phosphorylation.

2.2.21 Analysis of Publicly Available ChIPSeq Data

For analyzing publicly available Chromatin Immunoprecipitation sequencing (ChlPseq) da-
tasets, three different tools were used. First, the online tool cistrome data browser (db) toolkit
(Zheng et al., 2019) (see also “http://dbtoolkit.cistrome.org/”) was utilized to predict transcription
factor (TF) binding and chromatin regulation within 10,000 bases of the Transcription Start Site
(TSS) of the gene Vegf-c in the mouse mm10 genome. The cistrome db toolkit calculates a
Regulatory Potential (RP) score for available TFs in the dataset. The BETA algorithm (Wang et
al., 2013) behind the tool assesses the RP score by a distance-weighted measure of all binding
sites of the TFs within the selected distance of 10 kilobase (kb) of the selected target gene
Vegf-c. Thus, the RP score quantifies the likelihood of a TF to regulate the target gene.

In addition, the cistrome data browser (Mei et al., 2017) (see also: “http://cistrome.org/db/#/”)
was employed with a selection of murine macrophages and the TF RelA (p65) or the histone
activation mark Histone 3 Lysine 4 trimethyl (H3K4me3) respectively. The selection of displayed
results was narrowed down to samples that only passed all quality controls. Only data sets on
wild-type mice were chosen to ensure comparability of unstimulated versus LPS stimulated
conditions, and control and LPS conditions were always selected from the same experimental
setup uploaded by the same research group. The selected datasets were loaded into the batch
view list and visualized in the UCSC genome browser (see also: “http://genome.ucsc.edu/”).
The data view scaling was adjusted to even values, and the most recent NCBI reference se-
quence NM_009506.2 of murine Vegf-c was displayed below the ChIPSeq peaks. Furthermore,
Encyclopedia of DNA Elements (ENCODE) Candidate Cis-Regulatory Elements (cCREs) were
shown with their abbreviated accession label and the short UCSC labels for their function. Be-
sides proximal enhancer-like signatures (enhP) and distal enhancer-like signatures (enhD),
promoter-like signatures (prom) are exhibited below the Vegf-c reference mRNA.

2.2.22 Statistical Analysis

All statistical testing was done using the GraphPad Prism software. For comparison between
the two groups, non-parametric unpaired two-tailed Student’s t-test and 1-way Analysis of Vari-
ance (ANOVA) following Bonferroni post-test were performed for multiple comparisons testing
between groups. Error bars in bar graphs represent the Standard Deviation (SD) from the mean
value, and a probability (p) value below 0.05 was considered significant.
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3. Results
3.1 Vegf-c, Ccbe1 and Adamts3 Expression in
Proinflammatory Macrophages and Monocytes

To investigate Vegf-c expression patterns in pro- and anti-inflammatory macrophages,
RAW264.7 cells were stimulated with 1ug/ml LPS, 20ng/ml IFNy, or 20ng/ml of IL-4 for 6, 12,
and 24 hours. Vegf-c expression was detectable under all conditions, and stimulation with LPS
alone strongly increased Vegf-c expression after 6 (Figure 3.1.1 A) and 12 hours (Figure 3.1.1
B) and peaked at 24 hours (Figure 3.1.1 C). In comparison, stimulation with LPS and IFNy to-
gether also led to a distinct elevation of the Vegf-c expression level but was clearly lower than
with LPS alone (Figure 3.1.1 A-C). IFNy alone did not induce any change in expression at all,
as IL-4 stimulation.
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Figure 3.1.1 Vegf-c Expression in RAW264.7 Cells.

mRNA levels were determined by gPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Experiments, including two biological duplicates and two technical duplicates each,
were repeated 3-6 (3x Fig. A; 4x Fig. B; 6x Fig. C) independent times, leading to n=1-9 per condition and
timepoint in total (mean +SD). (A) Relative mRNA levels of Vegf-c in RAW264.7 cells after 6h of stimula-
tion with 1ug/ml LPS, 1ug/ml LPS + 20ng/ml IFNy, 20ng/ml IFNy or 20ng/ml IL-4. (B) Relative mRNA lev-
els of Vegf-c in RAW264.7 cells after 12h of stimulation with 1ug/ml LPS, 1ug/ml LPS + 20ng/ml IFNy, or
20ng/ml IFNy. (C) Relative mRNA levels of Vegf-c in RAW264.7 cells after 24h of stimulation with 1ug/ml
LPS, 1ug/ml LPS + 20ng/ml IFNy, 20ng/ml IFNy or 20ng/ml IL-4.

To check Vegf-c protein levels, immunoblotting of RAW264.7 cell lysate was undertaken after
12 and 18 hours of LPS stimulation. This confirmed a visible increase of unprocessed VEGF-C
at the size of 58kDa (Figure 3.1.2).
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Figure 3.1.2 VEGF-C Determined by Immunoblotting.

Protein levels were determined by immunoblotting with anti-VEGF-C and B-ACTIN antibodies after 12 and
18 hours of stimulation with 1ug/ml LPS, including 6 hours with brefeldin A. Experiments, including two
biological duplicates each, were repeated three independent times, leading to n=3 per condition in total.
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For validation, VEGF-C levels of RAW264.7 cells were analyzed by Flow Cytometry (FC) after
24 hours of LPS, LPS+ IFNy, IFNy, or IL-4 stimulation (Figure 3.1.3 A). Analysis of the mean
Fluorescence Intensity (FI) of all cells consolidated a visible rise of intracellular VEGF-C with
LPS stimulation. In addition, the combination of LPS and IFNy resulted in almost no increase at
all, similar to IFNy and IL-4 alone (Figure 3.1.3 B).
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Figure 3.1.3 VEGF-C Determined by Flow Cytometry

Vegf-c protein levels of RAW264.7 cells were determined by flow cytometry with anti-VEGF-C antibody
after 24 hours of stimulation with 1ug/ml LPS, 1ug/ml LPS + 20ng/ml IFNy, 20ng/ml IFNy or 20ng/ml IL-4.
Experiments, including two biological duplicates each, were repeated three independent times, leading to
n=6 per condition in total (mean +SD). (A) Histogram of representative samples. (B) Quantification of Vegf-
c protein in flow cytometry by mean fluorescent intensity (FI) values.

Applying the same experimental setup of stimulation as before, Ccbe? (Figure 3.1.4 A-C) and
Adamts3 (Figure 3.1.5 A, B) expressions were successfully detected in RAW264.7 macro-
phages. LPS treatment led to a considerably high rise in Ccbe? expression after 6
hours (Figure 3.1.4 A), which got further enhanced after 12 (Figure 3.1.4 B) and 24 hours
(Figure 3.1.4 C). Whereas combined treatment with IFNy decreased the response after 6 hours
(Figure 3.1.4 A), the addition of IFNy did not affect Ccbe? expression at 12 and 24-hour
timepoints (Figure 3.1.4 B, C).
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Figure 3.1.4 Ccbe1 Expression in RAW264.7 Cells

mRNA levels were determined by qPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Experiments, including two biological duplicates and two technical duplicates each,
were repeated 2-6 (2x Fig. A; 3x Fig. B; 4; 6x Fig. C) independent times (mean +SD,1 -way ANOVA follow-
ing Bonferroni post-test; ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001), leading to
n=1-9 per condition and timepoint in total. (A) Relative mRNA levels of Ccbe1 in RAW264.7 cells after 6h
of stimulation with 1ug/ml LPS, 1ug/ml LPS + 20ng/ml IFNy, 20ng/ml IFNy or 20ng/ml IL-4. (B) Relative
mRNA levels of Ccbe1 in RAW264.7 cells after 12h of stimulation with 1pg/ml LPS, 1ug/ml LPS + 20ng/ml
IFNy, or 20ng/ml IFNy. (C) Relative mRNA levels of Ccbe1 in RAW264.7 cells after 24h of stimulation with
1ug/ml LPS, 1ug/ml LPS + 20ng/ml IFNy, 20ng/ml IFNy or 20ng/ml IL-4.
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Measuring mRNA levels of Adamts3, RAW264.7 macrophages clearly expressed Adamts3 in
both six-hour and 24-hour time points (Figure 3.1.5 A, B). However, neither LPS nor IFNy in-
creased or decreased Adamts3 expression in this cell line (Figure 3.1.5 A, B).
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Figure 3.1.5 Adamts3 Expression in RAW264.7 Cells

mRNA levels were determined by gPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Experiments, including two biological duplicates and two technical duplicates each,
were repeated 2-4 (2x Fig. A; 4x Fig. B) independent times (mean +SD), leading to n=2-7 per condition
and timepoint in total. (A) Relative mRNA levels of Adamts3 in RAW264.7 cells after 6h of stimulation with
1ug/ml LPS, 1pg/ml LPS + 20ng/ml IFNy, 20ng/ml IFNy or 20ng/ml IL-4. (B) Relative mRNA levels of
Adamts3 in RAW264.7 cells after 24h of stimulation with 1ug/ml LPS, 1ug/ml LPS + 20ng/ml IFNy,
20ng/ml IFNy or 20ng/ml IL-4.

To confirm RAW264.7 data in primary cells, M-CSF treated murine bone marrow cells (Figure
3.1.6 A, B, D), which resemble recruited monocyte-derived macrophages, underwent the same
treatment as RAW264.7 cells before.
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Figure 3.1.6 Vegf-c Expression in BMDMs

mRNA levels were determined by gPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Experiments, including two biological, as well as two technical duplicates each, were
repeated 1-3 (1x Fig. C, 2x Fig. A, 3x Fig. B, D) independent times with 1-2 mice each (mean +SD,1 -way
ANOVA following Bonferroni post-test (Fig. B), non-parametric unpaired 2-tailed t-test (Fig. D); ns = not
significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (A) Relative mRNA levels of Vegf-c in
BMDMs, differentiated with M-CSF and stimulated with 1ug/ml LPS, 1ug/ml LPS + 20ng/ml IFNy, 20ng/ml
IFNy or 20ng/ml IL-4 for 6 hours. (B) Relative mRNA levels of Vegf-c in BMDMs, differentiated with M-CSF
and stimulated with 1ug/ml LPS, 1ug/ml LPS + 20ng/ml IFNy, 20ng/ml IFNy or 20ng/ml IL-4 for 24 hours. p
< 0.0001, p = 0.0001 (C) Relative mRNA levels of Vegf-c in BMDMs, differentiated with GM-CSF and
stimulated with 1ug/ml LPS, 1ug/ml LPS + 20ng/ml IFNy, 20ng/ml IFNy or 20ng/ml IL-4 for 24 hours. (D)
Relative mRNA levels of Vegf-c in BMDMs differentiated with M-CSF and stimulated with 20ng/ml IFNy for
6 hours. p = 0.002.

Levels of Vegf-c expression increased visibly after 6 hours ( Figure 3.1.6 A) and were highly
significant (p < 0.0001) after 24 hours (Figure 3.1.6 B) of LPS stimulation. Combined treatment
with LPS and IFNy led to an evident shrinkage of Vegf-c expression levels after 6 hours (Figure
3.1.6 A). It was reduced to a highly significant (p = 0.0001) level after 24 hours compared to
LPS alone (Figure 3.1.6 B). Furthermore, after 6 hours of IFNy treatment, the expression
of Vegf-c was dampened highly significantly (p = 0.0002) compared to the untreated control
(Figure 3.1.6 D), whereas 24 hours of IFNy treatment did not induce a change in expression
level like IL-4 treatment (Figure 3.1.6 B). Since M-CSF-treated BMDMs resemble interstitial
macrophages, the same treatment setup of 24 hours was repeated with GM-CSF-treated
BMDMs as they resemble alveolar macrophages (Figure 3.1.6 C). Interestingly, alveolar-like
BMDMs showed a substantial rise in Vegf-c expression, but the response to LPS + IFNy was
close to the untreated control (Figure 3.1.6 C).
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Figure 3.1.7 Ccbe1 Expression in BMDMs

mRNA levels were determined by gPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Experiments, including two biological, as well as two technical duplicates each, were
repeated 1-3 (1x Fig. C; 2x Fig. A, D; 3x Fig. B) independent times with 1-2 mice each (mean +SD, non-
parametric unpaired 2-tailed t-test (Fig. D); ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001). (A) Relative mRNA levels of Ccbe1 in BMDMs, differentiated with M-CSF and stimulated with
1ug/ml LPS, 1ug/ml LPS + 20ng/ml IFNy, 20ng/ml IFNy or 20ng/ml IL-4 for 6 hours. (B) Relative mRNA
levels of Ccbe1 in BMDMs, differentiated with M-CSF and stimulated with 1ug/ml LPS, 1ug/ml LPS +
20ng/ml IFNy, 20ng/ml IFNy or 20ng/ml IL-4 for 24 hours. (C) Relative mRNA levels of Ccbe1 in BMDMs,
differentiated with GM-CSF and stimulated with 1pg/ml LPS, 1ug/ml LPS + 20ng/ml IFNy, 20ng/ml IFNy or
20ng/ml IL-4 for 24 hours. (D) Relative mRNA levels of Ccbe1 in BMDMs differentiated with M-CSF and
stimulated with 20ng/ml IFNy for 6 hours. p = 0.0097.

Six hours of LPS treatment of M-CSF treated BMDMs led to a slight increase
in Ccbe1 expression (Figure 3.1.7 A), but to a significant (p = 0.0097) decline upon IFNy alone
(Figure 3.1.7 D). Like before, 24 hours of LPS treatment strongly induced Ccbe? expression.
However, the combined treatment with LPS and IFNy had similar levels of Ccbe1 expression
(Figure 3.1.7 B). When analyzing alveolar-like BMDMs, Ccbe1 expression only responded to
treatment by LPS combined with IFNy (Figure 3.1.7 C).
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Figure 3.1.8 Adamts3 Expression in BMDMs

mRNA levels were determined by gPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Experiments, including two biological, as well as two technical duplicates each, were
repeated 1-3 (1x Fig. C; 2x Fig. A, D; 3x Fig. B) independent times with 1-2 mice each (n.d. = not detecta-
ble, mean +SD, non-parametric unpaired 2-tailed t-test (Fig. D); ns = not significant, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001). (A) Relative mRNA levels of Adamts3 in BMDMs, differentiated with M-CSF
and stimulated with 1ug/ml LPS, 1ug/ml LPS + 20ng/ml IFNy, 20ng/ml IFNy or 20ng/ml IL-4 for 6 hours.
(B) Relative mRNA levels of Adamts3 in BMDMs, differentiated with M-CSF and stimulated with 1ug/ml
LPS, 1ug/ml LPS + 20ng/ml IFNy, 20ng/ml IFNy or 20ng/ml IL-4 for 24 hours. p = 0.0001. (C) Relative
mRNA levels of Adamts3 in BMDMs, differentiated with GM-CSF and stimulated with 1ug/ml LPS, 1ug/mi
LPS + 20ng/ml IFNy, 20ng/ml IFNy or 20ng/ml IL-4 for 24 hours. (D) Relative mRNA levels of Adamts3 in
BMDMs, differentiated with M-CSF and stimulated with 1ug/ml LPS, 1ug/ml LPS + 20ng/ml IFNy, 20ng/ml
IFNy or 20ng/ml IL-4 for 6 hours. p = 0.0014.

Analysis of Adamts3 expression in M-CSF- treated BMDMs displayed a significant (p=0.0014)
increase of expression by six hours of LPS treatment (Figure 3.1.8 D), but a more robust in-
crease by LPS and IFNy together (Figure 3.1.8 A). LPS treatment for 24 hours showed a highly
significant (p=0.0001) increase in Adamts3 expression, and the addition of IFNy led to a similar
level of Adamts3 expression (Figure 3.1.8 B). Unexpectedly, the mRNA of Adamts3 was barely
detectable in alveolar-like BMDMs after 24 hours of treatment and not detectable (n.d.) in LPS
or IFNy stimulated samples (Figure 3.1.8 C).

To ascertain whether myeloid cells start expressing pro-lymphatic factors by differentiating into
macrophages or whether monocytes already exhibit expression, monocytes were isolated from
murine bone marrow, and levels of Vegf-c mRNA and protein were measured by qPCR (Figure
3.1.9 A) as well as immunoblotting (Figure 3.1.9 B). After 24 hours of LPS stimulation, murine
monocytes had a clearly elevated level of Vegf-c expression compared to untreated control.
However, the combination of LPS and IFNy led to an even increased expression compared to
LPS treatment alone. IFNy or IL-4 treatment showed similar expression to untreated control
samples (Figure 3.1.9 A). Analyzing Vegf-c protein levels of pro-inflammatory (LPS) versus
anti-inflammatory (IL-4) conditions by immunoblotting, murine monocytes displayed an enor-
mously increased amount of Vegf-c protein after 24 hours of LPS, whereas IL-4 treatment did
not affect levels of Vegf-c protein compared to untreated control (Figure 3.1.9 B).
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Figure 3.1.9 Vegf-c mRNA and Protein Levels in Murine Monocytes.

mRNA levels were determined by gPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Protein levels were determined by immunoblotting and with anti-VEGF-C and -
ACTIN antibodies. Experiments, including 2 biological duplicates (and two technical duplicates for gPCR)
each, were repeated 1-4 (Fig 3 A: 2x IFNy, LPS+ IFNy, IL-4, 3x LPS, 4x ctrl; Fig 3 B: 1x) independent
times, leading to n=1-4 per condition in total. (A) Relative mRNA levels of Vegf-c in murine bone marrow-
derived monocytes after 24h of stimulation with 1ug/ml LPS, 1ug/ml LPS + 20ng/ml IFNy, 20ng/ml IFNy or
20ng/ml IL-4. (B) VEGF-C and B-ACTIN were determined by immunoblotting after 24 hours of stimulation
with 1ug/ml LPS or 20ng/ml IL-4.

Finally, the same treatment protocol was applied to human monocytes isolated from fresh Pe-
ripheral Blood Mononuclear Cells (PBMCs). Vegf-c protein was determined by flow cytometry
and analyzed by median Fluorescent Intensity (FI) (Figure 3.1.10). Lipopolysaccharide stimula-
tion resulted in clearly elevated VEGF-C. In contrast to murine macrophages, the addition of
IFNy clearly reduced that strong response and thus mirrored the expression pattern seen in
murine BMDMs. Further, IL-4-treated human monocytes had similar VEGF-C levels to untreated
baseline levels, with a tendency to be even slightly lower (Figure 3.1.10).
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Figure 3.1.10 Vegf-c Protein in Human Monocytes Determined by Flow Cytometry.

Protein levels were determined by flow cytometry with anti-VEGF-C antibody. Experiments, including two
biological duplicates each, were repeated 2-3 independent times, leading to n = 4 per condition in total. (A)
Histogram of representative samples of Vegf-c protein levels determined in human blood-derived mono-
cytes after 24 hours of stimulation with 1pg/ml LPS, 1ug/ml LPS + 20ng/ml IFNy or 20ng/ml IL-4. (B)
Quantification of Vegf-c protein in flow cytometry by median Fluorescent Intensity (FI) values of VEGF-C
positive human blood-derived monocytes after 24 hours of stimulation with 1ug/ml LPS, 1ug/ml LPS +
20ng/ml IFNy or 20ng/ml IL-4.
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3.2 Positive Regulation of Pro-Lymphangiogenic Factors

As expression of lymphangiogenic factors increased consistently by LPS in macrophages and
monocytes, the question arises which signaling pathways and transcription factors are engaged
to regulate their gene expression. Thus, the online tool "Cistrome data browser toolkit" was
used to predict the regulatory potential of common transcription factors to regulate Vegf-
C expression.

cistrome data browser toolkit
regulatory potential scores calculated from public ChIP Seq data sets
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Figure 3.2.1 Regulatory Potential of p65 to Regulate M® Vegf-c.

The graphic depicting the dataset was downloaded from cistrome.org after adapting the settings according
to the reference gene, biological source, and transcription factor. Dynamic plot display of RP scores of p65
in macrophage samples.

When viewing the data points stemming from macrophage samples, regulatory potential scores
of 0.36, 0.2, and 0.19 were calculated, respectively (Figure 3.2.1). These indicate potential
regulation of the Vegf-c gene by the TF p65. Further, publicly available histone ChlP-seq data in
the cistrome data browser were used to ascertain the accessibility of chromatin in the promoter
region of Vegf-c. Peaks of Histone-3-Lysine-4 trimethylation (H3K4me3), a so-called “activation
mark,” exhibit higher DNA accessibility for transcription factors to bind. Analyzing peaks of
H3K4me3 in controls as well as LPS-treated samples of two independent datasets, higher
amounts of H3K4 trimethylation can be found in the promoter region of the Vegf-c gene in LPS-
treated samples, indicating higher DNA accessibility for TF to bind. Furthermore, ChlPseq
peaks of p65 in macrophages treated with lipid A, a functional component of LPS, were com-
pared to an untreated control. After two hours of lipid A treatment, a distinct peak of p65 binding
to the promoter region of Vegf-c is visible. In contrast, untreated macrophages did not show any
p65 binding in this experiment (Figure 3.2.2). In summary, p65 had high regulatory potential
scores for regulating Vegf-c expression in macrophages. In addition, these scores were sup-
ported by higher chromatin accessibility and increased p65 binding upon LPS treatment.
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Figure 3.2.2 ChIP-seq Peaks Aligned to Vegf-c Sequence.

Peaks of H3K4me3 or p65 in public ChlPseq data sets of macrophage samples aligned to the murine
Vegf-c reference sequence and ENCODE Candidate Cis-Regulatory Elements (cCREs), including promot-
er structures (prom, red) and proximal/distal enhancer structures (enhP/enhD, brown/yellow) displayed in
the UCSC genome browser.

As analysis of public ChlPseq datasets indicated a high likelihood of p65/NF-kB to regulate
Vegf-c upon LPS treatment in macrophages, | aimed to validate this by chemically inhibiting the
NF-kB pathway. Bay 11-7082, a non-specific NF-kB inhibitor of both canonical and non-
canonical NF-kB -signaling pathways, irreversibly inhibits IKKB and IKKa. First, Bay 11-7082
was applied to macrophages one hour before the actual treatment and kept at a stable concen-
tration of 5uM throughout the following LPS stimulation.

This treatment resulted in a clear dampening of the LPS-induced expression of Vegf-c (Figure
3.2.3 A) and Ccbe1 (Figure 3.2.4 A) after 12 hours and a significant (p = 0.0012) abrogation
after 24 hours (Figure 3.2.3, Figure 3.2.4). To specify, whether the non-canonical or — as data
of Figure 3.2.1 and Figure 3.2.2 indicate — the canonical NF-kB pathway is responsible for
LPS-induced gene expression, JSH-23 was used. JSH-23 specifically blocks p65 translocation
to the nucleus.
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Figure 3.2.3 Vegf-c Expression in RAW264.7 Cells

mRNA levels were determined by gPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Experiments, including two biological and two technical duplicates each, were re-
peated three independent times (mean +SD, 1-way ANOVA following Bonferroni post-test; ns not signifi-
cant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (A) Relative mRNA levels of Vegf-c in RAW264.7
cells after 12h of stimulation with 1ug/ml LPS, 1ug/ml LPS + 5uM Bay 11-7082 or 1ug/ml LPS + 15uM
JSH-23. p = 0.0001, p = 0.0128 (B) Relative mRNA levels of Vegf-c in RAW264.7 cells after 24h of stimu-
lation with 1pug/ml LPS, 1pg/ml LPS + 5uM Bay 11-7082 or 1ug/ml LPS + 15uM JSH-23. p = 0.0003, p =
0.0012, p = 0.0017

Application of JSH-23 kept at a stable concentration of 15uM throughout the experiment de-
creased the expression of Ccbe? (Figure 3.2.4) visibly, and the expression of Vegf-c (Figure
3.2.3) significantly (p = 0.0128) after 12 hours of treatment. The JSH-23 mediated suppression
of LPS-induced Vegf-c and Cche1 expression became even more significant (p = 0.0003
in Figure 3.2.3 B and p = .0086 in Figure 3.2.4 B) after 24 hours.
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Figure 3.2.4 Ccbe1 Expression in RAW264.7 Cells

mRNA levels were determined by gPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Experiments, including two biological and two technical duplicates each, were re-
peated 2-3 independent times (mean +SD, 1-way ANOVA following Bonferroni post-test; ns not significant,
*p < 0.05, *p < 0.01, **p < 0.001, **p < 0.0001). (A) Relative mRNA levels of Ccbe1 in RAW264.7 cells
after 12h of stimulation with 1ug/ml LPS, 1ug/ml LPS + 5uM Bay 11-7082 or 1ug/ml LPS + 15uM JSH-23.
p = 0.0086 (B) Relative mRNA levels of Ccbe1 in RAW264.7 cells after 12h of stimulation with 1ug/ml
LPS, 1ug/ml LPS + 5uM Bay 11-7082 or 1uyg/ml LPS + 15uM JSH-23. p = 0.0002, p = 0.0016, p = 0.0003.

This experiment validated the specific positive regulatory effect of p65 on mRNA levels of Vegf-
¢ and Ccbe1 by inhibiting p65 translocation in RAW264.7 cells.

To support these findings in primary cells, murine BMDMs were treated with LPS in combination
with JSH-23 for 24 hours. As seen before in RAW264.7 cells, blockage of p65 translocation led
to an apparent, concentration-dependent reduction of expression levels of Vegf-c, Ccbe1, and
even Adamits3 compared to LPS stimulation alone (Figure 3.2.5 A-C).
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Figure 3.2.5 Expression of Vegf-c, Ccbe1 and Adamts3 in BMDMs

mRNA levels were determined by gPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Experiments were repeated 3-4 independent times with 1-2 mice, including two bio-
logical duplicates per mouse each. (A) Relative mRNA levels of Vegf-c in BMDMs, differentiated with M-
CSF and stimulated with 1ug/ml LPS, 1ug/ml LPS + 30uM JSH-23 or 1pg/ml LPS + 40uM JSH-23 for 24
hours. (B) Relative mRNA levels of Ccbe1 in BMDMs, differentiated with M-CSF and stimulated with
1ug/ml LPS, 1pg/ml LPS + 30uM JSH-23 or 1ug/ml LPS + 40uM JSH-23 for 24 hours. (C) Relative mRNA
levels of Adamts3 in BMDMs, differentiated with M-CSF and stimulated with 1ug/ml LPS, 1ug/ml LPS +
30uM JSH-23 or 1ug/ml LPS + 40uM JSH-23 for 24 hours.

With online data analysis indicating a regulatory role of p65 in Vegf-c expression and qPCR of
RAW264.7 cells and murine BMDMs confirming these results as well as extending them to
Ccbe1 and Adamts3, as the next step, the very same setup in monocytes was tested.

As seen in murine macrophages, inhibition of either both NF-kB pathways or just inhibition of
the canonical pathway in murine monocytes both had the same effect on repressing LPS-
induced expression of all three pro-lymphangiogenic factors (Figure 3.2.6, Figure 3.2.7, Figure
3.2.8).
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Figure 3.2.6 Vegf-c Expression in Murine Monocytes.

mRNA levels were determined by gPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Experiments, including two biological duplicates and two technical duplicates each,
were repeated 1-3 independent times (mean +SD, 1-way ANOVA following Bonferroni post-test; ns = not
significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (A) Relative mRNA levels of Vegf-c in pri-
mary murine bone marrow-derived monocytes stimulated with 1ug/ml LPS or 1ug/ml LPS + 20uM JSH-23
for 6 hours. p = 0.001, p = 0.0023 (B) Relative mRNA levels of Vegf-c in primary murine bone marrow-
derived monocytes stimulated with 1ug/ml LPS or 1ug/ml LPS + 20uM JSH-23 for 24 hours. p = 0.0069.

A significant repression of expression levels was detected after six hours of stimulation in Vegf-
c expression (Figure 3.2.6 A) (p = 0.0023) and Ccbe1 expression (Figure 3.2.7 A) (p = 0.033).
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Figure 3.2.7 Ccbe1 Expression in Murine Monocytes

mRNA levels were determined by gPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Experiments, including two biological duplicates and two technical duplicates each,
were repeated 1-3 independent times (mean +SD, 1-way ANOVA following Bonferroni post-test (A), non-
parametric unpaired 2-tailed t-test (B); ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001). (A) Relative mRNA levels of Ccbe1 in primary murine bone marrow-derived monocytes stimulat-
ed with 1ug/ml LPS or 1ug/ml LPS + 20uM JSH-23 for 6 hours. p = 0.0023, p = 0.033 (B) Relative mRNA
levels of Ccbe1 in primary murine bone marrow derived-monocytes stimulated with 1ug/ml LPS or 1ug/ml
LPS + 20uM JSH-23 for 24 hours. p = 0.0081

In addition, inhibition of both NF-kB pathways for 24 hours of LPS stimulation halved expression
of Adamts3 (Figure 3.2.8) compared to untreated controls and significantly (p = 0.042) reduced
compared to LPS stimulation alone (Figure 3.2.8).
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Figure 3.2.8 Adamts3 Expression in Murine Monocytes

mRNA levels were determined by qPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Experiments, including two biological duplicates and two technical duplicates each,
were repeated 1-3 independent times (mean +SD, 1-way ANOVA following Bonferroni post-test; ns = not
significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Relative mRNA levels of Adamts3 in prima-
ry murine bone marrow derived-monocytes stimulated with 1ug/ml LPS or 1ug/ml LPS + 20uM JSH-23 for
24 hours. p = 0.042.

Furthermore, prohibiting p65 translocation in human blood-derived monocytes, visibly de-
creased Vegf-c protein, visualized in a histogram of representative samples (Figure 3.2.9 A)
and analyzed by the median Fluorescent Intensity (FI) of VEGF-C positive cells in flow cytome-
try (Figure 3.2.9 B).
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Figure 3.2.9 Vegf-c Protein Levels in Human Blood Derived Monocytes.

Protein levels were determined by flow cytometry with anti-VEGF-C antibody. Experiments, including two
biological duplicates each, were repeated 2-3 independent times, leading to n = 4 per condition in total. (A)
Histogram of representative samples of VEGF-C values determined by flow cytometry (B) Quantification of
VEGF-C in flow cytometry by median Fluorescent Intensity (Fl) values of VEGF-C positive human blood-
derived monocytes stimulated with 1ug/ml LPS, 1ug/ml LPS + 30uM JSH-23 or 1ug/ml LPS + 40uM JSH-
23 for 24 hours.

In total, online data analysis revealed regulatory potential and binding capability to the Vegf-
c gene, while increased H3K4me3 peaks around the Vegf-c gene region indicated higher ac-
cessibility by LPS treatment. Inhibition of either both canonical and non-canonical or just the
canonical NF-kB pathway in the cell line RAW264.7, primary BMDMs, as well as murine and
human monocytes validated the positive regulation of Vegf-c by p65 upon LPS binding to TLR4.
In addition, the same effect of p65 inhibition was detected for Ccbe? and Adamts3 expression.

3.3 Negative Regulation of Pro-Lymphangiogenic Factors

As previous results repeatedly showed reduced expression of Vegf-c upon IFNg stimulation
(e.g., Figure 3.1.6 D), | aimed to explore the downstream regulatory transcription factors.
Therefore, the cistrome data browser toolkit was utilized to investigate the regulatory potential of
STAT1 on Vegf-c expression. Analysis brought up several macrophage datasets, with a regula-
tory potential score of 0.38, 0.37, 0.2, and 0.16 (Figure 3.3.1) for Stat1 to regulate the Vegf-c
gene within 10,000 kB of the transcription start site (TSS).

cistrome data browser toolkit
regulatory potential scores calculated from public ChIP Seq data sets
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Figure 3.3.1 Regulatory Potential of Stat1 to Regulate M® Vegf-c.

The graphic depicting the dataset was downloaded from cistrome.org after adapting the settings according
to the reference gene, biological source, and transcription factor. Dynamic plot display of RP scores of
STAT1 in macrophages samples.
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Subsequently to the acquisition of online data about the regulatory potential score of STAT1,
the regulatory potential of STAT1 on lymphangiogenic expression needed to be tested in vitro.
Therefore, Fludarabine (Flu), which inhibits STAT1 activation and depletes Stat1 protein, was
applied to RAW264.7 cells one hour before treatment with LPS and IFNy for 24 hours. Firstly,
the Vegf-c protein was measured by flow cytometry (Figure 3.3.2) and quantified by mean Fluo-
rescent Intensity (FI) (Figure 3.3.2 B) and representative samples displayed as histograms
(Figure 3.3.2 A). As shown before (Figure 3.1.3) and replicated here (Figure 3.3.2), combined
stimulation with LPS and IFNy led to a visibly reduced level of Vegf-c protein compared to LPS
treatment alone. Adding 5 uM or 20 uM Fludarabine indeed rescued the LPS-induced increase
concentration-dependent (Figure 3.3.2 A, B).
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Figure 3.3.2 Vegf-c Protein Levels in RAW264.7 Cells Determined by Flow Cytometry.

Protein levels were determined by flow cytometry with anti-VEGF-C antibody. Experiments, including two
biological duplicates each, were repeated 2-3 independent times (mean +SD). (A) representative Vegf-c
protein levels in RAW264.7 cells determined by flow cytometry after 24 hours of stimulation with 1ug/ml
LPS, 1ug/ml LPS + 20ng/ml IFNy, 1ug/ml LPS + 20ng/ml IFNy + 20uM Fludarabine, 1ug/ml LPS + 20ng/mi
IFNy + 40 uM Fludarabine. (B) Quantification of Vegf-c protein levels by measuring the mean Fluorescent
Intensity (FI) of all cells represented in Fig. A.

To verify the result and the efficiency of Fludarabine, the same setup was repeated with murine
BMDMs (Figure 3.3.3). Levels of Stat1 mRNA stayed relatively equal throughout all stimula-
tions (Supplementary Figure A 3.3.3), which reflects that phosphorylation and overall protein
levels, but not mRNA levels, are affected explicitly by Fludarabine treatment.
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Figure 3.3.3 Pro-Lymphangiogenic Expression in BMDMs.

mRNA levels were determined by gPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Experiments, including two biological duplicates and two technical duplicates each,
were repeated 1-3 independent times (mean £SD). (A) Relative mRNA levels of Vegf-c in BMDMs, differ-
entiated with M-CSF and stimulated with 1pg/ml LPS, 1ug/ml LPS + 20ng/ml IFNy, 1ug/ml LPS + 20ng/ml
IFNy + 5 pM Fludarabine, 1ug/ml LPS + 20ng/ml IFNy + 20 yM Fludarabine for 24 hours. (B) Relative
mRNA levels of Ccbe1 in BMDMs, differentiated with M-CSF and stimulated with 1ug/ml LPS, 1ug/ml LPS
+ 20ng/ml IFNy, 1ug/ml LPS + 20ng/ml IFNy + 5 yM Fludarabine, 1pg/ml LPS + 20ng/ml IFNy + 20 uyM
Fludarabine for 24 hours.

However, mRNA of Irf1, a direct downstream target of STAT1, was clearly upregulated with LPS
+ IFNy stimulation compared to LPS alone and by treatment with Fludarabine, reduced to the
level of LPS stimulation in a concentration-dependent manner (Supplementary Figure A
3.3.3). Vegf-c expression, upregulated by LPS, was strongly reduced by LPS + IFNy, whereas
in combination with increasing concentrations of Fludarabine, visibly leveled up Vegf-
c expression again (Figure 3.3.3 A). Further, gPCR of Ccbe1 revealed an even stronger ex-
pression rescue in the presence of Fludarabine compared to treatment with LPS and IFNy alone
(Figure 3.3.3 B).
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Figure 3.3.4 VEGF-C Levels in Human Blood-Derived Monocytes Determined by Flow Cytometry.
Experiments, including two biological duplicates each, were repeated two independent times. (A) repre-
sentative Vegf-c protein levels in human blood-derived monocytes determined by flow cytometry after 24
hours of stimulated with 1ug/ml LPS, 1uyg/ml LPS + 20ng/ml IFNy, 1ug/ml LPS + 20ng/ml IFNy + 20 pM
Fludarabine, 1ug/ml LPS + 20ng/ml IFNy + 40 yM Fludarabine for 24 hours. (B) Quantification of Vegf-c
protein levels by measuring median Fluorescent Intensity (FI) of VEGF-C positive cells.

Last, but not least, treatment with Fludarabine in combination with LPS and IFNy was done on
human blood-derived monocytes (Figure 3.3.4 A, B). Again, a concentration-dependent rescue
of Vegf-c protein was measured, proving the STAT1 dependency of its downregulation. Figure
3.3.4 A clearly visualizes representative samples of Vegf-c protein in a histogram of fluorescent
intensity. Especially a concentration of 40mg/ml Fludarabine lifted the level of Vegf-c protein to
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the condition of LPS treatment as quantified by median Fluorescent Intensity (FI) (Figure 3.3.4
B).

3.4 Treatment of SVEC4.10 Cells with Macrophage
Conditioned Medium

As VEGF-C is a lymphatic endothelial growth factor, | wanted to use a VEGFR-3 positive endo-
thelial cell line and thus utilized SVEC4.10 cells. With the cultivation and characterization of
SVECA4.10 cells, the lymphatic marker PODOPLANIN (PDPN) was highly expressed, as shown
in immunofluorescent cell staining (Figure 3.4.1 A) and flow cytometry (Figure 3.4.1 C). More
specifically, Vegfr-3 surface protein was detected in SVEC4.10 cells by the very same method
(Figure 3.4.1 B).
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Figure 3.4.1 PODOPLANIN and VEGFR-3 Expression In SVEC4.10 Cells.

(A) Representative images of immunofluorescence cell staining with Hoechst-dye (blue) marking cell nu-
clei as well as an anti-PODOPLANIN antibody (green) of SVEC4.10 cells. (B) Histogram of VEGFR-3
fluorescent intensity in flow cytometry of SVEC4.10 cells. (C) Histogram of PODOPLANIN fluorescent
Intensity (FI) in flow cytometry of SVEC4.10 cells.

To validate the presence of functional VEGFR-3 receptors on the surface of SVEC4.10 cells,
immunoblotting of p44 and p42 phosphorylation, a standard method to measure activation of
VEGF-C-VEGFR-3 signaling, was carried out.
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Figure 3.4.2 p-p44/p42 Levels in rhVEGF-C156s Stimulated SVEC4.10 Cells.

Protein levels were determined by immunoblotting and with anti-p-p44/p42 and B-ACTIN antibodies. Ex-
periments included two biological duplicates. Representative samples of immunoblotting of SVEC4.10 total
cell lysate with anti- p-p44/p42 antibody and anti-B-ACTIN antibody after five, ten, and 30 minutes of stimu-
lation with pure medium (- ctrl), 100ng/ml rhVEGF-C156s, 500ng/ml rhVEGF-C156s or 10% FCS-medium
(+ ctrl) respectively.

SVECA4.10 cells were subjected to 100 or 500 ng/ml recombinant human (rh)VEGF-C156s for 5,
10, and 30 minutes before immunoblotting total cell lysate with anti-phospho-p44/p42 antibody,
as well as anti-B-ACTIN antibody as loading control for total protein. Analyzing bands of phos-
pho-p44 at a size of 44 kDA as well as p-p42 at a size of 42 kDA, a rise in phosphorylation is
clearly visible in all conditions after five and ten minutes of treatment, whereas p44/p42 phos-
phorylation of the negative control and rhVEGF-C156s stimulation after 30 minutes becomes
rather faint compared to the positive control. Compared to the negative controls of five and ten-
minute timepoints, treatment with rhVEGF-C156s clearly increased p44/p42 phosphorylation in
a concentration-dependent manner, as expected. Herewith, | clearly show SVEC4.10 cells with
high expression of PDPN as well as VEGFR-3 and increasing p44/p42 phosphorylation by
rhVEGF-C156s treatment, proving activation of the VEGFR-3 - VEGF-C signaling pathway,
which in summary composes lymphatic endothelial identity.

To investigate the functional effect of macrophage-derived VEGF-C on activation of VEGFR-3
signaling in lymphatic endothelium, | applied a conditioned medium, derived from unstimulated
and LPS-stimulated RAW264.7 cells, respectively, on top of SVEC4.10 cells for five ten and 30
minutes (Figure 3.4.4), as done before with rhVEGF-C156s (Figure 3.4.2).
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Figure 3.4.3 Experimental Setup with LPS-Stimulated Macrophage Conditioned Medium.
Macrophages were cultured in a standard growth medium supplemented with LPS for 24h. After 24h, the
supernatant called conditioned medium, is removed, and applied on top of cultured SVEC4.10 cells for 5 —
10 minutes.

Since SVEC4.10 cells are insensitive to LPS, any LPS left from previous stimulation of
RAW264.7 cells does not affect SVEC4.10 cells. To further rule out any TLR4-specific effect on
SVECA4.10 cells, LPS was also included in the medium of the negative control. Treatment with
the conditioned medium of unstimulated RAW264.7 cells for 5 minutes resulted in a visibly firm-
er p44 phosphorylation level than the negative control. Stimulation with the conditioned medium
of LPS stimulated RAW264.7 cells further increased the levels of p-p44 and thus even sur-
passed p-p44 levels of the positive control (Figure 3.4.4 A, B). Whereas the difference between
SVEC4.10 p-p44 of unstimulated versus LPS stimulated RAW264.7 medium increased, both
further exceeded the positive control after 10 minutes of SVEC4.10 treatment (Figure 3.4.4 A,
C). The most robust upregulation of p-p44 levels was detected after 30 minutes of treatment
with conditioned medium LPS-stimulated RAW264.7 cells. The signal of that lane appeared so
rapid and intense that more prolonged exposure for better visualization of negative and positive
control bands would have exceeded the detection range in the LPS-stimulated RAW264.7 sam-
ple. Besides that, the positive control bands are still detectable (Figure 3.4.4 A, D).
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Figure 3.4.4 p-p44/p42 Levels in SVEC4.10 Cells Treated by Macrophage Conditioned Medium.
Protein levels were determined by immunoblotting and with anti-p-p44/p42, anti-p44/p42, and anti-
VINCULIN antibodies. Experiments, including two biological duplicates each, were repeated two inde-
pendent times. Quantification was done by normalizing each p-p44 and p44 band to the respective loading
control (VINCULIN) of the same membrane before calculating the ratio of p-p44/p44 and normalizing these
to the negative control of the respective time point. (A) representative samples of immunoblotting of
SVEC4.10 total cell lysate with anti-phospho-p44/p42 antibody and anti-VINCULIN antibody after 5, 10,
and 30 minutes of stimulation with pure medium (-ctrl), conditioned medium derived from 24-hour unstimu-
lated RAW264.7 cells, conditioned medium from 24-hour LPS- stimulated RAW264.7 cells or 10% FCS-
medium (+ ctrl). (B) Quantification of p44/p42 phosphorylation levels as shown in Figure 3.4.4 A, normal-
ized to VINCULIN, total p44/p42 levels, and negative control of the 5-minute timepoint. (C) Quantification
of p44/p42 phosphorylation levels as shown in Figure 3.4.4 A, normalized to VINCULIN, total p44/p42
levels, and negative control of the 10-minute timepoint. (D) Quantification of p44/p42 phosphorylation
levels shown in Figure 3.4.4 A, normalized to VINCULIN, total p44/p42 levels and negative control of the
30-minute timepoint.

To further validate VEGFR-3 activation in SVEC4.10 cells by primary macrophage-derived
VEGF-C, the conditioned medium of primary BMDMs was put on top of SVEC4.10 cells for 30
minutes (Figure 3.4.5). Total cell lysate of SVEC4.10 cells was immunoblotted with anti-
p44/p42 phosphorylation antibody and anti-VINCULIN antibody (Figure 3.4.6).
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Figure 3.4.5 Experimental Setup with LPS + IFNy-Stimulated Macrophage Conditioned Medium.
Macrophages were cultured in a standard growth medium supplemented with LPS or LPS+ IFNy, respec-
tively, for 24h. After 24h, the supernatant called conditioned medium, is removed, and applied on top of
cultured SVECA4.10 cells for 5 — 10 minutes.

The conditioned medium of unstimulated BMDMs induced a low p44/p42 phosphorylation level.
Medium of LPS-stimulated BMDMs resulted in an enormously increased band intensity of p-
p44/p42. However, treatment with the medium of LPS + IFNy stimulated BMDMs displayed a
visibly reduced level of p44/p42 phosphorylation compared to LPS-stimulated BMDMs (Figure
3.4.6, Figure 3.4.7).
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Figure 3.4.6 SVEC4.10 Cells Treated with LPS/LPS +IFNy-Macrophage Conditioned Medium.

Protein levels were determined by immunoblotting and with anti-p-p44/p42, anti-p44/p42 and anti-
VINCULIN antibodies. Experiments, including two biological duplicates each, were repeated three inde-
pendent times. Representative samples of immunoblotting SVEC4.10 total cell lysate with anti-phospho-
p44/p42 antibody and anti-B-ACTIN antibody following 30 minutes of stimulation with conditioned medium
derived from BMDMs.

As shown in Figure 3.4.5, the Vegf-c expression of the medium-conditioning macrophages was
determined by qPCR. Each datapoint of Vegf-c expression in BMDM cells displayed in Figure
3.4.7 A corresponds to one p-p44/p44 ratio measured in SVEC4.10 cells (Figure 3.4.7 B),
treated with the respective conditioned medium.
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Figure 3.4.7 Vegf-c Expression of BMDMs and Respective p-p44 Levels Induced in SVEC4.10 Cells.
mRNA levels were determined by gPCR, including technical duplicates, and normalized to Hprt1 as well as
to untreated controls. Experiments, including two biological duplicates and two technical duplicates each,
were repeated 1-3 independent times (mean +SD). (A) Relative mRNA levels of Vegf-c in BMDMs differen-
tiated with M-CSF and stimulated with 1ug/ml LPS or 1ug/ml LPS + 20ng/ml IFNy for 24 hours. (B) Quanti-
fication of three independent experiments, including the representative example from Figure 3.4.6. Quanti-
fication of band intensity was done by densitometry and normalizing each p-p44 as well as p44 band to the
respective loading control (VINCULIN) of the same membrane before calculating the ratio of p-p44/p44
and normalizing these to the negative control of the respective time point.

In summary, levels of p44 phosphorylation (Figure 3.4.6, Figure 3.4.7 B), indicating VEGFR3
activation, were correlated to Vegf-c expression levels (Figure 3.4.7 A) of these BMDMs.
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4. Discussion
4.1 Vegf-c, Ccbe1 and Adamts3 Expression is Upregulated In

Pro-Inflammatory Macrophages and Monocytes

First, the macrophage cell line RAW264.7 (Figure 3.1.1, Figure 3.1.2, Figure 3.1.3), murine
BMDMs (Figure 3.1.6), murine monocytes (Figure 3.1.9), as well as human blood-derived
monocytes (Figure 3.1.10 were treated with either LPS, LPS + IFNy, IFNy or IL-4 to model the
stimulatory environment after transplantation. In vivo, HMGB1 released during Ischemia-
Reperfusion (Leventhal & Schroppel, 2012; Scaffidi et al., 2002) or LPS from post-transplant
bacterial infection with P. aeruginosa (Botha et al., 2008), can bind to TLR4, which was shown
to play a vital role in IRl and allograft rejection (Kastelijn et al., 2010; Merry et al., 2015;
Shimamoto et al.,, 2006). Further, IFNy is associated with BOS development (Botha et al.,
2008), and other post-transplantation conditions (Chang et al., 1991; Hodge et al., 2009; Hodge
et al., 2012; Moudgil et al., 1999; Ross et al., 1999; Serrick et al., 1994). Since inflammation is a
prevalent post-LTx phenomenon and macrophages were detected as potentially pro-
lymphangiogenic cells, | hypothesized macrophages to express high levels of Vegf-c in pro-
inflammatory conditions. In addition, | hypothesized Ccbe? and Adamts3 to be expressed by the
same cellular source. Experimentally, IL-4, was used as an anti-inflammatory stimulus com-
pared to the pro-inflammatory conditions. My experiments have proven that macrophages and
monocytes, whether from mice or humans, consistently express Vegf-c at both the mRNA and
protein levels across all time intervals. These data align with previously published data on mac-
rophages in inflammatory conditions expressing Vegf-c (Baluk et al., 2020; C. Cursiefen et al.,
2004; Hwang et al., 2020; Hwang et al., 2019; Maruyama et al., 2005). More specifically, the
pro-inflammatory stimulus LPS resulted in elevated Vegf-c expression compared to untreated
controls. In support of this finding, CD11b+ VEGF-C+ cells in diaphragms of LPS-treated WT
mice appeared in close proximity to lymphatic vessels, which were clearly reduced by macro-
phage depletion (Matsuda et al., 2021). Further confirming my data, 30 min of LPS treatment
led to increased expression of VEGF-Cin human blood-derived monocytes in vitro
(Schoppmann et al., 2002). However, no specific research on spatial and temporal patterns
of Vegf-c expression in human lung transplantation exists yet. As VEGF-C gets released in its
unprocessed form, the expression of two common VEGF-C processing molecules, CCBE1 and
ADAMTS3 (Janssen et al., 2016; Jeltsch et al., 2014), was accessed in murine macrophages
and monocytes, too. Notably, Ccbe1 expression, which was never seen in macrophages before,
was visibly elevated by LPS stimulation.

Reduction of Ccbe1 mRNA by LPS+ IFNy, compared to LPS treatment alone or IFNy treatment
compared to untreated control, was discovered after six hours of treatment in RAW264.7 cells
or BMDMs, respectively. Determining mRNA levels of Adamts3, formerly not known to be ex-
pressed by macrophages, brought up an apparent increase of expression in pro-inflammatory
recruited monocyte-derived BMDMs compared to their untreated controls. These novel discov-
eries on Ccbe1 and Adamts3 emphasize the limited knowledge base in this field, indicating a
clear need for further comprehensive research on their expression, regulation, and role in lung
transplantation. All in all, pro-inflammatory macrophages and monocytes can be a rich source
for all three lymphangiogenic factors.
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4.2 LPS Upregulates Vegf-c, Ccbe1 and Adamts3 via the NF-
KB Subunit p65

The LPS-induced increased expression of lymphangiogenic factors in macrophages and mono-
cytes raises questions about the associated signaling pathways and transcription factors. As
TLR4-signaling in myeloid cells is commonly known to be regulated via NF-kB signaling, | hy-
pothesized this pathway to be involved in lymphangiogenesis. To address this, the online tool
"cistrome data browser toolkit" (Zheng et al., 2019) was employed for predicting common tran-
scription factors' regulatory potential for Vegf-c expression ("http://dbtoolkit.cistrome.org/"). No-
tably, high RP scores of p65 in macrophages suggested regulation of Vegf-c. This was support-
ed by increased H3K4me3 peaks at the Vegf-c promoter region as well as increased p65 bind-
ing upon LPS stimulation in macrophages compared to controls in publicly available ChIPseq
datasets. To validate this analysis, NF-kB signaling was chemically inhibited in RAW264.7 cells,
BMDMs, murine BM-derived monocytes, and human blood-derived monocytes. Interestingly,
specific inhibition of the canonical NF-kB pathway by p65 translocation was as efficient as inhi-
bition of both the canonical and non-canonical NF-kB pathway in reducing the upregulation
of Vegf-c expression by 6, 12, and 24-hour LPS stimulation of RAW264.7 cells and primary
murine monocytes. Strongly reduced expression of Vegf-c upon specific inhibition of p65 trans-
location was further proven by qPCR in LPS-treated primary murine BMDMs and flow cytometry
in primary human blood-derived monocytes.

In support of my findings, inhibition of both canonical and non-canonical NF-kB pathways in
LPS-stimulated colorectal cancer cells leads to a decrease in Vegf-c protein compared to LPS
alone (Zhu et al., 2016). In a study of mouse cornea, depleting corneal macrophages reduced
IL-1B-induced lymphangiogenesis and Vegf-c mRNA by 50%. Blocking the translocation of NF-
KB subunit p50, which can form a heterodimeric complex with p65, decreased Vegf-
¢ expression and lymphangiogenesis in IL-1B-treated corneas (Watari et al., 2008). In one sin-
gle in vitro experiment by Zhang et al., the knockdown of p65 in peritoneal exudate macrophag-
es (PEM) significantly reduced an LPS-induced release of Vegf-c protein compared to LPS-
stimulated WT PEMs (Y. Zhang et al., 2014). In summary, two studies affirm that p65 regu-
lates Vegf-c expression. However, only one published in vitro experiment demonstrated the
direct relationship between p65 and Vegf-c in macrophages. Therefore, the thorough explora-
tion of p65 regulating Vegf-c in this thesis corroborates the data from Zhang et al. and further
substantiates that knowledge by the detailed epigenetic, transcriptional, and translational analy-
sis. Intriguingly, the same response to NF-kB inhibition in Vegf-c expression was observed
for Ccbe1 in my experiments. However, in contrast to the little existing knowledge about the
regulation of Vegf-c expression, nothing is known about the regulation of Ccbe1 expression so
far. The experiments in this thesis thus extend the understanding of Ccbe1 expression in the
context of lymphangiogenesis. Astonishingly, my data revealed that even Adamts3 is expressed
by macrophages and monocytes, upregulated by LPS, and repressed by NF-kB inhibition in
BMDMs and murine monocytes. Reviewing the existing body of literature, even less is known
about Adamts3 than Ccbe. Herewith, the discovery of Adamts3 expression in murine macro-
phages and monocytes and its regulation by LPS and p65 is a novel finding. Indeed, the same
pathway of regulation for Vegf-c, Ccbe1, and Adamts3 displays logical consistency as CCBE1
and ADAMTS3 are known to facilitate the proteolytic processing of VEGF-C (Jeltsch et al.,
2014). Nonetheless, further research is needed to corroborate these findings of Ccbe1 and
Adamts3 regulation in macrophages.
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4.3 IFNy Induced Inhibition of Vegf-C and Ccbe1 Expression
Signals via a STAT1 Dependent Pathway

Certainly, apart from increased levels of Vegf-c upon LPS stimulation, the combined treatment
with LPS as well as IFNy repeatedly led to a decline in the expression of Vegf-c, Ccbef,
and Adamts3 compared to LPS alone in murine macrophages (Figure 3.1.1, Figure 3.1.6,
Figure 3.1.7, Figure 3.3.3). Therefore, | hypothesized that the suppressive effect of IFNy after
transplantation interferes with the enhancing effect of LPS binding to TLR4 via the TF STAT1.
Hence, the question arises via which pathway or transcription factor the downregulating effect of
IFNy takes place.

Using the cistrome data browser toolkit (Zheng et al, 2019) (see also
“http://dbtoolkit.cistrome.org/”), STAT1 was identified as a transcription factor with a high poten-
tial to regulate Vegf-c expression (Figure 3.3.1). The homodimeric protein complex of STAT1
mediates signaling downstream of the IFNyR, which further induces the expression of Irf1
(Lehtonen et al., 1997). Therefore, | explored the predicted regulatory potential of STAT1 on
lymphangiogenic gene expression in vitro. Fludarabine, a selective inhibitor of STAT1 phos-
phorylation and depleting agent of Stat1 protein, was applied to RAW267.4 cells, BMDMs, as
well as human blood-derived monocytes one hour prior to combined stimulation with LPS and
IFNy. In comparison to stimulation with LPS and IFNy, blockage of STAT1 phosphorylation de-
spite LPS + IFNy resulted in a clearly visible rise of Vegf-c protein in RAW264.7 cells (Figure
3.3.2) as well as Vegf-c and Ccbe1 mRNA levels in BMDMs (Figure 3.3.3). Efficacy of the
STAT1 phosphorylation inhibitor Fludarabine was proven by a reduction in gene expression of
the direct downstream target of STAT1, Irf1 in BMDMs (Supplementary Figure A 3.3.3). As
levels of Stat1 mRNA stayed relatively equal throughout all stimulations (Supplementary Fig-
ure A 3.3.3), this reflects that specifically phosphorylation of STAT1, but not mRNA levels are
affected by Fludarabine treatment. Besides the clear rescue of Vegf-c expression in murine
BMDMs, the same data were replicated in human blood-derived monocytes (Figure 3.3.4).
Reviewing the literature, most studies discuss the superinduction of genes by combined treat-
ment with LPS + IFNy (Schroder et al., 2004; Schroder et al., 2006). Only a few studies explore
the repression of LPS-induced genes by IFNy (Hoeksema et al., 2015; Kang et al., 2019). How-
ever, further investigating the interference of both TLR4 and IFNyR engagement might be vital
in the setting of lung transplantation. It is well known that TLR4 plays an essential role in IRI and
allograft rejection (Kastelijn et al., 2010; Merry et al., 2015; Shimamoto et al., 2006), while sim-
ultaneously IFNy levels are strongly increased post-IRI and allograft rejection, as proven by
numerous studies (Chang et al., 1991; Hodge et al., 2009; Hodge et al., 2012; Moudgil et al.,
1999; Ross et al., 1999; Serrick et al., 1994). Further, Cui et al. (Cui et al., 2015), as well as
Baluk et al. (Baluk et al., 2020) have shown a need for additional VEGF-C to treat or prevent
pathological mechanisms like rejection and fibrosis in mouse lungs, respectively. While my pre-
vious in vitro experiments delineate the positive regulation of lymphangiogenesis upon TLR4
engagement, my observations of STAT1-dependent downregulation of Vegf-c expression may
explain the phenomenon of needed external VEGF-C. This suggests that the negative effect of
IFNy on lymphangiogenic gene expression may outweigh the positive effect of LPS on lym-
phangiogenic gene expression. In line with my findings, previous work on lymph nodes of
athymic mice presented increased Vegf-c mRNA and increased Lymphatic Vessel Density
(LVD), which got significantly reduced by adoptive transfer of either T cells or IFNy. In the same
study, LPS-induced inflammation massively increased LVD and Vegf-c mRNA. In contrast,
Concanavalin-induced inflammation with a concurrent rise of IFNy+ T cells neither displayed a
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difference in LVD nor Vegf-c mRNA (Kataru et al., 2011). This strongly supports the mechanism
of Vegf-c induction by LPS and repression by IFNy in an in vivo context.

While there is limited information regarding the connection between lymphangiogenesis and
IFNy, there is scarcely any literature available concerning Stat1 and Vegf-c. In a study with
CCR7++ expressing B16 melanoma, a significant reduction of Stat1 protein co-occurred with an
increase of VEGF-C+ CD45+ cells, increased Ccl21 expression, as well as increased lymphan-
giogenesis in the tumor tissue (Takekoshi et al., 2012). This might potentially give a hint at the
negative effects of STAT1-dependent signaling on Vegf-c expression. However, the discussed
loose association of VEGF-C and STAT1 in melanoma cells should only be considered very
cautiously and in light of a research gap concerning this mechanism. As mentioned before, only
little research is done on the repression of LPS-induced genes by IFNy. Research done by
Hoeksema et al. shows less p65 recruitment at enhancer or promoter sites of repressed genes
due to IFNy induced epigenetic remodeling/silencing, which reduces chromatin accessibility.
Further, in their experiments, priming with IFNy before LPS stimulation and the simultaneous
presence of both ligands decreased the expression of LPS-induced genes. Also, they identified
STAT1-binding motifs enriched in promoters of repressed genes (Hoeksema et al., 2015).
Hoeksema et al.'s shown mechanism may perhaps also apply to lymphangiogenic genes
like Vegf-c and Ccbe1. In another paper, Kang et al. identified a cluster of enhancers whose
LPS-induced activation mark H3K27ac is blocked by IFNy. In addition, these enhancers exhibit
enrichment of STAT1 binding motifs. However, it is mentioned that indirect mechanisms of gene
repression (e.g., STAT1-induced expression of transcriptional or signaling inhibitors) are more
likely (Kang et al., 2019). Therefore, both discussed mechanisms of Hoeksema and Kang re-
main a mere speculation for lymphangiogenic gene regulation and requires further research.
Contrary to my findings, in a recent study of corneal allograft rejection, blocking STAT1 activa-
tion by Tofacitinib significantly improved allograft survival alongside reduced M1 polarization,
LVD, and Vegf-c mRNA in the graft. Additionally, in vitro application of Tofacitinib reduced
RAW264.7 cell M1 polarization and Vegf-c mRNA levels (Yu et al., 2022). Even though, one
might want to apply that result of improved corneal allograft survival to lung transplantation, it
needs to be considered that VEGF-C had opposite effects on allograft survival in lung (Cui et
al., 2015) and cornea (Claus Cursiefen et al., 2004).

In summary, the exact details of the STAT1-p65 intersection in lymphangiogenic gene regula-
tion need further investigation following these first promising results adding to the knowledge
base.

4.4 Macrophage Derived VEGF-C Activates VEGFR-3
Signaling in Lymphatic Endothelial Cells

Following the findings of increased lymphangiogenic expression upon LPS and abolition of the
increase in combination with IFNy, | aimed to test the functional effects of macrophage VEGF-C
on lymphatic endothelium in vitro. | hypothesized macrophage derived VEGF-C to activate lym-
phatic SVEC4.10 cells in this setting. Thus, the cell line SVEC4.10 was used. SVEC4.10 is a
lymphatic endothelial cell line generated from a mouse lymph node in 1990 (O'Connell & Edidin,
1990). Wu and colleagues verified its lymphatic endothelial identity (Wu et al., 2014).

Cultivating and characterizing SVEC4.10 cells myself, the presence of PODOPLANIN, which is
frequently used to characterize lymphatic endothelial cells (Broggi et al., 2014; Kang et al.,
2009; Navarro et al., 2008; Pan & Yago, 2014; Pham et al., 2010; Watari et al., 2008; Xiong et
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al., 2017), was confirmed by immunofluorescent cell staining in fixated SVEC4.10 cells as well
as by flow cytometry of SVEC4.10 cells (Figure 3.4.1). Besides that, the presence of the recep-
tor VEGFR-3, mainly present in lymphatic endothelial cells (Kaipainen et al., 1995) and substan-
tial for VEGF-C signaling, was verified by flow cytometry (Figure 3.4.1). To validate the func-
tionality of VEGFR-3 receptors on the surface of SVEC4.10 cells, immunoblotting of p44 and
p42 phosphorylation, a standard method to measure activation of VEGF-C-VEGFR-3 signaling
(Coso et al., 2011; Deng et al., 2015; Makinen et al., 2001) after rhVegf156s stimulation was
carried out. Upon stimulation with rhVEGF-C156s, the phosphorylated levels of p44/p42 protein
at the size of 44 and 42 kDa, respectively, increased visibly after 5 minutes, with a peak at 10
minutes before vanishing at 30 minutes (Figure 3.4.2). This is in line with previously published
data of p44/p42 phosphorylation increasing between 10- and 60 minutes post-stimulation of
LECs with either VEGF-C or rhVEGF-C156s (Coso et al., 2011; Deng et al., 2013; Deng et al.,
2015; Makinen et al., 2001). Altogether, the presence of PDPN and VEGFR3 on the cell sur-
face, as well as increasing p44/p42 phosphorylation by rhVEGF-C156s treatment, proving acti-
vation of the VEGFR-3 - VEGF-C signaling pathway, confirmed Lymphatic Endothelial Cell
(LEC) identity of SVEC4.10 cells. Subsequently, supernatant of cultured RAW264.7 cells with or
without LPS stimulation for 24 hours was saved as a conditioned medium and applied to
SVEC4.10 cells for 5, 10, and 30 minutes before proceeding with protein isolation and im-
munoblotting p44/p42 phosphorylation levels. Since SVEC4.10 cells are derived from C3H/HeJ
mice (O'Connell & Edidin, 1990), which have a genetic mutation in the TLR4 gene and thus a
defective TLR4 receptor, SVEC4.10 cells are insensitive to LPS (Poltorak et al., 1998). This
means any LPS left from the previous stimulation of RAW264.7 cells does not affect SVEC4.10
cells. To further rule out any TLR4-specific effect on SVEC4.10 cells, LPS was also included in
the medium of the negative control. Compared to fresh medium alone, the conditioned medium
of unstimulated RAW264.7 cells strongly induced p44/p42 phosphorylation in SVEC4.10 cells.
The supernatant of LPS-treated RAW264.7 cells resulted in an even more substantial increase
of p-p44/p-p42 levels. These data suggest that increased levels of functional VEGF-C, released
by RAW264.7 cells, activated the VEGFR-3 signaling pathway in SVEC4.10 cells. In detail, the
response to RAW264.7 derived VEGF-C by p-p44/p-p42 in SVEC4.10 cells remains at 30
minutes, whereas rhVEGF-C156s had induced a shorter and less intense p44/p42 phosphoryla-
tion. This difference in LEC activation is supported by literature, where rhVEGF-C156s stimula-
tion in endothelial cells displayed a weaker and shortened signaling compared to VEGF-C
(Coso et al., 2011; Makinen et al., 2001). My findings are in line with previous work done by
Kang and colleagues. Their experiments involved intraperitoneal LPS injection in mice, resulting
in increased LVD in the diaphragm. Removal of macrophages by clodronate liposomes abol-
ished that lymphangiogenic effect. LPS injection in C3H/HeJ mice, which are defective in TLR4
signaling, did not change LVD at all (Kang et al., 2009). Another study found increased for-
mation of tubule-like structures in Human Dermal LECs (HDLECS) upon stimulation with super-
natant of LPS-treated colorectal cancer cells. Knockdown of Vegf-c or NF-kB inhibition in colo-
rectal cancer cells abolished tubule formation of HDLECs (Zhu et al., 2016). Both publications
underline the relevance of LPS-triggered VEGF-C release for lymphangiogenesis. In a nutshell,
this study uncovered how Vegf-c expression is influenced by p65 and STAT1 in RAW264.7
cells. Released VEGF-C triggers p44/p42 phosphorylation downstream of the VEGFR-3 recep-
tor in SVEC4.10 cells. Therefore, combining previous work with this study outlines the different
mechanistic steps from stimulants to tissue remodeling by lymphangiogenesis.

Last, but not least, | intended to confirm the effect of macrophage-derived VEGF-C on LECs
with primary cells (BMDMs) and extend the experiment by the conditioned medium of macro-
phages stimulated not only with LPS but also with LPS + IFNy (Figure 3.4.6). In this experi-
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ment, the conditioned medium of LPS-stimulated BMDMs induced a high p44/p42 phosphoryla-
tion level in SVEC4.10 cells compared to the conditioned medium of unstimulated BMDMs.
Additionally, the conditioned medium of BMDMs stimulated by LPS and IFNg simultaneously
resulted in less p44/p42 phosphorylation than the conditioned medium of LPS-stimulated
BMDMs. Notably, the gene expression of the corresponding BMDM cells of the used condi-
tioned medium was previously measured by gPCR. Conditioned medium of BMDMs with in-
creased Vegf-c expression induced more p44 phosphorylation in SVEC4.10 cells. The same
pattern was observed by applying the conditioned medium of LPS + IFNy stimulated BMDMs,
which had a dampened increase of Vegf-c expression compared to LPS alone on SVEC4.10
cells. Decreased Vegf-c mRNA in LPS + IFNy BMDM macrophages was associated with de-
creased p-p44 in the corresponding SVEC4.10 sample compared to the conditioned medium of
LPS-stimulated BMDMs (Figure 3.4.7). Nevertheless, this experiment did not account for a
potential direct impact of IFNy on p-p44/p-p42 in SVEC4.10 cells. On the other hand, it is still
suggested that IFNy has a negative effect on lymphangiogenesis, as the negative impact of
IFNy on lymphangiogenesis was observed by other researchers in the past (Kataru et al., 2011)
and discussed in the previous chapter, too. Controversially to my findings with macrophages,
the Conditioned Medium of Decidual Natural Killer Cells (dNK-CM) increased Vegf-c expression
in Cytotrophoblasts (CT) by an IFNy-STAT1 dependent mechanism. This was demonstrated by
both IFNyR blocking antibodies and isolated IFNy stimulation in CTs and the extravillous CT cell
line MHTR8/SVneo. Moreover, dNK-CM and IFNy increased STAT1 Tyr701/Ser727 phosphory-
lation in HTR8/SVneo cells, and Stat1 siRNA resulted in reduced VEGF-C secretion compared
to the control (Eastabrook et al., 2012). Similarly, human retinal pigment cells respond with in-
creased VEGF-C secretion upon IFNy treatment (Kommineni et al., 2007). Whereas these two
publications indicate a positive effect of INFy-STAT1 signaling on VEGF-C release, IFNy treat-
ment of the cancer cell line Hep-2 reduced Vegf-c mRNA and protein levels below baseline
control levels (Chen et al., 2008). The difference in these studies underlines that regulation
of Vegf-c expression by IFNy is specific to different cell types and must be interpreted carefully
for different systems and medical conditions. In this study, negative regulation of Vegf-
c expression by a STAT1-dependent pathway in macrophages and monocytes is an unknown
finding that extends previous knowledge.



5 Conclusions, Limitations, and Future Directions 63

5. Conclusions, Limitations, and Future Directions

Studies involving the relationship between macrophage-derived VEGF-C and lymphangiogene-
sis are rare, and the given evidence mainly comprises unspecific measurements, as most ex-
periments are done in vivo. Thus, this project meticulously studied the role of p65 and STAT1 in
macrophage Vegf-c regulation and its effects on LECs for the first time in vitro.

All in all, this study has proven upregulation of Vegf-c, Ccbe1 as well as Adamts3 mRNA by
TLR4 engagement in a p65-dependent manner in a macrophage cell line, as well as in primary
murine macrophages and primary murine monocytes. VEGF-C protein was upregulated by LPS
treatment in a macrophage cell line and human monocytes, and the regulatory effect of p65 on
Vegf-c protein was also validated in primary human monocytes. Besides positive regulation of
all three lymphangiogenic factors, negative regulation through a STAT1-dependent IFNy-
signaling pathway was investigated by predicted regulatory potential scores and inhibition of
STAT1 phosphorylation in in vitro experiments. IFNy stimulation reduced mRNA of Vegf-c and
Ccbe1 in a macrophage cell line, primary mouse macrophages, and Vegf-C protein in primary
human monocytes, and blockage of pSTAT1 rescued Vegf-c and Ccbe1 mRNA in primary
mouse macrophages and rescued Vegf-c protein in a mouse macrophage cell line and human
monocytes. Conditioned medium of cell line and primary murine macrophages repeatedly ele-
vated p44/p42 phosphorylation downstream of the VEGFR-3 receptor of a tested endothelial
cell line of lymphatic identity by released and functionally cleaved VEGF-C protein of cell line
and primary murine macrophages. Notably, the observed p44/p42 phosphorylation in lymphatic
endothelial cells mirrored macrophage Vegf-c mRNA, which IFNy reduces in a STAT1-
dependent manner.

These novel discoveries on Vegf-c, Ccbe1, and Adamts3 emphasize the limited knowledge
base in this field, indicating a clear need for further comprehensive research on their expres-
sion, regulation, and role in lung transplantation. All in all, pro-inflammatory macrophages and
monocytes can be a rich source for all three lymphangiogenic factors regulated by an interplay
of p65 and STAT1-dependent pathways. In summary, the current study solidifies previous work
done in different in vivo studies of lymphatic research, extends the scarce knowledge base in
the regulation of Vegf-c, Ccbe1, and Adamts3 expression in macrophages under the stimulatory
environment of lung transplantation, and provides a prospect for future lymphatic research in
lung transplantation.

Nonetheless, as a universal pattern in research, this study has its apparent limitations. Im-
munopathological mechanisms of post-transplant complications are very complex and, thus, still
not fully understood. Especially in the field of lymphatic research and spatial and temporal pat-
terns of Vegf-c expression, very little to nothing is known. Besides that, nothing is known about
the proteolytic processing of VEGF-C by ADAMTS3 and CCBE1 in murine and human lungs,
especially in lung transplantation. Therefore, analysis of Vegf-c, Ccbe1, and Adamts3 expres-
sion post-transplantation in murine and human lung tissue would be a valuable extension of
knowledge. For example, analysis of RNAseq data of human lung tissue of stable versus acute
and chronically rejected lung transplants could immensely enhance the knowledge base. Be-
sides that, the inhibition and stimulation of VEGFR-3 signaling in LTx must be evaluated to de-
termine the timing and a detailed risk-benefit analysis of lymphatic growth in lung allografts.
Further, mimicry of lung transplantation settings in an in-vitro system is challenging, and our
model with LPS and IFNy displays a very distinct simplification to study isolated signaling path-
ways. ldeally, creating an immortal specific lymphatic cell line from human or murine lung lym-
phatics instead of lymph node-derived cells like SVEC4.10 would be a huge asset for future in-
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vitro research. In addition, in this project, the release of VEGF-C could not be measured due to
technical challenges. However, it should be included in future experiments, as well as CCBE1
and ADAMTS3, for which working antibodies and ELISA conditions did not exist. Also, appro-
priate controls for excluding direct inhibitory effects of fludarabine on p-p44/p42 in SVEC4.10
cells were missing. In a perfect setting, VEGFR3 blockage or measurements of VEGFR3 auto-
phosphorylation would be included in experiments of macrophage-conditioned medium, too.
Regarding the limited literature on this thesis topic, comparison with current knowledge partially
had to be based on research, which is not closely related to my results. Therefore, some com-
parisons to different disease models, organs, or cell types might potentially be far-fetched in a
few cases. However, with a constantly growing field of lymphatic research, this should improve
in the future.

For future research, a plethora of experiments could be envisioned and discussed. For exam-
ple, since lymphatic endothelium collects immune cells from tissue and transports them towards
draining lymph nodes, trans-lymphatic endothelial migration (Xiong et al., 2017) of immune cells
and their involved cytokines would be exciting to further explore in the context of the alloimmune
response. Finally, the knowledge gained from this project should be confirmed and applied in an
in-vivo mouse lung transplantation model by using Food and Drug Administration (FDA)-
approved STAT1 inhibitory drugs or specific knockouts of IFNy with subsequent analysis of
allograft health. However, it needs to be evaluated and discussed whether and how STAT1
depletion directly affects LECs, how to specifically target lung macrophages only, and in which
timeframe Vegf-c expression should be modulated. Interestingly, one study has shown that
Ischemia-Reperfusion, or IFNy, increases STAT1 phosphorylation and thus leads to subsequent
apoptosis (Stephanou et al., 2000). In a follow-up publication, Stephanou and Latchman there-
fore discussed STAT-1 inhibition as a potential therapeutic target for IRI-related cell death
(Stephanou & Latchman, 2003). Further, a study performed on rat lung transplantation ob-
served beneficial effects of treatment with JAK inhibitors six days after transplantation (Higuchi
et al., 2005). Recently, Beeckmans et al. applied RNA sequencing and gene set variation anal-
ysis of the JAK/STAT Kyoto Encyclopedia of Genes and Genomes (KEGG) gene list, which
revealed increased expression of JAK/STAT pathway genes in CLAD lungs compared to un-
used human donor lungs. Further, they discussed that JAK/STAT signaling might play a key
role in the chronic inflammation and fibrosis process in CLAD, which suggests that JAK inhibi-
tors could have therapeutic potential in treating and possibly preventing CLAD (Beeckmans et
al.,, 2022). Few datasets exist from usage of the JAK-inhibitor Ruxolitinib, a drug approved for
steroid-refractory Graft Versus Host Disease (GVHD), in patients with steroid-resistant BOS,
which can also develop after Hematopoietic Stem Cell Transplantation (HSCT) (Meng et al.,
2021; Schoettler et al., 2019; Streiler et al., 2020; Uygun et al., 2020). Excitingly, Fludarabine,
the pSTAT1-inhibitory drug used in this project, was reported to be used in four pediatric cases
of steroid-refractory, nonspecific inflammatory lung injury after HSCT. In three of these four
patients, a positive response could be recorded. In addition, another patient with BO post LTx
benefited from Fludarabine treatment (Raphael et al., 2013).

Altogether, my findings, in combination with published data, raise the question of the possible
use of pSTAT1 inhibitors in a clinical setting of lung transplantation. If the temporal and spatial
pattern of pro-lymphangiogenic gene expression and its function are figured out, cell-specific
targeting of the involved signaling could be explored with an increasing pool of available bio-
medical techniques like liposome mRNA delivery.
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