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Abstract

Abstract

Macrophages can adjust their phenotype and functions to the individual microenvironment. Aim
of this work was to investigate the polarization of lung and liver macrophages under different
pathophysiologically relevant conditions.

Chronic exposure of human alveolar macrophages to bacterial endotoxin and/or a synthetic glu-
cocorticoid induced the expression of the innate immune receptor TLR2. Despite its high abun-
dance, though, the receptor was not functional. Instead, it was released in two different forms: a
short and a full-length form. Full-length TLR2 was associated with extracellular vesicles and

may contribute to immunosuppression by acting as a decoy receptor.

Macrophages within the tumor microenvironment, i.e., tumor-associated macrophages (TAMS),
usually exhibit tumor-promoting functions. An RNA sequencing approach revealed a multitude
of significantly downregulated cholesterol metabolism-associated genes in TAMs from human
lung tumors when compared with normal lung macrophages (alveolar macrophages). Moreover,

TAMs adopted a mixed M1/M2 phenotype, as defined with the help of an in vitro model.

In an endotoxin-tolerant state, macrophages fail to produce pro-inflammatory mediators. In the
murine liver, though, the pro-inflammatory IL-6 was not subjected to a tolerance response but
drove hepatic lipid accumulation, potentially causing steatosis. Kupffer cells, the tissue-resident

macrophages of the liver, were identified as the main source of IL-6 by selective depletion.
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Zusammenfassung

Zusammenfassung

Makrophagen kénnen Phénotyp und Funktionen an das jeweilige Mikromilieu anpassen. Ziel
dieser Arbeit war die Untersuchung der Polarisierung von Lungen- und Lebermakrophagen unter
diversen pathophysiologisch relevanten Bedingungen.

Behandlung von humanen Alveolarmakrophagen mit bakteriellem Endotoxin und/oder einem
synthetischen Glukokortikoid flhrte zu einer erhdhten Expression des Immunrezeptors TLR2.
Dieser war jedoch funktionsunfahig und wurde in zwei verschiedenen Formen sezerniert: in einer
verkurzten und einer langen Variante. Die langere Form war mit extrazellularen Vesikeln asso-
ziiert und zeigte immunsuppressive Funktionen, die durch das Abfangen von TLR2 Liganden

zustande zu kommen scheint.

Makrophagen im Tumormikromilieu, d.h. tumorassoziierte Makrophagen (TAMs), sind meist
tumorfordernd. RNA-Sequenzierungen zeigten, dass eine Vielzahl von Cholesterinmetabolis-
mus-assoziierten Genen in TAMs im Vergleich zu normalen Lungenmakrophagen (Alveolarma-
krophagen) herabreguliert wird. Zudem zeigten TAMs einen gemischten M1/M2-Phanotyp, der

mit Hilfe eines in vitro-Modells definiert wurde.

Endotoxin-tolerante Makrophagen produzieren keine pro-inflammatorischen Faktoren. In muri-
nen Lebern unterlag das pro-inflammatorische Zytokin IL-6 jedoch keiner Toleranzreaktion, son-
dern trieb die hepatische Lipidakkumulation voran, was zu Steatose flihren kann. Kupffer-Zellen,
die Gewebe-Makrophagen der Leber, wurden durch selektive Depletion als Hauptquelle von IL-
6 identifiziert.
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1. Background

1. Background

1.1 Macrophage origin and tissue distribution

At the end of the 19th century, Elie Metchnikoff was the first to describe macrophages, derived
from the Greek words makros and phagein, literally meaning ‘big eater’(Atri, Guerfali and
Laouini, 2018; Remmerie and Scott, 2018).

For many years, it was hypothesized that macrophages originate from bone marrow-derived mon-
ocytes that circulate in the bloodstream. Recent studies provided evidence that most adult tissue-
resident macrophages derive from the yolk sac and/or fetal liver during embryonic development
and have self-renewal capacity (Epelman, Lavine and Randolph, 2014; Sheng, Ruedl and
Karjalainen, 2015; Ginhoux and Guilliams, 2016). To what extent monocyte-derived macro-
phages contribute to the tissue-resident macrophage pool in steady state is still an open question
(Hashimoto et al., 2013; Hume, Irvine and Pridans, 2018; Shapouri-Moghaddam et al., 2018).
In general, the functions of macrophages are similar in all tissues. They maintain tissue homeo-
stasis by engulfing apoptotic or senescent cells, debris, and foreign material, they orchestrate the
immune response to pathogens by generating and resolving the inflammatory reaction, and they
contribute to tissue development and repair (Italiani and Boraschi, 2014; Remmerie and Scott,
2018; Shapouri-Moghaddam et al., 2018).

Beside that, tissue-resident macrophages are heterogeneous and versatile cells found in virtually
all tissues of adult mammals and exhibit accessory functions in dependence of their tissue of
residence and the prevailing microenvironment, as reflected by their transcriptional profile
(Italiani et al., 2014; Lavin et al., 2014; Okabe and Medzhitov, 2016; Remmerie and Scott, 2018).
For example, macrophages in the bone, termed osteoclasts, are specialized in bone resorption,
red-pulp macrophages in the spleen are aligned to iron recycling, alveolar macrophages (AMs)
in the lung contribute to surfactant clearance, and Kupffer cells in the liver possess an enhanced
lipid metabolism (Gordon, Pluddemann and Martinez Estrada, 2014; Gordon and Pliddemann,
2017).

While the precise contribution of origin to tissue-resident macrophage function is another open-
ended question, there is considerable evidence that origin may not be the deciding factor in the
determination of phenotype and function. For lung AMs, a study demonstrated that yolk sac
macrophages as well as fetal and adult monocytes can differentiate into functional and self-main-
taining AMs with an almost identical transcription profile when transferred into the empty alve-
olar niche (van de Laar et al., 2016). Similarly, in the liver, the functionality and gene expression
profile of monocyte-derived KCs were highly homologous to those from embryo-derived adult

KCs (Scott et al., 2016). Thus, it seems that the local environment into which the progenitor
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1. Background

enters rather than ontogeny dictates the phenotype, fate, and functions of a differentiated macro-
phage (Gautier et al., 2012; Murray, 2017; Remmerie and Scott, 2018).

1.2 Macrophage polarization and related functions

An essential feature of macrophages is their high plasticity, which allows them to adopt diverse
phenotypes in response to equally diverse microenvironmental conditions. Moreover, plasticity
is required due to the broad functional spectrum of macrophages ranging from inflammation,
host defense, tissue remodeling, and even metabolism (Biswas et al., 2012; Geeraerts et al., 2017).
In case of bacterial infection or injury, tissue-resident macrophages and monocytes, recruited
from the blood and differentiated into macrophages, induce a protective inflammatory response.
It can be divided into different phases, which merge fluently into each other: from pathogen
distruction and removal of cellular debris to repairing tissues repair and maintainance of
homeostasis (Italiani and Boraschi, 2014; Sica et al., 2015; Ginhoux et al., 2016; Atri, Guerfali
and Laouini, 2018). These phases are accompanied by different macrophage activation states
induced by the respective cues, such as microbial components, cytokines, or fatty acids. This
phenomenon of versatile phenotype adoption is termed “macrophage polarization” and is a com-
plex spatiotemporal process (Mantovani et al., 2004; Sica et al., 2015; Atri, Guerfali and Laouini,
2018; Shapouri-Moghaddam et al., 2018). Based on cell surface markers, production of specific
factors, and biological activities, several subtypes of macrophages have been described in mice
and humans (Shapouri-Moghaddam et al., 2018). For the purpose of simplification, however,
two major polarization programs have been suggested, mirroring the Th1/Th2 polarization
scheme of T helper cells: classically activated macrophages or M1 and alternatively activated
macrophages or M2, schematically depicted in figure 1-1 (Mantovani et al., 2002, 2004; Biswas
and Mantovani, 2012; Sica et al., 2015; Murray, 2017). Originally, the concept of macrophage
polarization was defined in vitro using transcriptional profiling and conventional approaches.
However, such polarization states can also be observed under physiological (ontogenesis, preg-
nancy) and pathological (allergic and chronic inflammation, cancer) conditions in vivo (Sica et
al., 2015; Shapouri-Moghaddam et al., 2018).

In an inflammatory environment, microbial stimuli, such as lipopolysaccharide (LPS) alone or
in concert with Thl-related cytokines like interferon-gamma (IFN-v), induce classically activated
M1 macrophages via activation of diverse transcription factors (e.g., signal transducer and acti-
vator of transcription 1 (STATL), interferon regulatory factor 3 (IRF3), IRF5, or activator protein
1 (AP-1) (Biswas et al., 2012; Sica et al., 2015; Sica and Mantovani, 2012; Wang et al., 2014).

13



1. Background

M1 macrophages are characterized by their bactericidal activity and their ability to guide acute
inflammatory responses. Therefore, they produce pro-inflammatory cytokines, such as interleu-
kin-1 beta (IL-1pB), IL-6, IL-18, tumor necrosis factor alpha (TNF-a), and type I IFN as well as
reactive nitrogen species (RNS) and oxygen species (ROS). Furthermore, they promote cytotoxic
adaptive immunity by upregulating MHC class 11 together with costimulatory molecules cluster
of differentiation 40 (CD40), CD80, and CD86. Additionally, M1 macrophages express cyto-
kines like 1L-12, IL-23, and IL-27, which can polarize Th1 and Th17 cells, and chemokines like
C-X-C motif ligand 9 (CXCL9), CXCL10, CXCL11, CC-chemokine ligand 2 (CCL2), CCL3,
and CCL5, necessary for Thl recruitment (Mantovani et al., 2004; Biswas et al., 2012; Jackaman
et al., 2017; Atri, Guerfali and Laouini, 2018; Shapouri-Moghaddam et al., 2018).

With regard to their metabolism, M1 macrophages shift from oxidative metabolism towards the
anaerobic glycolytic pathway once activated. Since activation by IFN-y and LPS is often associ-
ated with acute infection and demands a quick and robust anti-microbial response in the hypoxic
microenvironment, an anaerobic process such as glycolysis is the best pathway when energy is
required (Fraternale, Brundu and Magnani, 2015; Shapouri-Moghaddam et al., 2018). Further-
more, mitochondrial activity in M1 macrophages is reduced leading to the accumulation of citrate
and succinate. As a result, citrate is used for the generation of nitric oxide, fatty acids, and ROS,
while the accumulation of succinate leads to stabilization of hypoxia-inducible factor 1 alpha
(HIF-1a)) and expression of pro-inflammatory and glycolytic factors. Thus, M1 metabolism is
also characterized by enhanced fatty acid synthesis (Geeraerts et al., 2017; Shapouri-Moghaddam
et al., 2018). Iron metabolism in M1 macrophages is rather intended for retention, what may
support their bacteriostatic effect, since iron is essential for bacterial growth (Qiu et al., 2011,
Fraternale, Brundu and Magnani, 2015; Shapouri-Moghaddam et al., 2018).

If the acute inflammatory phase continues, M1-activated macrophages and their reactive products
can cause severe tissue damage. Therefore, macrophages undergo an M1 to M2 phenotype switch
caused by exogenous and endogenous stimuli, gradually acquiring an anti-inflammatory pheno-
type and initiating a resolution phase associated with the inhibition of inflammation, scavenging
of debris, angiogenesis, and tissue repair (Sica et al., 2015; Atri, Guerfali and Laouini, 2018;
Shapouri-Moghaddam et al., 2018).

Alternatively activated M2 macrophages exhibit a high phagocytic function supported by en-
hanced expression of scavenger receptors like CD204, and CD163(Takeya and Komohara, 2016).
Phagocytosis of cell debris and dead or apoptotic cells inhibits the production of pro-inflamma-
tory cytokines, such as TNF-a, IL-1B, IL-6, and IL-8 through a mechanism involving the auto-

crine or paracrine secretion of transforming growth factor-p (TGF-) which subsequently inhibits
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1. Background

further recruitment of monocytes and macrophages. Furthermore, phagocytosis of apoptotic cells
inhibits the production of IL-12, IL-23, and IL-27 and stimulates the enhanced production of
anti-inflammatory IL-10 (Mantovani et al., 2004; Sica et al., 2015; Shapouri-Moghaddam et al.,
2018).

classically activated (M1) alternatively activated (M2)
AN P i
\: (\ Ty .{\3 microbes @ apop:z:lits: @
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STAT3
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Figure 1-1: Schematic representation of M1- and M2-polarized macrophages. The polarizing signals, related
receptors, enhanced surface markers (grey), released cytokines and chemokines, as well as activated transcription
factors (light orange) are depicted. Specific functions and metabolic features are indicated in boxes. See text for
further information. Illustration was obtained and modified from Servier Medical Art by Servier, https://smart.ser-
vier.com/, licensed under Creative Commons Attribution 3.0 Unported License, http://creativecommons.org/li-
censes/by/3.0/.

M2 macrophages also express high levels of numerous growth factors such as platelet-derived
growth factor (PDGF), and vascular endothelial growth factor (VEGF) and endocytic receptors,
including c-type lectins receptor CD206 (also known as mannose receptor)(Wynn and Vannella,
2016; Shapouri-Moghaddam et al., 2018; Suzuki et al., 2018). Additionally, they are critical
effectors in Th2 responses, since they are able to recruit Th2, regulatory T cells, eosinophils, and
basophils by secretion of chemokines, such as CCL17, CCL18, CCL22, CCL24 (Mantovani et
al., 2004; Sica et al., 2015; Shapouri-Moghaddam et al., 2018).
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1. Background

However, depending on the in vitro anti-inflammatory stimuli used to generate M2 macrophages,
these cells can be subdivided into IL-4/IL-13-activated or IL-10-activated, among others, and
may show subtle phenotypic and functional variations (Mantovani et al., 2004; Ginhoux et al.,
2016). The canonical M2 stimuli IL-4 or IL-13 are known to activate STAT6, peroxisome pro-
liferator-activated receptors gamma (PPARY), Kriippel-like factor 4 (KLF4), and IRF4 through
the IL-4 receptor alpha (IL-4a), whereas IL-10 acting through its receptor IL-10R activates
STATS3 (Biswas et al., 2012; Sica and Mantovani, 2012; Wang, Liang and Zen, 2014).

M2 macrophage functions, such as wound healing and tissue repair, require a sustained supply
of energy. This request is achieved by oxidative glucose metabolism. Furthermore, M2 metabo-
lism is characterized by high mitochondrial activity, fueled by fatty acid oxidation as well as
glutamine metabolism, and coupled to oxidative phosphorylation (Fraternale, Brundu and
Magnani, 2015; Geeraerts et al., 2017; Shapouri-Moghaddam et al., 2018). In contrast to M1,
M2 macrophages favor iron export that is necessary for tissue repair and proliferation but also
promotes tumor growth and metastasis (Biswas and Mantovani, 2012; Biswas et al., 2012;
Fraternale, Brundu and Magnani, 2015; Shapouri-Moghaddam et al., 2018).

Of note, in addition to cytokines and signaling through transcription factors, regulation of the
transition between M1 and M2 also involves epigenetic modifications as well as diverse mi-
croRNAs and hypoxia (Biswas et al., 2012; Sica and Mantovani, 2012; Wang, Liang and Zen,
2014).

1.3 Macrophage polarization in disease

Inflammation is a normal and essential process of infection and wound healing, which usually
takes place under strict spatiotemporal orchestration. When it is prolonged or even unresolved,
it can result in severe tissue damage and become chronic. Continuous exposure to different fac-
tors, such as smoking, excess weight, stress, and bacterial or viral infections, increases the risk
of chronic inflammation and associated diseases, including chronic obstructive pulmonary
disease, asthma, diabetes, atherosclerosis, and cancer. Moreover, chronic inflammatory patholo-
gies are often accompanied by an imbalance of M1 and M2 macrophages (Sica and Mantovani,
2012; Conway et al., 2016; Atri, Guerfali and Laouini, 2018). Several examples of these macro-
phage imbalance-associated diseases are shown in figure 1-2.

Sepsis, which is one of the most common causes of death in intensive care units worldwide, is
one example of dysregulated inflammation (Biswas and Lopez-Collazo, 2009; Biswas et al.,
2012). It is a bi-phasic disease caused by microbe infections, including bacteria, fungi, and vi-

ruses, and is subdivided into an initial hyper-inflammatory phase (called systemic inflammatory
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1. Background

response syndrome, SIRS) followed by an immunosuppressed or “immunocompromised” phase.
SIRS can also occur independently of sepsis, originating from causes like trauma, burn, surgery,
or pancreatitis, and is then termed non-infectious SIRS (Biswas and Lopez-Collazo, 2009; Arora
et al., 2019). The initial inflammatory phase of sepsis is mainly characterized by monocytes and
macrophages with a hyper-inflammatory phenotype producing overt levels of pro-inflammatory
cytokines, such as TNF-a and IL-12 (‘cytokine storm”). This can lead to systemic inflammation,
vascular damage, and organ failure (Biswas et al., 2012). However, as sepsis progresses, these
monocytes and macrophages become unresponsive and refractory to a subsequent endotoxin
challenge, a phenomenon known as endotoxin tolerance (ET), and referred to as compensatory
anti-inflammatory response syndrome (CARS; Biswas and Lopez-Collazo, 2009; Cavaillon and
Adib-Conquy, 2006). Here, these cells fail to express inflammatory cytokines in response to a
re-challenge with, e.g., LPS. In contrast, they produce anti-inflammatory cytokines (mainly TGF-
R and IL-10) and decrease their antigen presentation ability (by reduction of MHC II), which
promotes immunosuppression and unresponsiveness, respectively (Biswas and Lopez-Collazo,
2009; Hotchkiss, Monneret and Payen, 2013).

Although this functional reprogramming represents a protective mechanism to counteract over-
whelming inflammation, there is a high risk of developing secondary infections, potentially lead-
ing to mortality (Biswas and Lopez-Collazo, 2009; Sica et al., 2015).

Another example of an M1/M2 switch-associated disease is cancer. Numerous cancer risk factors
can be linked to chronic inflammation, which is nowadays established as one of the hallmarks of
cancer (Hanahan and Weinberg, 2011). The type of inflammation associated with increased can-
cer risk is often called “smoldering inflammation” because it is low grade without overt clinical
consequences. It can be caused by a chronic microbial infection or persistent irritation by, e.g.,
smoking, stress, and obesity that may induce a sterile inflammation (Mantovani and Sica, 2010;
Qian and Pollard, 2010; Zheng et al., 2017). It is now evident that inflammation is involved in
all stages of cancerogenesis, from tumor initiation to progression and metastasis of established
tumors (Mantovani and Sica, 2010; Conway et al., 2016; Atri, Guerfali and Laouini, 2018). Mac-
rophages are key mediators in the link between inflammation and cancer (Qian and Pollard, 2010;
Biswas et al., 2012). In the cancer-initiating phase, tumor-associated macrophages (TAMs) may
have an anti-tumoral, immunostimulatory activity (Mantovani and Sica, 2010; Biswas et al.,
2012; Sica et al., 2015). However, once the tumor is established, the microenvironment gets
enriched with inflammatory mediators, such as IL-4 and IL10, polarizing TAMs into a pro-tu-
moral, M2-like phenotype (Mantovani et al., 2002; Qian and Pollard, 2010; Noy and Pollard,
2015; Sica et al., 2015). Hence, M2-like macrophages can perform several tumor-promoting
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functions, including stimulation of angiogenesis, remodeling of the extracellular matrix, promo-
tion of cancer cell proliferation, invasion, extravasation and metastasis, and immunosuppression
(Solinas et al., 2009; Bremnes et al., 2011).

Obesity-related conditions like insulin resistance, cardiovascular and fatty liver disease, meta-
bolic syndrome, and diabetes are also driven by chronic inflammation (Hotamisligil, 2006; Sica
et al., 2015; Shapouri-Moghaddam et al., 2018). Adipose tissue macrophages (ATMs) are a
significant component of adipose tissue and are essential players in obesity-associated pathology.
Similar to other macrophage populations, ATMs also show heterogeneity and functional plastic-
ity (Biswas et al., 2012). An increase in weight is associated with an ATM phenotype switch. In
lean individual, ATMs are considered to be rather M2-like, releasing high levels of cytokines,
such as IL-10, and playing a role in maintaining adipose tissue homeostasis. In contrast, ATMs
in human obesity are described to be polarized towards an M1 phenotype with up-regulation of
pro-inflammatory cytokines (e.g., IL-12, IL-1R, and TNF-a)) and are thereby believed to be the
major contributors of obesity-induced insulin resistance, leading to type-2 diabetes (Biswas et
al., 2012; Geeraerts et al., 2017; Shapouri-Moghaddam et al., 2018). Additionally, increased
uptake of oxidized fats by macrophages in the artery wall leads to M1-like polarization and foam
cell formation, low-grade chronic inflammation and plaque formation, important steps in the
pathogenesis of atherosclerosis (Biswas et al., 2012; Remmerie and Scott, 2018).

In contrast, M2-polarized macrophages are involved in helminth clearance and are suggested to

drive allergic disorders and fibrosis (Sica et al., 2015).
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Figure 1-2: M1 and M2 macrophage polarization in disease. Association of M1 and M2 macrophage polarization
in distinct diseases. While in defense against bacteria (bacteria resistance), atherosclerosis, diabetes, and impaired
tissue repair macrophages rather exhibit an M1 phenotype, in helminths clearance, allergic disorders, and fibrosis
they are preferably M2-polarized. During the progression of both, sepsis and cancer, dynamic reprogramming of
macrophage polarization occurs. SIRS: systemic inflammatory response syndrome; CARS: compensatory anti-in-
flammatory response syndrome (CARS); adapted from Sica et al. (2015), modified.
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1.4 Aim of the present work

Macrophages are key orchestrators of the inflammatory response. Their polarization is influenced
by the particular microenvironment and determines their physiological and pathophysiological
functions. Understanding the polarization status as well as the polarization process may provide
a basis for macrophage-centered therapeutic approaches. Therefore, the aim of this work was to
investigate macrophages under different microenvironmental conditions. The three chapters
within this thesis address the following questions:

1)  In what way do chronic inflammation and glucocorticoid-induced immunosuppression
influence the expression of TLR2 by primary human alveolar macrophages?

I1)  Which transcriptional phenotype do tumor-associated macrophages from lung tumors
exhibit in comparison to alveolar macrophages?

I11) Is LPS-induced lipid accumulation in murine liver influenced by endotoxin tolerance?
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Toll-like receptor 2 release by macrophages

A large part of the following chapter has been published as:

“Toll-like receptor 2 release by macrophages: an anti-inflammatory program induced by gluco-
corticoids and lipopolysaccharide”. Jessica Hoppstadter*, Anna Dembek*, Ahmad Barghash,
Claudia Fecher-Trost, Gregor Fuhrmann, Marcus Koch, Annette Kraegeloh, Hanno Huwer, and

Alexandra K. Kiemer (under revision) Frontiers in Immunology

*Equal contribution
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2.1 Introduction

Alveolar macrophages (AMs) are the tissue-resident macrophages in the lung alveolar space.
They represent the first line of defense against pathogens in the lower airspace and recognize
microbial ligands via pattern recognition receptors (Hoppstadter et al., 2010; Hussell and Bell,
2014). Toll-like receptors (TLRs) are the major pattern recognition receptors of the innate im-
mune system. Virtually every human cell expresses a unique ratio of these receptors, and they
sense a wide range of ‘danger’ signals or pathogen-associated molecular patterns (PAMPS)
(Medzhitov, 2001; Netea and van der Meer, 2011; Cao, 2016). To date, a total of 10 TLRs have
been identified in humans, that can be divided into two main groups: (1) surface-expressed TLRs
(i.e., TLRY, 2, 4, 5, 6, and 10) classically known to recognize bacterial, fungal, and parasitic
PAMPs; and (I1) endosomal TLRs (i.e., TLR 3, 7/8, and 9), which sense viral dsSRNA, ssSRNA,
and unmethylated DNA, respectively (Medzhitov, 2001; Kawasaki and Kawai, 2014; Henrick et
al., 2016). After recognition and binding of a specific PAMP, TLRs induce an intracellular sig-
naling cascade that culminates in the activation of the AP-1, NF-kB, and IRF family of transcrip-
tion factors (Busillo and Cidlowski, 2013). These signaling cascades result in the secretion of
pro-inflammatory factors that ultimately protect the host from microbial infection (Kawasaki and
Kawai, 2014; He, Lawlor and Newburg, 2016). Among all TLRs, TLR2 has a special place with
its well-characterized sensitivity for a large variety of pathogens, including bacteria, viruses,
fungi, mycobacteria, and parasites (Henrick et al., 2012). Unlike other TLRs, TLR2 needs to
form heterodimers with either other TLR family members (i.e., TLR1, TLR6 or TLR10) or non-
TLR cellular molecules (e.g., CXCR4 or scavenger receptor), to be able to initiate cell activation
(Ozinsky et al., 2000; van Bergenhenegouwen et al., 2013). TLR2 comprises a conserved intra-
cellular toll-interleukin-1 receptor homology domain, a single transmembrane domain, and a
solenoid ectodomain. The ectodomain of TLRs in vertebrates is composed of 19-21 diverse leu-
cine-rich-repeat modules that function in pathogen recognition (Henrick et al., 2016). Since
TLR2 activity plays a prominent role in the pathogenesis of a variety of acute and chronic in-
flammatory diseases (van Bergenhenegouwen et al., 2013), the regulation of its activation is also
crucial (Henrick et al., 2016). A negative regulation of TLR signalling can be accomplished by
direct attenuation via soluble factors, including soluble TLRs (sTLR) that act as decoy receptors
and bind to PAMPs in the extracellular space, preceding their engagement with specific PRRs,

thus reducing the TLR signaling efficiency (Liew et al., 2005; fig. 2-A).
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2009), and to be protective against HIV-1 infection (Henrick et al., 2012). For the production of
STLR2, proteolytic cleavage of the TLR2 transmembrane protein has been suggested through a
process referred to as ectodomain shedding by disintegrin metalloproteinases (ADAMS) (i.e.,
ADAM10 and ADAML17) (Langjahr et al., 2014). As only one encoding TLR2 mRNA has been
detected, the contribution of alternative splicing can be excluded (LeBouder et al., 2003).

In this part of the work, we aimed to examine TLR2 expression in primary human AMs under
inflammatory conditions, as mimicked by prolonged exposure to the bacterial cell wall compo-
nent lipopolysaccharide (LPS). In addition, we used dexamethasone (Dex), a synthetic glucocor-
ticoid, since glucocorticoids are endogenous anti-inflammatory agents, known to suppress TLR-
mediated signaling in general (Chinenov and Rogatsky, 2007; Busillo and Cidlowski, 2013) and
remain the mainstays in the treatment of inflammatory and autoimmune pathologies (Cain and
Cidlowski, 2017).

22



2. Chapter |

2.2 Results

2.2.1 Previously generated unpublished data

In previous unpublished work, Dr. J. Hoppstadter observed an increase of TLR2 mRNA in pri-
mary human AMs after 24 h treatment with LPS, while other investigated TLRs were not affected
to a similar extent (fig. 2-1).
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Figure 2-1: Long-Term LPS exposure upregulates
TLR2 in AMs. Primary human AMs were incubated
with LPS (100 ng/ml) for 24 h. TLR expression was
measured by qPCR. Data from three independent ex-
periments performed in duplicate with cells from dif-
ferent donors are shown and are presented as means
+ SEM. #p < 0.05, ##p < 0.01 vs. untreated cells, *p
P i < 0.05, **p < 0.01 as indicated. P-values were gener-
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On the protein level, TLR2 was highly upregulated after LPS or Dex treatment (fig. 2-2) for up
to 24 h as indicated by Western blot analysis (fig. 2-2). The TLR2 induction by Dex was mediated
by the glucocorticoid receptor (GR) since it could be abrogated by the GR antagonist RU486
(fig. 2-2, C and D). LPS and Dex treatment had an additive effect (fig. 2-2, C and D).
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Figure 2-2: Lipopolysaccharide (LPS) and dexamethasone (Dex) upregulate TLR2 in AMs. Primary human
AMs were incubated with solvent control (0.1% DMSO, Co), LPS (100 ng/ml; A), or Dex (1 uM; B) for up to 24 h.
C and D: AMs were preincubated with the glucocorticoid receptor antagonist RU486 (10 uM) or solvent control
(0.1% EtOH) and treated with LPS (100 ng/ml), Dex (1 uM) or both for 24 h. TLR2 expression was measured by
Western blot. Data from at least three independent experiments performed in duplicate with cells from different
donors are presented as means + SEM. *p < 0.05, **p < 0.01. p-values were generated by ANOV A with Bonferroni's
post-hoc test or Mann Whitney U test.
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Surprisingly, the TLR2 receptor was not functional since the response towards the TLR2 ligand
Pam3CSK4 (Pam) was profoundly impaired as shown by tumor necrosis factor (TNF) bioassay
(fig. 2-3). After 4 h of Pam treatment, cells secreted the pro-inflammatory cytokine TNF (fig. 2-
3). When preincubated with LPS or Dex for 24 h, Pam-induced TNF secretion was considerably
reduced. After preincubation with both LPS and Dex, Pam-induced TNF production was

abrogated entirely (fig. 2-3).
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1,500 I Pam were preincubated with LPS (100 ng/ml), Dex (1
2 - MUM), or both for 24 h and treated with Pam (1 pg/ml,
. 1,000 - 4 h). TNF secretion was assessed by TNF bioassay.
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500 formed in duplicate with cells from different donors
] are presented as means + SEM. ***p < 0.001. P-val-
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- LPS Dex Dex+LPS post-hoc test.

2.2.2 TLR2 is detectable in AM supernatant

We speculated that the upregulated, non-functional membrane-bound TLR2 might serve as a
precursor for soluble TLR2 (sTLR2), known to antagonize TLR2-dependent cell actions (Raby
etal., 2009; Henrick et al., 2016). Supernatants of 24 h LPS+Dex-primed AMs indeed contained
the soluble 83 kDa form of TLR2, as indicated by Western blot analysis (fig. 2-4, A). Surpris-
ingly, full-length TLR2 (fITLR2, ~ 102 kDa) could also be detected (fig. 2-4, A). We further
hypothesized that this might be due to the production of TLR2-containing extracellular vesicles
(EVs), while metalloproteinase (MP) activation may result in enhanced sTLR2 shedding from
these vesicles as described by Langjahr et al. (2014). Indeed, activation of MPs by 4-aminophe-
nylmercuric acetate (APMA; 10 uM, 5 h) resulted in a significant increase of the short, soluble
TLR2 form compared to the LPS+Dex samples, in which MPs were not activated (fig. 2-4, A
and B). In LPS and Dex+APMA supernatants, a slight TLR2 signal could be observed as well
(fig. 2-4, A). The absence of tubulin in the Western blot analyzes served as an indicator for cell

debris free supernatants (fig. 2-4, A).
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Figure 2-4: TLR2 is detectable as soluble (STLR2) and full-length (fITLR2) protein in AM supernatant.
0.5 x 10° cells/well were seeded in a 12-well plate and incubated with solvent control (0.1% DMSO), LPS
(100 ng/ml), Dex (1 uM), or LPS+Dex for 24 h in medium without FCS. For the last 5 h of treatment, 10 uM 4-
aminophenylmercuric acetate (APMA) was added to the indicated samples to activate MMPs and therefore induce
ectodomain shedding of fITLR2 to STLR2. TLR2 protein in 10 x concentrated supernatant was detected by Western
blot where tubulin served as a control for cell debris (A). Addition of APMA resulted in significantly more sTLR2,
expressed as means + SEM of relative STLR2/TLR2 signal intensities of three independent AM preparations and
experiments (B). P-value was generated by student’s t-test.

To test our hypothesis about the fITLR2 source, we isolated EVs from AM supernatants by se-
quential centrifugation, the present gold standard and most common method for vesicle isolation
(Momen-Heravi et al., 2013; Markowska et al., 2017; Shao et al., 2018).

After ultracentrifugation at 100.000 x g, we found mostly round vesicles of various sizes (50 —
300 nm) in the supernatant of untreated as well as LPS+Dex treated AMs, as observed by cryo-
TEM (fig. 2-5, A). The vesicles were further analyzed by Western blot, and fITLR2 could be
detected in the EV fraction of LPS+Dex treated cells (fig. 2-5, B). Additionally, in concentrated
supernatants of LPS+Dex treated cells both forms of TLR2 were detectable before ultracentrifu-
gation (UC). In the EV-depleted fraction (after UC), only sSTLR2 was detectable in the LPS+Dex
supernatant (fig. 2-5, B). In supernatants of untreated (Co) AMs, no TLR2 could be found at all
(fig. 2-5, B). These Western blot results were confirmed in three different AM preparations.

Determination of the EV mean size via nanoparticle tracking analysis (NTA) revealed for one
preparation 222 nm for control vesicle versus 149 nm for LPS+Dex vesicle. In a second prepa-
ration, vesicles of similar size were obtained: 170 nm control EV versus 155 nm LPS+Dex EV.
NTA could only be performed for two EV preparations due to insufficient amounts of vesicle

material.
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Figure 2-5: Characterization of AM vesicles. Cells were treated with LPS (100 ng/ml) and Dex (1 uM) for three
days before supernatants were harvested and EV were isolated by sequential centrifugation. A: Representative cryo-
TEM npictures of secreted EV from untreated (Co) and LPS+Dex treated cells. B: One representative Western blot
result for TLR2 detection in 10 x concentrated AM supernatants before and after ultracentrifugation (UC) and in EV
is shown.

In summary, our data show that AMs induce TLR2 under anti-inflammatory conditions. TLR2
is released as the decoy receptor STLR2 or as full-length TLR2 on EV, which may contribute to
immunosuppression.

2.2.3 Characterization of THP-1-derived ECV

Since the yield of primary AMs was too low and variable for extended analyses, we decided to
switch to THP-1 cells. For every preparation, 5 x 107 cells were seeded, differentiated with PMA
for 48 h and then stimulated for three days in medium without FCS according to the same proto-
col previously used for AMs. Following EV isolation, NTA was used to determine the EV size

and concentration.

Isolated THP-1 vesicles were very consistent in average size (around 220 nm), independent of
cell treatment (fig. 2-6, A). However, they differed in their concentration depending on the treat-
ment: After Dex and LPS+Dex treatment, significantly more vesicles could be isolated, approx-
imately 1.5 times more compared to the control in both cases (fig. 2-6, B). After LPS treatment,
the vesicle yield was comparable to that of untreated cells (fig. 2-6, B). In addition to NTA,
vesicles were analyzed via cryo-TEM regarding morphology. All cells produced vesicles that
were round in shape and varied in size between 50 and 250 nm (fig. 2-6, C).

To determine whether THP-1 vesicles also contained TLR2, Western blot analyses were
performed. EV fractions as well as concentrated supernatants before and after UC were
investigated. One representative Western blot result is shown in figure 2-6 (D). As already seen
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for AM vesicles, LPS+Dex treated THP-1 secreted EVs containing fITLR2 (fig. 2-6, D). Unex-
pectedly, fITLR2 was also detected in EV fractions of Dex-treated and untreated cells (fig. 2-6,

D), even though the signal in the untreated fraction was very weak. STLR2 was detectable in
every UC fraction, independent of the treatment (fig. 2-6, D).
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Figure 2-6: Characterization of THP-1 vesicles. Vesicle average size (A) and concentration (B) was determined
by nanoparticle tracking analysis. Data are presented as means + SEM (n = 7), and p-values were generated by Mann
Whitney U test. C: Morphology of the different EVs is shown in representative cryo-TEM pictures. D: One repre-

sentative Western blot result out of three for TLR2 detection in 10 x concentrated THP-1 supernatant before and
after ultracentrifugation (UC) and in EV fractions. Scale bar = 0.5 um

In the vast majority of EV isolations, the vesicle concentration correlated with the protein amount
as determined by Pierce BCA assay (fig. 2-7). The slope was significantly different from zero

(p = 0.003). Discrepancies might be due to difficulties in preparation since after UC the EV pellet
was sometimes hard to dissolve.
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Figure 2-7: Correlation between EV concentration (vesicles/ul) and protein amount. Values for seven individ-
ual isolations are given. m = Co, ® = LPS, A =Dex and ¢ = LPS+Dex EVs.

Culturing cells without FCS for three days may lead to cell stress causing enhanced apoptosis
and thus the generation of apoptotic bodies, which might be isolated in the EV isolation protocol.
Therefore, the caspase-3-like assay was performed. Doxorubicin (Doxo) was included as a
positive control for apoptosis induction. Apoptosis was not increased under our experimental
conditions, neither in THP-1 cells nor in AMs (fig. 2-8).
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Figure 2-8: Caspase-3-like assay. THP-1 cells (A) and AMs (B) were treated with LPS (100 ng/ml), Dex (1 puM)
or both for 3 d. Control cells (Co) were left untreated. THP-1 cells treated with 10 uM Doxorubicin (Doxo) for 24 h
served as a positive control. (n = 3, triplicates)
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THP-1 EVs were further analyzed by flow cytometry. For this purpose, vesicles were coupled to
aldehyde/sulfate latex beads, since the size of EV is under the detection limit of the cytometer
(Van Der Pol et al., 2010; Erdbrugger et al., 2014). BSA-saturated beads were used as a control.

For direct detection of TLR2 on the EV surface, bead-EV complexes were stained with a fluoro-
chrome-labeled anti-TLR2 antibody. Vesicles from LPS+Dex treated cells (EVLps+pex) Showed
a significantly higher mean fluorescence intensity (MFI) compared to beads only but also com-
pared to vesicles from untreated cells (EVco) (fig. 2-9, A).

In addition, bead-EV complexes were stained with the fluorochrome-labeled TLR2 ligand
Pam3CSK4 (Pam). MFI values were highest for EVps+pex Samples (fig. 2-9, B). MFI of control
vesicles was comparable to the uncoupled beads (fig. 2-9, B).

EVs were additionally characterized by the presence of common markers, tetraspanins CD9 and
CD63 (van Niel, D’Angelo and Raposo, 2018), to make sure that both EV types had bound to
the beads. Staining with fluorochrome-labeled anti-CD9 and anti-CD63 revealed that bead-cou-
pled EV preparations were positive for both markers. However, the signal intensity for EVco was
about twice as high compared to EVps+pex (fig. 2-9, C and D). This might be either due to a
differential bead-binding capacity of both EV types or a distinct expression of tetraspanins on
the EV surface. Discrepancies between vesicle amount and protein concentration might also con-
tribute to the overall effect.

To investigate whether the different cell treatments had an impact on vesicle composition, EV

preparations were analyzed by high-resolution tandem mass spectrometry (MS/MS).

A total of 709 proteins was detected, and 401 proteins occurred in all four ECV types (fig. 2-10).
41 proteins were found exclusively in vesicles from untreated cells, 31 exclusively after LPS
treatment, 23 after Dex, and 48 after LPS+Dex treatment (fig. 2-10). These exclusive proteins
were examined for their molecular function according to GO terms using the PANTHER GO
classification system (version 11) (fig. 2-10). Most of them were associated with catalytic activ-

ity, followed by binding as a molecular function (blue and dark grey, fig. 2-10).
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Figure 2-9: Analysis of EV-coated beads by flow cytometry. A-D: In each case, one representative histogram
overlay is shown (top) together with the quantification of three independent preparations (mean + SEM, bottom) for
anti-TLR2 (A), Pam (B), anti-CD9 (C), and anti-CD63 (D). Quantification data are expressed as mean fluorescence
intensity (MFI) x-fold of Beads+EVc¢, (A and B) or of uncoated beads (C and D), and p-values were generated by
Mann Whitney U test (A, C and D) or one sample t-test (B).
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Figure 2-10: Venn diagram representing protein distribution according to proteomics results for THP-1 EV.
709 proteins were found in total. Exclusive proteins were categorized regarding their molecular function according
to GO terms using the PANTHER GO classification system (version 11). The Venn diagram was generated with
Venny (version 2.1; Oliveros 2007). Data were obtained from three independent vesicle preparations.

Subsequently, the data of the individual three measurements were examined in more detail. TLR2
was detected in every single LPS+Dex sample and in two of three Dex samples, but in none of
the controls or LPS samples (fig. 2-11, bottom). However, this finding fits only partially to the
Western blot results (fig. 2-6, D), since TLR2 was also detectable in EV secreted from untreated
THP-1 cells by this method.

In order to check the reproducibility between the preparations, a whole series of markers were
selected and compared. Exclusive, unique spectrum count raw data of the selected EV marker
proteins are shown in figure 2-11 for the independent preparations per treatment. A distinction
was made between exosome specific (like CD63, ICAM1, and RHOG), overlapping (like CD9,
CD81, annexins, or RAB proteins), and microvesicle specific (like fibronectin (FINC),
PECAM1, and ARF6) markers, respectively, according to Van Niel et al. (2018). Compared to
flow cytometry, where tetraspanins CD9 and CD63 seemed to be more abundant on EVc,, their
detection level was almost identical according to mass spectrometry analysis (compare fig. 2-8,
C and D, and fig. 2-11).

Overall, the EV-specific protein distribution was quite similar and seemed to be independent of
the cell treatment (fig. 2-11). However, expression of two particular proteins was strikingly im-
balanced, indicated by a small scale symbol in figure 2-11. The exosome specific MFGM, also
known as lactadherin, was highly expressed in EV from Dex and LPS+Dex cells, compared to

the low or in parts non-expression in EV from LPS-exposed or untreated cells (fig. 2-11). In
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contrast, the microvesicle-specific cluster of differentiation (CD) 82 was present in EVco, and
EVLips, but less abundant in EVpex and EVips+pex (fig. 2-11).
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Figure 2-11: TLR2 and EV marker distribution in EVs from differentially treated THP-1 cells. Exclusive
unique spectrum count raw data are shown for all three independent preparations per treatment. A distinction was
made between exosome specific, overlapping and microvesicle specific markers, respectively, according to VVan Niel
et al. (2018). Small scale symbols indicate an imbalance in protein abundance between Co and LPS+Dex prepara-

tions.
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Moreover, EVco and EVips+pex Samples were compared regarding differentially enriched pro-
teins. A volcano plot representing the differential enrichment between the two EV types as well
as the most significantly enriched proteins for each of them is shown in figure 2-12 (A). For
mathematical reasons, only proteins that appeared under both stimulation conditions could be
taken into account.. The following proteins were at least 2-fold enhanced in EVps+pex (p-value
< 0.05): lacadherin (MFGM), carboxypeptidase (CBPM), F-actin-capping protein subunit beta
(CAPZB), isocitrate dehydrogenase (IDHP), proteasome subunit beta type-1 and -2 (PSB1/2),
Rho GDP-dissociation inhibitor 1 (GDIR1), arrestin domain-containing protein 1 (ARRDJ), fil-
amin-B (FLNB), and plasma membrane calcium-transporting ATPase 4 (AT2B4).

Cluster of differentiation (CD) 36, heterogeneous nuclear ribonucleoprotein L (HNRPL), L-
amino-acid oxidase (OXLA), ribosomal L1 domain-containing protein 1 (RL1D1), basement
membrane-specific heparan sulfate proteoglycan core protein (PGBM), and rRNA 2'-O-methyl-

transferase fibrillarin (FBRL) were significantly decreased in EVps+pex COmpared to EVco.

For easier comparison of reproducibility between the three individual vesicle preparations, a
heatmap based on the ratio [log2(EVps+pex/EVco)] Was generated for the significantly altered
proteins (fig. 2-12, B).
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Figure 2-12: Identification of the proteins differentially enriched in EVco and EVips+pex. A: Volcano plot rep-
resenting the differential enrichment between the two EV types as well as the most significantly enriched proteins
for each of them. X-axis = 10g2(EVps+pex’/EVco). Y-axis = -10g10 (adjusted p-value). The horizontal broken line
indicates p-value = 0.05, vertical broken lines indicate x-fold of control = 0.5 and 2. B: Heatmap based on the ratio
[log2(EVrs+pex! EVco)] Of protein quantities in each fraction and three independent preparations (1-3). MFGM:
lactadherin; CBPM: carboxypeptidase; CAPZB: F-actin-capping protein subunit beta; IDHP: isocitrate dehydrogen-
ase; PSB2: proteasome subunit beta type-2; GDIR1: Rho GDP-dissociation inhibitor 1; ARRD1: arrestin domain-
containing protein 1; FLNB: filamin-B; PSB1: proteasome subunit beta type-1; AT2B4: plasma membrane calcium-
transporting ATPase 4; CD36: cluster of differentiation 36; HNRPL: heterogeneous nuclear ribonucleoprotein L;
OXLA: L-amino-acid oxidase; RL1D1: ribosomal L1 domain-containing protein 1; PGBM: basement membrane-
specific heparan sulfate proteoglycan core protein; FBRL: rRNA 2'-O-methyltransferase fibrillarin
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2.2.4 Functional analyzes of THP-1 vesicles

To examine the functionality of the isolated EVs, two possibilities were taken into consideration:
one inhibitory or decoy scenario and one uptake scenario. Primary human umbilical vein embry-
onic cells (HUVECSs) were used as target cells since they are known to have low TLR2 baseline
expression. This allows activation by Pam treatment, which might be either amplified or attenu-
ated by EV addition. Expression of adhesion molecules such as intercellular adhesion molecule
1 (ICAM), vascular cell adhesion molecule 1 (VCAM) and E-selectin (SELE) was used as

readout parameter.

In the first scenario, TLR2 on EVs from LPS+Dex-treated cells would compete with membrane-
bound TLR2 for potential ligands, and thus inhibit intracellular TLR2 signaling by a decoy mech-
anism. To test this assumption, EVs were pre-incubated with the TLR2 ligand Pam (fig. 2-13,
A). The EV-Pam mix was then used for HUVEC treatment (fig. 2-13, A).

In the second scenario, vesicles would be taken up by HUVECSs and deliver functional TLR2 to
the cells, thereby amplifying the response after Pam treatment. For the experimental procedure
depicted in figure 2-13 (B), HUVECs were incubated with EV, washed, and stimulated with Pam.

Pam-induced gene expression changes were determined via gqRT-PCR. In addition to the three
adhesion molecules ICAM, VCAM, and SELE, the expression of the inflammatory marker CC-
chemokine ligand 2 (CCL2) was also determined.

In the decoy experiment, CCL2 was significantly decreased in HUVECs treated with EV | ps+pex
compared to EVco (fig. 2-13, C). In addition, the three adhesion molecules showed a decreased

expression, although not significantly so (fig. 2-13, C).

On the other hand, delivery of functional TLR2 via EV to HUVECs did not occur, since none of
the activation markers was increased after preincubation with EVps+pex (fig. 2-13, D).
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Figure 2-13: EV function. Pam-induced gene expression (in %) was measured by gRT-PCR after vesicle (5x10° in
total) pre-incubation with 1 pg/ml Pam for 30 min prior to stimulation of HUVECs with ECV-Pam mix (A + C).
Alternatively, HUVECs were incubated for 3 h prior to washing and 4 h treatment with 1 pg/ml Pam (B + D). Data
from experiments with three independent THP-1 vesicle preparations and different HUVEC donors are shown as
mean + SEM and p-values were generated by one sample t-test.

In addition, a more sensitive model, i.e. HEK-Dual™ hTLR2 (NF/IL8) cells, were used. This
commercially available reporter cell line was generated by stable transfection of the human TLR2
(hTLR2) and CD14 genes, according to the supplier. It features a triple knockout of TLR3, TLR5,
and the TNF receptor (TNFR), thereby avoiding interferences caused by the activation of other
signaling pathways. The cells express a secretable luciferase reporter construct under the control
of the endogenous IL-8 promotor. The chemokine 1L-8 was shown to be produced in response to
TLR2 agonists in an NF-kB and AP-1 dependent-manner (Roebuck, 1999; Qin, Li and Qiao,

2016). Thus, TLR2 stimulation can be easily monitored by the TLR2 agonist-induced expression
of IL-8-dependent luciferase in this cell line.

The TLR2 agonists Pam and FSL-1 were pre-incubated with the EVs for 30 min before addition
to the cells (fig. 2-14, A). After 24 h, luciferase activity was measured in the cell supernatant.
Compared to EVco, TLR2-containing EV i ps+pex decreased luciferase secretion in response to
FSL-1 significantly (fig. 2-14, B) but barely in response to Pam (fig. 2-14, C).
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Figure 2-14: Influence of EVs on IL-8 production in HEK-Dual™ hTLR2 (NF/IL8) cells. A: Scheme of the
experimental procedure. Cells were stimulated with TLR2 agonists FSL-1 (1 ng/ml) (B) or Pam (0.1 ng/ml) (C).
After 24 h, luciferase activity in the supernatant was determined and is shown as percentage of RLU (relative lumi-
nescence units) with values for EV¢, set as 100%. Data show the means + SEM of three independent experiments
performed in duplicates. p-values were calculated by one sample t-test.

In summary, ECVps+pex reduced TLR2-dependent signal transduction rather that increasing it,

suggesting an overall inhibitory function for ECV ps+Dex.
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2.3 Discussion

AMs are one of the first lines of defense against the invasion by airborne pathogens. The activa-
tion of TLRs triggers the production of pro-inflammatory cytokines, which in turn activate the
hypothalamic-pituitary axis to induce the synthesis and secretion of anti-inflammatory glucocor-
ticoids by the adrenal cortex (Hermoso et al., 2004; Chinenov and Rogatsky, 2007).

Almost two decades ago, two studies showed that TLR2, but not TLR4, is induced by TLR4-
mediated LPS signaling in adipocytes (Lin et al., 2000) and murine macrophages (Matsuguchi
et al., 2000), respectively. Further studies showed an LPS-induced TLR2 up-regulation through
TLR4-dependent signaling also in murine lung endothelial cells (Fan, Randall and Asrar, 2003),
as well as in murine AMs in the context of antecedent hemorrhagic shock (Fan et al., 2006).
These studies correspond to our observations of LPS-mediated TLR2, but not TLR1/4/3/6 up-
regulation in human AMs. Paradoxically, there is an emerging amount of work documenting that
glucocorticoids also enhance inflammation and innate immunity, for instance by upregulating
TLR2 (Busillo and Cidlowski, 2013; Cain and Cidlowski, 2017). The glucocorticoid-mediated
induction of TLR2 has been shown in multiple human epithelial cell types (Shuto et al., 2002;
Hermoso et al., 2004; Homma et al., 2004) and in human dendritic cells (Rozkova et al., 2006).
Furthermore, glucocorticoid-induced TLR2 expression seems to be further enhanced in a syner-
gistic manner by the presence of pro-inflammatory cytokines (e.g., TNF-a) or Haemophilus in-
fluenzae (Shuto et al., 2002; Hermoso et al., 2004; Homma et al., 2004; Chinenov and Rogatsky,
2007), supporting our findings of an additive effect for LPS and Dex. However, TLR2 was not
functional in our experimental setting. This might be due to the fact that its dimerization partners
(TLR1 and 6) were not upregulated in LPS-exposed AMs, suggesting a different function for
TLR2.

Since there was an emerging number of publications about sTLR2 (recently reviewed by Henrick
et al., 2016), we hypothesized that this soluble form was present in AM supernatants and found
that sSTLR2 was indeed produced, in particular by LPS/Dex-treated macrophages. In addition, we
detected an unexpected protein that corresponded to full-length TLR2. The shorter form was
enriched after activation of MPs, indicating that ectodomain shedding leads to STLR2 production
(Langjahr et al., 2014). Already in 2014, Langjahr et al. observed a full-size TLR2 glycoprotein
in human macrophage supernatant and hypothesized that it might correspond to the full-length
protein associated with membrane vesicles. This hypothesis is supported by our results showing
that fITLR2 is present in isolated EVs.
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Under physiological and pathological conditions, almost all cell types release cell-derived phos-
pholipid-based bilayer membrane vesicles equipped with functional surface and membrane pro-
teins and encapsulating diverse cargoes, including proteins, cytokines, lipids, and nucleic acids
(Fuhrmann et al., 2015; Yafez-Md et al., 2015). EVs have been suggested to significantly con-
tribute to intercellular communication (Colombo, Raposo and Théry, 2014; Zhang et al., 2015;
Kalra, Drummen and Mathivanan, 2016; van Niel, D’Angelo and Raposo, 2018). They are
categorized as exosomes, microvesicles (MVs), and apoptotic bodies based on their size, path-
way of formation, and membrane composition (Yafiez-Mo et al., 2015). Exosomes, which are
30-200 nm in size, derive from the late endosome. MVs are between 100-1,000 nm in diameter
and are formed through outward budding of the plasma membrane. Apoptotic bodies are derived
from apoptotic cells and are very heterogeneous in size and morphology, therefore being dis-
tinctly different from the other two EV subtypes (Fuhrmann, Herrmann and Stevens, 2015; Ohno,
Drummen and Kuroda, 2016). Since exosomes and microvesicles display a similar appearance
and composition as well as an overlapping size distribution, it is difficult to define their origin
once isolated (Smith et al., 2015; van Niel, D’Angelo and Raposo, 2018). Thus, we made no
further distinction between vesicle types in this work. However, the appearance of apoptotic bod-
ies could be excluded, because neither AMs nor THP-1 macrophages showed morphological
changes nor elevated caspase 3 activity upon treatment.

Flow cytometric analysis with EVs confirmed the presence of TLR2 on the surface of EVps+Dex
and indicate an intact ligand binding ability. Furthermore, the different cell treatments seemed to
have an impact on vesicle composition, since a number of proteins was differentially enriched.
It is well established that exogenous stress as well as inflammatory or infectious processes can
affect EV properties, such as composition (Fuhrmann, Herrmann and Stevens, 2015; Kalra,
Drummen and Mathivanan, 2016). However, the overall EV-specific protein distribution (van
Niel, D’Angelo and Raposo, 2018) was independent of the cell treatment.

That AMs can communicate with other cells within the alveolar space via EVs has been recently
reviewed by Lee et al. (2018). Therefore, we incubated our macrophage-derived EVs with pri-
mary endothelial cells and a HEK reporter cell line. EVs can interact with their recipient cells in
different ways: (1) direct activation of target cell surface receptors, (I11) membrane fusion with the
recipient cell or (111) incorporation into the target via endocytosis, pinocytosis, or phagocytosis
(Jansen et al., 2017; van Niel, D’Angelo and Raposo, 2018). Previous reports showed the uptake
of EVs by different endothelial cells (Durak-Kozica et al., 2018). Furthermore, Mycobacterium

tuberculosis-infected murine macrophages released ECVs inducing VCAM and TLR2 in murine
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endothelial cells (Li et al., 2018). In contrast, our study revealed anti-inflammatory properties of
macrophage-derived EVs.

The overall inhibitory function for EVps+pex SUggests that they may act as a decoy, as previously
shown for sTLR2 (Raby et al., 2009; Langjahr et al., 2014).

This decoy activity may involve competition for not only the microbial ligand but also the heter-
odimerization partners (Raby et al., 2009). On the other hand, fITLR2 associated with EVs may
either catch microbial molecules or opsonize the whole bacterium, thereby initiating the uptake
by phagocytes. This hypothesis is supported by the high MFGM (also called MFGES or lactad-
herin) content in EVps+pex, 8 MFGM is known to potentiate phagocytosis (Hanayama et al.,
2002; Raymond, Ensslin and Shur, 2009; Buzés et al., 2018).

In summary, we showed that STLR2 and full-length TLR2 are released by macrophages under
anti-inflammatory conditions. Our data suggest that vesicle-bound fITLR2 may have decoy func-

tions, which may contribute to immunosuppression induced by GCs and chronic infections.
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3. Chapter Il

Investigation of human lung tumor-associ-
ated macrophages (TAMSs) and establishment
of a TAM-like macrophage model

Parts of the following results presented in this chapter have been published in:

“M2 polarization enhances silica nanoparticle uptake by macrophages”. Jessica Hoppstéadter,
Michelle Seif, Anna Dembek, Christian Cavelius, Hanno H. Huwer, Annette Kraegeloh and Al-
exandra K. Kiemer (2015) Frontiers in Pharmacology; 6:55. doi: 10.3389/fphar.2015.00055.
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3.1 Introduction

Lung cancer represents the leading cause of cancer-related mortality worldwide, with an esti-
mated 2.09 million new cases diagnosed and 1.76 million deaths expected from the disease in
2018, according to the World Health Organization (WHO; as at September 12, 2018;
https://www.who.int/en/news-room/fact-sheets/detail/cancer).

According to its histology (WHO guidelines, Travis et al. 2004) and recently also according to
tumor genetics (WHO guidelines, Travis et al. 2015), lung cancer can be divided into two major
types: small cell lung cancer (SCLC) representing a minority of about 15% and non-small cell
lung cancer (NSCLC) representing about 85% of cases (Molina et al., 2008; Ahmad and Gadgeel,
2016). These two types of cancers grow, spread, and are treated in different ways, so distinguish-
ing between these two types is important (Travis, 2011). NSCLC can be further classified into
several subtypes based on their histological characteristics. The most common subtypes are ade-
nocarcinoma (40%), squamous-cell carcinoma (30%), and large-cell carcinoma (15%) (Rivas-
Fuentes et al., 2015), and are visualized in figure 3-A. Within this thesis, only adenocarcinomas
were investigated, as they represent the majority of lung cancers and are most commonly de-

scribed in the literature.
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The best option for cure is surgical resection of the tumor. However, the majority of patients are
diagnosed in an advanced or even metastatic state, when surgery is no longer feasible. Further
therapy options are radiation and chemotherapy, although in all cases a resistance ultimately de-
velops (Molina et al., 2008; Conway et al., 2016). In recent years, targeted therapy has been
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considered promising, especially when mutations in the epidermal growth factor receptor
(EGFR) and rearrangements in anaplastic lymphoma kinase (ALK) are present, but only a very
small proportion of adenocarcinoma patients carry these mutations (Travis et al., 2015; Ahmad
and Gadgeel, 2016; Cheng et al., 2017). Overall, the 5-year survival rate for NSCLC failed to
increase significantly within the last decade and remains at 15-18% (Molina et al., 2008; Conway
etal., 2016).

In the past, cancer research focused on the tumor cell itself. In recent years, however, investiga-
tions of the tumor microenvironment (TME) and its essential function in supporting malignancy
has become more and more important, especially with regard to new immunotherapies (Quail
and Joyce, 2013). Among the diverse cell types of the TME, macrophages are the most abundant
non—tumor cell type in most cancers (Noy and Pollard, 2015). These tumor-associated macro-
phages (TAMSs) can compose up to 50% of the solid tumor mass (Solinas et al., 2009; Mills, Lenz
and Harris, 2016; Parayath, Parikh and Amiji, 2018) and are therefore discussed as new auspi-
cious treatment target in oncology (Conway et al., 2016; Mills, Lenz and Harris, 2016;
Mantovani et al., 2017).

In NSCLS, many reports have described a correlation between TAM density or phenotype and
clinical outcomes (Quatromoni and Eruslanov, 2012; Conway et al., 2016; Takeya and
Komohara, 2016). The vast majority of this reports is based on immunohistochemistry, as re-
viewed by Conway et al. (2016).

TAMs have been suggested to rather represent an M2-like phenotype, driven by the TME (Wang
et al., 2011, Italiani and Boraschi, 2014). In general, a high prevalence of TAMs with M2 polar-
ization, especially in tumor stroma correlates with poor prognosis (Ohtaki et al., 2010; Zhang et
al., 2011; Gentles et al., 2015; Yuan et al., 2015) since these cells exert several tumor-promoting
functions, including stimulation of angiogenesis, remodeling of the extracellular matrix, promo-
tion of cancer cell proliferation, invasion, extravasation and metastasis, and immunosuppression
(Solinas et al., 2009; Bremnes et al., 2011). In early stages of NSCLC, however, density of tu-
mor-preventing M1-TAMs in tumor islets is associated with extended survival (Zeni et al., 2007;
Ohri et al., 2009; Ma et al., 2010). In contrast, AMs, the predominant tissue-resident macro-
phages of the lung, are considered to exhibit a rather tumor-preventing, M1-like phenotype
(Hoppstadter et al., 2010; Almatroodi, McDonald and Pouniotis, 2014), at least in healthy indi-
viduals (Hussell and Bell, 2014). AMs were shown to originate from embryonic precursors that
populate the lung around birth and can self-maintain in adulthood through local proliferation with

minimal contribution of circulating monocytes in the steady-state (Guilliams et al., 2013;
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Ginhoux and Guilliams, 2016). In case of inflammation or injury, though, circulating bone mar-
row-derived monocytes significantly contribute to AM pools (Maus et al., 2006; Epelman,
Lavine and Randolph, 2014). This might explain why TAMSs are suggested to be also mainly
derived from bone marrow monocytes (Franklin and Li, 2016; Lahmar et al., 2016; Bolli et al.,
2017) and differentiate into macrophages under the influence of the TME (fig. 3-B).

Due to both, their heterogeneous origin and their different environment, it is conceivable that
these two populations (resident AMs vs. monocyte-derived TAMS) play different or even oppos-
ing roles in tumor progression. Thus, identifying key features of each population may help to

target them therapeutically.
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Figure 3-B: Macrophage contribution to the tumor mass. Monocytes are recruited to the tumor site by chemoat-
tractants and differentiate into macrophages. Under the influence of tumor cells and the associated microenviron-
ment, they can be either rather M1- or M2-polarized. Further information can be found in the text. AM: alveolar
macrophage. lllustration was obtained and modified from Servier Medical Art by Servier, https://smart.servier.com/,
licensed under Creative Commons Attribution 3.0 Unported License, http://creativecommons.org/licenses/by/3.0/.
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3.2 Results
3.2.1 Human primary AM/TAM mRNA profile and nanoparticle uptake capacity

Human primary TAMs were obtained after digestion of adeno- or squamous cell carcinoma tu-
mor tissue from patients undergoing lung resection, whereas AMs were isolated from the sur-
rounding non-tumor lung tissue. AM populations mostly consisted of large, round cells, whereas
TAMSs were more heterogonous in size and shape (fig. 3-1, A). Intracellular CD68, often used as
a marker specific for macrophages (Holness and Simmons,1993; Hoppstadter et al., 2010), was
detected by flow cytometry in over 95% of the cells contained in AM and TAM preparations,
thereby identifying them as macrophages (fig. 3-1, B).
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Figure 3-1: AM and TAM morphology and purity. A: Morphology was examined by light microscopy. One
representative image is given. Scale bar: 20 um. B: CD68 expression in AMs and TAMs. Data show one histogram
representative of four independent flow cytometry experiments. Light gray: specific staining; dark gray: isotype
control.

AMs and TAMs were analyzed and discerned on the transcriptome level using paired-end mMRNA
sequencing technique from Illumina®. Cells were isolated from tumor tissue and autogenic lung
tissue from one male and two female adenocarcinoma patients at comparable age and cancer
stage. MRNA was prepared from both macrophage types of each individual in technical tripli-
cates and each replicate was sequenced separately.

Principal component analysis (PCA) revealed a prominent discrimination between not only AMs
and TAM s (right and left side of the plot, fig. 3-2) but also between all three patients. The match-
ing technical replicates clustered, indicating that the sample and library preparation gave repro-
ducible results. However, one TAM preparation from patient 2 and one AM preparation from

patient 3 could not be taken into consideration for analysis due to technical difficulties. For these

44



3. Chapter Il

two samples, the RNA yield was already low, so that their libraries got too few reads for a suffi-
cient analysis.

The PCA plot further allowed a discrimination between the two female patients at the top (P2
and P3, fig. 3-2) and the male patient (P1, fig. 3-2) in the bottom part. Within each patient, a clear
shift to the left from AMs to TAMs could be observed.

Patient
epr1
Ap20
mP3 O

PC2: 20°6 varance

Condition
AM
® TAM

PC1: 54% varance

Figure 3-2: Principal component analysis plot of mMRNA-Seq results from AMs (red) and TAMs (green) from
three different patients (P1 — P3) prepared in technical triplicates. The patients’ sex is also indicated. An arrow
per patient displays a shift to the left from AMs to TAMs. PC: principal component.

A total of 4,812 genes were differentially expressed in TAMs compared to AMs, with 3,018
upregulated and 1,794 downregulated genes. Figure 3-3 (A) illustrates the differentially ex-
pressed genes (DEG) in a volcano plot, i.e. log2 fold change was plotted against -log10 p-value.
Negative log2 fold change values represent downregulated genes, whereas positive values rep-
resent upregulated genes. Raw data of the illustrated and additional selected genes are available

in the appendix.

As expected, previously described markers of M2-polarization, such as matrix metalloprotein-
ases and angiogenesis related genes (e.g. VEGFA, IGF1) were upregulated in TAMs (fig. 3-3, B
and C) as well as chemokines from the alpha and beta type (fig. 3-3, D) and genes encoding
proteins involved in cell adhesion and migration (fig. 3-3, E). Surprisingly, the expression of
many cholesterol metabolism-associated genes was significantly decreased, among these: HMG-
CoA reductase and synthase (HMGCR, HMGCS), mevalonate kinase (MVK), and sterol regula-
tory element-binding protein 2 (SREBF2; fig. 3-3, F).
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Figure 3-3: Differentially expressed genes (DEG) shown as volcano plots. Log2 fold change is plotted against —
log10 p-value. A: All DEGs are shown. Matrix remodelling (B) and angiogenesis markers (C) are highlighted as
well as genes encoding either chemokines (D) or proteins involved in cell adhesion/migration (E) and cholesterol
metabolism (F). MMP1/2/8/9/25: matrix metalloproteinas 1/2/8/9/25; ADAM8/9: a disintegrin and metalloprotease
8/9; ADAMTS: ADAM with thrombospondin motifs; VEGFA/C: vascular endothelial growth factor A/C; FGF2:
fibroblast growth factor 2; HDGF: hepatoma-derived growth factor; IGFL1: insulin-like growth factor 1; TGFB2:
transforming growth factor beta 2; TIEL: tyrosine kinase with immunoglobulin-like and EGF-like domains 1;
HIF1A: hypoxia-inducible factor 1-alpha; CCL2/8/15/24: CC chemokine ligand 2/8/15/24; CXCL3/8/12/17: C-X-
C motif ligand 3/8/12/17; CCR7: CC chemokine receptor 7; CDH1/3/5: cadherin 1/3/5; CEACAML: Carcinoem-
bryonic antigen-related cell adhesion molecule 1; ITGA2/4: integrin alpha 2/4; S1IPR1: sphingosine-1-phosphate
receptor 1; ARV1: acyl-CoA acyltransferase-related enzyme 2 required for viability; CYP27A1/51A1: cytochrome
P450 family 27/51 subfamily A member 1; DHCR7/24: dehydrocholesterol reductase 7/24; EBP: emopamil binding
protein; FDPS: farnesyl diphosphate synthase; HSD17B7/8: 17-beta hydroxysteroid dehydrogenase 7/8; HMGCR/S:
HMG-CoA reductase/synthase; IDI1: isopentenyl-diphosphate delta isomerase 1; INSIG1: insulin-induced gene 1,
LDLR: low density lipoprotein receptor; MSMOL: methylsterol monooxygenase 1; MVK: mevalonate kinase;
NSDHL: NAD(P)H steroid dehydrogenase-like; SQLE: squalene epoxidase; SREBF2: sterol regulatory element-
binding protein 2. Volcano plots were generated by Dr. Jessica Hoppstadter.
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In general, genes that were upregulated in TAMs play a role in signal processing and cell motion
as determined by “protein annotation through evolutionary relationship” (PANTHER) Gene On-
tology (GO) term classification system, version 11 (Top 15 for biological processes shown in
table 3-1, A). The vast majority of downregulated genes belonged to biological processes involv-

ing lipid metabolism or biosynthesis (table 3-1, B).

Table 3-1: Top 15 gene ontology (GO) biological processes for upregulated (A) and downregulated (B) genes in
TAMs compared to AMs according to false discovery rate of PANTHER classification system (version 11).

A upregulated GO biological process fold enrichment raw P-value false discovery rate
response to stimulus (GO:0050896) 1.38 7.22E-50 1.13E45
signaling (GO:0023052) 1.5 1.12E-41 4.36E-38
cell communication (GO:0007154) 1.49 2.65E-41 8.29E-38
cell migration (GO:0016477) 253 1.54E-40 4.01E-37
positive regulation of cellular process (GO:0048522) 1.49 2.03E-39 3.53E-36
biological regulation (GO:0065007) 1.22 321E-39 5.01E-36
cell surface receptor signaling pathway (GO:0007166) 1.82 4.83E-39 6.86E-36
regulation of biological process (GO:0050789) 1.24 6.67E-39 8.68E-36
signal transduction (GO:0007165) 1.49 1.52E-37 1.70E-34
developmental process (GO:0032502) 145 6.35E-37 5.83E-34
locomotion (GO:0040011) 219 1.28E-36 1.11E-33
regulation of multicellular organismal process (GO:0051239) 1.71 1.45E-36 1.19E-33
cell motility (GO:0048870) 232 8.82E-36 6.56E-33
localization of cell (GO:0051674) 232 8.82E-36 6.89E-33
movement of cell or subcellular component (GO:0006928) 2.03 4.32E-34 2.94E-31

B downregulated GO biological process fold enrichment raw P-value false discoverx rate
cellular process (GO:0009987) 1.1 1.60E-11 2.50E-07
small molecule metabolic process (GO:0044281) 1.58 2.11E-10 1.65E-06
sterol biosynthetic process (GO:0016126) 599 1.41E-09 4.40E-06
detection of chemical stimulus (GO:0009593) 0.16 8.83E-10 4.60E-06
secondary alcohol biosynthetic process (GO:1902653) 6.36 1.41E-09 5.50E-06
cellular metabolic process (GO:0044237) 1.18 2.48E-09 6.47E-06
biological process (GO:0008150) 1.06 4 .87E-09 7.61E-06
cholesterol biosynthetic process (GO:0006695) 6.35 3.57E-09 7.96E-06
small molecule biosynthetic process (GO:0044283) 2.02 4 48E-09 8.76E-06
lipid biosynthetic process (GO:0008610) 2.01 9.40E-09 1.22E-05
lipid metabolic process (GO:0006629) 1.65 1.17E-08 1.31E-05
fatty acid metabolic process (GO:0006631) 245 1.11E-08 1.34E-05
sensory perception of chemical stimulus (GO:0007606) 0.23 3.14E-08 3.07E-05
metabolic process (GO:0008152) 115 3.91E-08 3.39E-05
monocarboxylic acid metabolic process (GO:0032787) 2.06 4.16E-08 3.42E-05

TAMs have been suggested to represent M2-like macrophages promoting tumor cell prolifera-
tion, angiogenesis, matrix turnover, and repression of adaptive immunity (Solinas et al., 2009).

In contrast, AMs are considered to exhibit a more pro-inflammatory, M1-like phenotype
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(Hoppstadter et al., 2010). Since M1 and M2 macrophages differ in their uptake capacity for
nanoparticles (Hoppstadter et al., 2015), we hypothesized that these differences might also be
evident in TAMs and AMs. The uptake of 26 nm fluorescent silica particles was indeed enhanced
in TAMs from adenocarcinoma patients when compared with AMs, as assessed by flow cytom-
etry (fig. 3-4).

20 — .
18
16 -
14
T 12
= 104 - . . .
0] g ] Figure 3-4: Nanoparticle uptake by AMs and
62 TAMs. GMFI mean values + SEM obtained from
4] independent experiments with AMs obtained from
- two and TAMs obtained from four different donors.
2 - 9
5. P-values were calculated by Student’s t-test. *p <

AM TAM 0.05 compared with AMs.

3.2.2 Establishment of a TAM-like model for lung macrophages

Due to the limited availability of primary in vivo polarized human TAMs, we wanted to establish
an in vitro TAM-like macrophage model based on a report of Edin et al. (2013). In order to mimic
the tumor microenvironment, human monocyte-derived macrophages (MDM) were exposed to
A549 lung tumor cell supernatant. In addition, MDMs were polarized with either LPS/IFN-y
towards an M1-like phenotype or with IL-10 or IL-4 towards an M2-like phenotype as estab-
lished models of macrophage polarization (Sica and Mantovani, 2012; Martinez and Gordon,
2014).

MO, M1, M2(IL4), M2(IL10), and TAM-like macrophages were compared on the transcriptomic
level by mRNA sequencing. MDMs from three different donors were polarized and analyzed as

biological replicates.

M1 as well as M2(IL4) expressed a high number of genes that were differentially expressed when
compared with TAM-like cells, indicating that they are highly different from not only TAM-like
but also from all the other macrophage types (fig. 3-5). In contrast, there were just a few upreg-
ulated and downregulated DEGs in TAM-like versus MO or M2(IL10), suggesting that TAM-
like cells are more similar to these two types (fig. 3-5) and adapt an alternatively activated phe-

notype when exposed to A549 supernatant.
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A upregulated B downregulated
in TAM-like in TAM-like
vs. M1 vs. M2(IL4) vs. M1 vs. M2(IL4)
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Figure 3-5: Number of differentially expressed genes in TAM-like macrophages versus all other treatments.
A: Upregulated genes in TAM-like cells. B: Downregulated genes in TAM-like cells. Venn diagrams were generated
with Venny (version 2.1; Oliveros 2007).

vs. M2(IL10)

Figure 3-6 (A) illustrates the DEGs of TAM-like vs. MO in a volcano plot, i.e. log2 fold change
was plotted against -log10 p-value. Again, negative log2 fold change values represent downreg-
ulated genes, whereas positive values represent upregulated genes. As already seen in primary
TAMs, the expression of many cholesterol metabolism-associated genes was also significantly
decreased in TAM-like cells (fig. 3-6, B). In contrast, of the 15 highlighted genes in figure 3-6
(B), only four genes were significantly altered in M1 vs. MO (ARV1, DHCR24, EBP, INSIG1),
two in M2(1L4) vs. MO (HMGCS, LDLR) and none at all in M2(1L10) vs. MO.
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Figure 3-6: DEGs of TAM-like vs. MO shown as volcano plots. Log2 fold change is plotted against —log10 p-
value. A: All DEGs are shown. B: Genes related to the cholesterol metabolism are highlighted. ARV1: acyl-CoA
acyltransferase-related enzyme 2 required for viability; CYP51A1: cytochrome P450 family 51 subfamily A member
1; DHCR24: dehydrocholesterol reductase 24; EBP: emopamil binding protein; FDPS: farnesyl diphosphate syn-
thase; HMGCR/S: HMG-CoA reductase/synthase; IDI1: isopentenyl-diphosphate delta isomerase 1; INSIG1: insu-
lin-induced gene 1; LDLR: low density lipoprotein receptor; MSMO1: methylsterol monooxygenase 1; MVK:
mevalonate kinase; NSDHL: NAD(P)H steroid dehydrogenase-like; SQLE: squalene epoxidase; SREBF2: sterol
regulatory element-binding protein 2. VVolcano plots were generated by Dr. Jessica Hoppstadter.
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Furthermore, the differentially expressed genes from both the in vitro TAM-like model and pri-
mary ex vivo AMs/TAMs were compared. Prior to this, AMs/TAMs were contrasted with the
generally well-established polarization states M1, M2(IL4) and M2(IL10). Overlapping DEGs
in TAMSs vs. AMs and polarized MDM vs. MO, each, were classified according to GO terms at
the biological process level using the PANTHER GO classification system (version 11). The top
15 biological processes are represented in following figures 3-7 to 3-10, for up- and downregu-

lated DEGs separately.

Common to all enhanced genes was the involvement in cytokine-mediated signaling pathway
(GO:19221) and in cell surface receptor signaling pathway (GO:0007166) (fig. 3-7 to 3-10).

M1 and TAMs shared many genes, 10.7% of the upregulated and 6.7% of the downregulated
genes (fig. 3-7), and comprised in biological processes associated with response to stimuli (fig.
3-7, A) or lipogenesis (fig. 3-7, B).

For M2(IL4) it is striking that similar or even identical processes are regulated by up- and down-
regulated DEGs, i.e. cell surface receptor signaling pathway or regulation of response to stimu-
lus (fig. 3-8). As the identified processes were rather general, this indicated a somehow activated
but undirected/unspecific state after IL-4 treatment. Interestingly, there was no connection to

lipogenesis alterations in M2(I1L4) cells compared to TAMs.

Common upregulated genes in M2(IL10) vs. MO and TAMs vs. AMs were mostly related to
signaling and its regulation (fig. 3-9, A). No statistically significant biological process could be
found within the overlap of downregulated DEGs according to PANTHER GO (figure 3-9, B).

Primary TAMs and TAM-like cells shared 5% of upregulated genes, which were mainly involved
in biological processes like signal processing - as already seen in ex vivo cells (table 3-1, A) -
and angiogenesis, typically connected with cancerogenesis (fig. 3-10, A). Almost all of the
top 15 biological processes, which resulted from the 4.2% common downregulated genes, be-
longed to lipid biogenesis and metabolism or more precisely to the steroid/cholesterol biogenesis
part (fig. 3-10, B).
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A TAM vs. AM M1 vs. MO

2534 483 1492
(562%) | (107%) |  (33.1%)

upregulated GO biological process | fold enrichment raw P-value false discovery rate
cellular response to cytokine stimulus (GO:0071345) 3.81 6.62E-23 5.18E-19
cytokine-mediated signaling pathway (GO:0019221) 461 2.45E-22 1.28E-18
defense response (GO:0006952) 3.18 6.10E-21 2.39E-17
response to organic substance (GO:0010033) 2.23 1.14E-19 3.56E-16
immune system process (GO:0002376) 2.28 2.67E-19 6.97E-16
regulation of response to stimulus (GO:0048583) 1.92 5.56E-19 1.24E-15
response to stimulus (GO:0050896) 1.52 1.80E-18 3.53E-15
positive regulation of biological process (GO:0048518) 1.7 2.41E-18 4. 19E-15
response to stress (GO:0006950) 2.04 5.94E-18 8.46E-15
cell surface receptor signaling pathway (GO:0007166) 2.32 5.58E-18 8.74E-15
response to external biotic stimulus (GO:0043207) 3.45 7.51E-18 9.04E-15
cellular response to organic substance (GO:0071310) 2.32 4.01E-17 3.92E-14
positive regulation of cellular process (GO:0048522) 1.74 3.86E-17 4.03E-14
inflammatory response (GO:0006954) 4.69 5.28E-17 4.35E-14
negative regulation of biological process (GO:0048519) 1.75 5.20E-17 4 53E-14
B TAM vs. AM M1 vs. MO

1318
(42.4%)

downregulated GO biological process fold enrichment raw P-value false discovery rate
small molecule metabolic process (GO:0044281) 3.26 1.83E-15 2.87E-11
oxidation-reduction process (G0O:0055114) 3.94 6.60E-12 5.16E-08
cellular respiration (GO:0045333) 9.54 7.36E-10 3.84E-06
fatty acid metabolic process (GO:0006631) 6.15 2.06E-09 6.44E-06
generation of precursor metabolites and energy (GO:0006091) 5.31 2.77E-09 7.22E-06
monocarboxylic acid metabolic process (GO:0032787) 4.71 3.53E-09 7.90E-06
cellular lipid metabolic process (GO:0044255) 3.34 5.61E-09 1.10E-05
monocarboxylic acid catabolic process (GO:0072329) 10.08 3.03E-08 5.28E-05
fatty acid catabolic process (GO:0009062) 11.43 4.39E-08 6.87E-05
organophosphate metabolic process (GO:0019637) 3.08 6.06E-08 8.62E-05
lipid biosynthetic process (GO:0008610) 3.92 8.47E-08 9.47E-05
lipid metabolic process (GO:0006629) 2.85 7.45E-08 9.72E-05
respiratory electron transport chain (GO:0022904) 10.63 8.25E-08 9.93E-05
organic acid metabolic process (GO:0006082) 3.04 1.36E-07 1.25E-04
fatty acid oxidation (GO:0019395) 12.26 1.21E-07 1.27E-04

Figure 3-7: Top 15 GO terms that result from the DEG overlap between TAM vs. AM and M1 vs. M0O. Up-
regulated (A) and downregulated (B) GO biological processes according to false discovery rate of PANTHER clas-
sification system (version 11).
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A TAM vs. AM M2(IL4) vs. MO

Iupregulated GO biological process I fold enrichment raw P-value false discovery rate
cell surface receptor signaling pathway (GO:0007166) 2.69 2.21E-12 1.73E-08
response to cytokine (GO:0034097) 3.84 1.16E-11 4 53E-08
cytokine-mediated signaling pathway (GO:0019221) 4.86 2.44E-11 5.45E-08
response to stimulus (GO:0050896) 1.63 1.15E-11 5.98E-08
cellular response to cytokine stimulus (GO:0071345) 3.95 2.43E-11 6.35E-08
regulation of response to stimulus (GO:0048583) 2.08 2.27TE-11 7.10E-08
positive regulation of cellular process (GO:0048522) 1.89 8.75E-11 1.52E-07
regulation of cell killing (GO:0031341) 15.36 8.21E-11 1.61E-07
immune response (GO:0006955) 2.82 2.01E-10 3.15E-07
cell migration (GO:0016477) 3.69 1.08E-09 1.54E-06
cell communication (GO:0007154) 1.8 2.13E-09 2.38E-06
regulation of lymphocyte mediated immunity (GO:0002706) 9.91 1.89E-09 2.47E-06
locomotion (GO:0040011) 3:45 2.09E-09 2.51E-06
positive regulation of signal transduction (GO:0009967) 2.83 2.47E-09 2.58E-06
positive regulation of response to stimulus (GO:0048584) 2.42 3.06E-09 2.99E-06
B TAM vs. AM M2(IL4) vs. MO

1697
(70.1%)

downregulated GO biological process fold enrichment raw P-value false discovery rate
cell surface receptor signaling pathway (GO:0007 166) 2.82 9.53E-08 1.49E-03
positive regulation of signaling (GO:0023056) 2.95 2.10E-06 1.10E-02
positive regulation of signal transduction (GO:0009967) 3.1 1.72E-06 1.35E-02
positive regulation of intracellular signal transduction (GO:1902533) 3.59 4.76E-06 1.49E-02
signal transduction (GO:0007165) 1.91 7.30E-06 1.63E-02
cell communication (GO:0007154) 1.88 4.19E-06 1.64E-02
positive regulation of cell communication (GO:0010647) 2.84 6.95E-06 1.82E-02
cellular response to stimulus (GO:0051716) 1.72 9.46E-06 1.85E-02
signaling (GO:0023052) 1.83 1.31E-05 2.28E-02
cytokine-mediated signaling pathway (GO:0019221) 4.29 2.57E-05 2.88E-02
regulation of response to stimulus (GO:0048583) 1.97 2.39E-05 2.88E-02
regulation of intracellular signal transduction (GO:1902531) 2.67 1.85E-05 2.89E-02
regulation of JNK cascade (GO:0046328) 8.57 2.25E-05 2.94E-02
immune effector process (G0O:0002252) 3.35 2.23E-05 3.18E-02
inflammatory response (G0O:0006954) 4.9 4.35E-05 4.54E-02

Figure 3-8: Top 15 GO terms that result from the DEG overlap between TAM vs. AM and M2(1L4) vs. MO.
Upregulated (A) and downregulated (B) GO biological processes according to false discovery rate of PANTHER
classification system (version 11).
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1767
(89.7%)

No statistically significant results.

upregulated GO biological process fold enrichment raw P-value false discovery rate
regulation of response to stimulus (GO:0048583) 2.05 2.29E-08 3.59E-04
signal transduction (GO:0007165) 1.88 1.52E-07 7.94E-04
regulation of cell adhesion (GO:0030155) 4.26 3.15E-07 1.23E-03
cell surface receptor signaling pathway (GO:0007166) 2.39 4.34E-07 1.36E-03
regulation of cell proliferation (GO:0042127) 2.69 1.51E-06 1.58E-03
signaling (GO:0023052) 1.76 1.50E-06 1.68E-03
regulation of signal transduction (GO:0009966) 2:11 1.48E-06 1.79E-03
regulation of cell communication (GO:0010646) 2.06 1.16E-06 1.82E-03
regulation of signaling (GO:0023051) 2.04 1.29E-06 1.83E-03
regulation of immune response (GO:0050776) 3.23 1.43E-06 1.87E-03
response to organic substance (GO:0010033) 2.19 1.10E-06 1.92E-03
cytokine-mediated signaling pathway (G0O:0019221) 4.19 8.72E-07 1.95E-03
cellular response to stimulus (GO:0051716) 1.66 1.01E-06 1.98E-03
regulation of immune system process (GO:0002682) 2.0 2.35E-06 2.30E-03
cellular response to organic substance (GO:0071310) 2.31 2.88E-06 2.66E-03
TAM vs. AM M2(IL10) vs. MO

Figure 3-9: Top 15 GO terms that result from the DEG overlap between TAM vs. AM and M2(1L10) vs. MO.
A: Upregulated GO biological processes according to false discovery rate of PANTHER classification system (ver-
sion 11). B: Within the overlap of downregulated DEGs no statistically significant biological process could be found

according to PANTHER GO.
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A TAM vs. AM TAM-like vs. MO
B sy

upregulated GO biological process | fold enrichment raw P-value false discovery rate
cell surface receptor signaling pathway (GO:0007166) 2.74 4.89E-12 7.64E-08
regulation of response to stimulus (GO:0048583) 2.1 2.32E-10 1.81E-06
regulation of multicellular organismal process (GO:0051239) 2.39 4.83E-10 2.52E-06
cellular response to stimulus (GO:0051716) 1.7 1.05E-08 2.74E-05
signal transduction (GO:0007165) 1.87 7.40E-09 2.89E-05
regulation of response to external stimulus (GO:0032101) 3.77 3.50E-08 5.46E-05
signaling (GO:0023052) 1.79 3.15E-08 5.46E-05
cell communication (GO:0007154) 1.77 2.63E-08 5.86E-05
immune system process (GO:0002376) 2.25 6.60E-08 8.59E-05
regulation of cell differentiation (GO:0045595) 2.66 6.44E-08 9.15E-05
response to cytokine (GO:0034097) 3.27 1.34E-07 1.31E-04
cytokine-mediated signaling pathway (GO:0019221) 4.08 1.54E-07 1.42E-04
blood vessel development (GO:0001568) 4.48 4.07E-07 3.53E-04
cell migration (GO:0016477) 3.26 4. 65E-07 3.82E-04
vasculature development (GO:0001944) 428 7.63E-07 5.96E-04

B TAM vs. AM TAM-like vs. M0

1690
(68.6%)

downregulated GO biological process I fold enrichment raw P-value false discovery rate
secondary alcohol biosynthetic process (GO:1902653) 73.57 4.40E-24 6.87E-20
sterol biosynthetic process (GO:0016126) 66.07 1.87E-23 1.46E-19
cholesterol biosynthetic process (GO:0006695) 72.26 1.55E-22 8.07E-19
secondary alcohol metabolic process (GO:1902652) 30.6 5.31E-21 2.07E-17
alcohol biosynthetic process (GO:0046165) 35.1 8.66E-21 2.71E-17
sterol metabolic process (G0O:0016125) 27.59 2.87E-20 7.ATE-17
cholesterol metabolic process (GO:0008203) 30.44 7.63E-20 1.70E-16
steroid biosynthetic process (GO:0006694) 249 1.82E-17 3.55E-14
regulation of cholesterol metabolic process (GO:0090181) 44.96 4.12E-16 6.43E-13
alcohol metabolic process (GO:0006066) 13.17 8.56E-16 1.22E-12
steroid metabolic process (G0O:0008202) 14.34 1.31E-15 1.70E-12
small molecule biosynthetic process (G0:0044283) 8.19 2.43E-15 2.72E-12
organic hydroxy compound metabolic process (G0O:1901615) 9.37 6.39E-14 6.24E-11
lipid biosynthetic process (G0O:0008610) 7.2 1.84E-12 1.37E-09
lipid metabolic process (GO:0006629) 462 7.62E-12 5.17E-09

Figure 3-10: Top 15 GO terms that result from the DEG overlap between TAM vs. AM and TAM-like vs.
MO. Upregulated (A) and downregulated (B) GO biological processes according to false discovery rate of PAN-
THER classification system (version 11).
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Although the overlap of DEGs between M1 and TAMs is quite big at first glance, much bigger
than between TAM-like and TAMs, the proportion of overlapping genes is almost similar (figure
3-7 vs. 3-10). This is due to the fact that many more DEGs in total could be detected in M1 vs.
MO compared with TAM-like vs. M0. Looking at the upregulated DEGs, M1 vs. MO shared
24.4% and TAM-like vs. M0 25.4% of their genes with primary TAMs vs. AMs. For the down-
regulated genes, the proportion is even more similar: 13.6% (M1) compared with 13.4% (TAM-

like) overlapping genes with TAMSs vs. AMs.

All the results taken together indicate that stimuli from the tumor microenvironment as well as
from A549 supernatants altered signal processing and lipid metabolism of the investigated TAMSs
and TAM-like macrophages in a similar manner, although primary TAM cells share similarities
with M1 cells, too.

3.2.3 Lipid profile is strongly altered in tumor compared to surrounding lung
It is well described in the literature that tumors have an altered lipid profile compared to the
adjacent tissue (Baenke et al., 2013; Marien et al., 2015; Eggers et al., 2017)

The investigated primary TAMs and in vitro TAM-like macrophages both had a multitude of
downregulated genes associated with lipid synthesis. Some of these genes have been previously
reported to be downregulated by a lipid-rich microenvironment. Thus, the lipid composition in
adenocarcinoma and non-tumor was examined by lipidomic analyses of 29 adenocarcinoma and

22 non-tumor lung tissues.

Most of the investigated lipids (~ 70%) were strongly upregulated in tumor compared with nor-
mal lung tissue: the glycerophospholipids phosphatidylethanolamine (PE), PE-based plasmalo-
gens (PE P), PE ether (PE O), phosphatidylinositol (PI), phosphatidylcholine (PC), lyso-PC
(LPC) and PC ether (PC O) (fig. 3-11, A); the glycerolipid triacylglycerol (TG) (fig. 3-11, B);
the sphingolipids ceramide (Cer) and hexosylceramide (HexCer) (fig. 3-11, C); the sterol lipids
cholesteryl ester (CE) and free cholesterol (FC) (fig. 3-11, D). Only phosphatidylglycerol (PG),
a typical lung surfactant component, exhibited a lower abundance in tumor when compared to
lung tissue (fig. 3-11, A). In four of the 17 analyzed lipid classes, no significant difference could
be detected between tumor and lung: The glycerophospholipids phosphatidylserine (PS) and
lyso-phosphatidylcholine ether (LPC O) (fig. 3-12, A); the glycerolipid diacylglycerol (DG) (fig.
3-12, B); the sphingolipid sphingomyelin (SM) (fig. 3-12, C).
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Figure 3-11: Significantly altered lipid classes. A: The glycerophospholipids phosphatidylethanolamine (PE), PE-
based plasmalogens (PE P), PE ether (PE O), phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidyl-
choline (PC), lyso-PC (LPC) and PC ether (PC O); B: the glycerolipid triacylglycerol (TG); C: the sphingolipids
ceramide (Cer) and hexosylceramide (HexCer); D: the sterol lipids cholesteryl ester (CE) and free cholesterol (FC).
Tumor tissues = 29, lung tissues = 22. P-values were determined for each lipid class by ANOVA with post-hoc
Tukey test or Mann Whitney U test as indicated in the figure and were Benjamini-Hochberg-corrected with a false
discovery rate of 5%.
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Figure 3-12: Non-altered lipid
classes in lung tumor com-
pared to non-tumor lung tissue.
A: The glycerophospholipids
phosphatidylserine  (PS) and
lyso-phosphatidylcholine  ether
(LPC 0). B: The glycerolipid di-
acylglycerol (DG). C: The sphin-
golipid sphingomyelin (SM). Tu-
mor tissues = 29, lung tissues =
22. P-values were determined for
each lipid class by ANOVA with
post-hoc Tukey test or Mann
Whitney U test as indicated in the
figure and were Benjamini-
Hochberg-corrected with a false
discovery rate of 5%.
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3.3 Discussion

TAMs are key orchestrators of cancer-related inflammation in NSCLC and other cancer types,
and cancer cells actively guide monocyte recruitment from blood into tumor tissues to their own
advantage (Solinas et al., 2009; Burg, Heusinkveld and Burg, 2011). To target TAMs therapeu-
tically is a big challenge in present immunotherapy development, especially because contribution
of tissue-resident macrophages to tumor progression, such as AMs in lung tumor progression in
the context of the present study, is barely investigated so far (Solinas et al., 2009; Almatroodi,
McDonald and Pouniotis, 2014). We isolated TAMs and autogenic AMs from patient tissue and
discerned them on the transcriptome level using mRNA sequencing technique. The prominent
discrepancies revealed via PCA indicated fundamental differences between the TAM and the
AM transcriptome in general. Additionally, one sample set was clearly separated from the other
two. This separation could be based on the fact that the patient had a tumor with minimal regional
lymph node involvement, in contrast to the other two patients with no lymph node infestation
(Goldstraw et al., 2016). It is more likely though, that the transcriptomic differences compared
to the other two preparations was due the patient being male, whereas the other two were female.
A gender-dependent outcome of immune therapy, as well as an enrichment of immune-related
genes in NSCLC in women compared to men, is described in the literature (Araujo et al., 2016;
Pinto et al., 2018).

The genes we found to be differentially expressed in TAMSs vs. AMs corresponded to well-es-
tablished TAM properties, which assists tumor development by driving angiogenesis through
related cytokines and receptors, remodeling of extracellular matrix, and facilitating cell migration
(Martinez et al., 2008; Rivas-Fuentes et al., 2015; Conway et al., 2016). In contrast, the multitude
of downregulated, cholesterol metabolism-associated genes in TAMSs was unexpected at first, but
recent immunometabolism studies have shown that macrophage activation state and function is
related to alterations in their metabolic profile (reviewed by Geeraerts et al., 2017). The generally
decreased cholesterol metabolism suggests an excesses of cellular cholesterol, possibly due to
the lipid-enriched environment (DiMarco and Fernandez, 2015). In accordance with the latest
results from Eggers and colleagues (2017), the vast majority of investigated lipid classes in
whole-tumor tissues was clearly enhanced compared with healthy lung tissue. Therefore, an ex-
cessive uptake of cholesterol, by efferocytosis of apoptotic cells for instance, may lead to down-
regulation of not only cholesterol and fatty acid synthesis but also pro-inflammatory gene ex-
pression (Spann et al., 2012; Viaud et al., 2018), supporting an M2 phenotype. Furthermore, the

pro-inflammatory stimulus IFN has been recently shown to suppress cholesterol biosynthesis
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pathways (Robertson et al., 2016), which is a possible indication of why primary TAMSs are more
similar to M1 than to M2 in the in vitro model.

However, downregulation of SREBP2, a master regulator of lipid homeostasis, supports an anti-
inflammatory TAM bias (Guo et al., 2018). In contrast, decreased levels of the nuclear receptor
peroxisome proliferator-activated receptor gamma (PPARY) seems to rather support a pro-in-
flammatory TAM phenotype, since PPARy primes alternative macrophage activation and anti-
inflammatory properties in men and mice (Bouhlel et al., 2007; Odegaard et al., 2007; Schneider
et al., 2014). However, PPARy has an established role in lipid metabolism and is highly ex-
pressed in lung AMs (Remmerie and Scott, 2018). It is required for AM differentiation via GM-
CSF (Schneider et al., 2014), but also for the exercise of AM’s accessory function compared to
other macrophages, catabolizing surfactant (Kopf, Schneider and Nobs, 2015; Remmerie and
Scott, 2018), which is why they possess a strong lipid metabolism signature within their core
genes in general (Gautier et al., 2012; Poczobultt et al., 2016; Misharin et al., 2017). Therefore,
it is possible, that PPARG (PPARY) was not downregulated in TAMs due to any related pro-
inflammatory phenotype or functions, but compared to the physiologically high level in AMs.
AMs in healthy individuals do not neatly fit into either a strict M1 or M2 classification. An in-
crease in M2 characteristics in AMs seems to be a feature of many inflammatory lung diseases,
e.g. COPD, or exposure to cigarette smoke (Almatroodi, McDonald and Pouniotis, 2014; Hussell
and Bell, 2014). The fact that we have no information on the patients’ health status (COPD,
Asthma) or smoking behavior makes it difficult to interpret the inflammation status and pheno-
type, also in comparison with TAMs.

Furthermore, a comparison of our date to results from other groups is even more difficult, since
a majority of studies do not differentiate between NSCLC subtypes and staging (Zhang et al.,
2011) or do not take smoking, COPD, age or gender into consideration for interpretation
(Almatroodi et al., 2016). A large current study by Lavin and colleagues (2017) for example
identified tumor-driven immune changes in early lung adenocarcinoma by comparing patient’s
blood monocytes, healthy lung and tumor CD45 positive cells. They detected a distinct transcrip-
tional signature in TAMs, which indicated an immunosuppressive phenotype, using large anti-
body panels and mass cytometry, followed by single cell sequencing. For our investigations,
‘bulk” mRNA sequencing technique was used. This allows a look at the cross-section of the TAM
transcriptome instead of an isolated cell and could explain the discrepancies why only half of the
altered genes described in TAMs by Lavin et al. agree with our results.

In addition, the classification of M1/M2 markers in the literature might be misleading, at least in

case of AMs/TAMs. Looking at the abundance of currently used markers, our TAM transcription
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profile suggests am M1-like phenotype, since for instance CD163, MSR-1 (CD204), and PPARG
(PPARY) are downregulated, while CD14, CCL5, STAT4, HIF1A (HIF-1), and TLR2 are upreg-
ulated (Mantovani et al., 2004; Foey, 2012; Murray et al., 2014; Takeya and Komohara, 2016;
Zheng et al., 2017). For normal human AMs, a high expression of CD163 and CD206 is described,
though (Schneider et al., 2014; Joshi, Walter and Misharin, 2018) and they also express the often
used macrophage marker CD68. In different studies, a combination of CD68 and either CD163
or CD206 was often used to define M2-like TAMs in NSCLC (Ohri et al., 2009; Ma et al., 2010;
Zhang et al., 2011; Chung et al., 2012; Conway et al., 2016), what could have led to confusing
conclusions regarding the TAM phenotype.

In summary, besides the increased phagocytosis capacity (Lang et al., 2002), the downregulation
of cholesterol metabolism-associated genes represents the most striking difference of TAMs
compared to AMs. This was also reflected in our TAM-like in vitro model, i.e., MDMs treated
with A549 supernatant. On the other hand, our primary TAMs do not show many similarities to
either M2(1L4) or M2(IL10), but rather to M1 cells.

Nowadays, the strict classification of TAM populations within dichotomous M1 and M2 subtypes
is more and more regarded as oversimplified, and sometimes overinterpreted, as macrophages
have been described as highly plastic cells that can demonstrate a variety of phenotypes (Edin et
al., 2013; Martinez and Gordon, 2014; Almatroodi et al., 2016; Mantovani et al., 2017). Alt-
hough markers of M1 and M2 phenotypes are still used to describe and categorize the phenotype
and function of macrophages, it is meanwhile established for TAMs to have a mixed phenotype
driven by the individual TME (Qian and Pollard, 2010; Sica and Mantovani, 2012; Edin et al.,
2013; Noy and Pollard, 2015).

Furthermore, the generally decreased cholesterol metabolism suggests an excesses of cellular
cholesterol, possibly due to a lipid-enriched environment (DiMarco and Fernandez, 2015). In
accordance with the latest results from Eggers and colleagues (2017), the vast majority of inves-
tigated lipid classes in whole-tumor tissues was clearly enhanced compared with healthy lung

tissue.

For further TAM studies in NSCLC, a more detailed analysis of TME components might allow
more precise interpretations. Individual factors, such as smoking and sex, but also cancer stage

and location of TAMs within the tumor, should also be taken into account
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4. Chapter 111

Hepatic interleukin-6 production iIs main-
tained during endotoxin-tolerance and facili-
tates lipid accumulation

The following chapter has already been published as:

“Hepatic interleukin-6 production is maintained during endotoxin-tolerance and facilitates lipid
accumulation”. Anna Dembek™*, Stephan Laggai*, Sonja M. Kessler, Beate Czepukojc, Yvette
Simon, Alexandra K. Kiemer and Jessica Hoppstédter (2017) Immunobiology; 222, pp. 786-796.
doi: 10.1016/j.imbi0.2017.01.003.

*Equal contribution
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4.1 Abstract

Gut-derived bacterial endotoxins, such as lipopolysaccharide (LPS), contribute to the pathogen-
esis of steatosis and steatohepatitis by activating Kupffer cells, the resident liver macrophages.
Exposure of macrophages to low doses of LPS causes hyporesponsiveness upon subsequent en-
dotoxin challenge, a phenomenon termed endotoxin or LPS tolerance. In the present study, we

aimed to examine whether LPS-induced lipid accumulation is affected by endotoxin tolerance.

LPS pretreatment reduced the expression of pro-inflammatory mediators upon subsequent high-
dose LPS treatment in murine livers. Total lipid and lipid class analysis indicated that LPS-in-
duced lipid accumulation was not affected by endotoxin tolerance, although it was dependent on
the presence of Kupffer cells. Analysis of the expression of lipogenic genes revealed that sterol
regulatory element binding transcription factor 1 (Srebfl) and its target elongation of very long
chain fatty acids-6 (Elovl6) were upregulated upon LPS administration in livers from LPS-
tolerant and non-tolerant mice, whereas the expression of peroxisome proliferator-activated
receptor-a. (Ppara), a key inducer of lipid degradation, was decreased. Neither Interleukin (IL)-
6 expression nor the activation of its downstream effector signal transducer and activator of tran-
scription (STAT) 3 were suppressed in liver tissues of LPS-tolerized mice. In vitro experiments
confirmed that recombinant or macrophage-derived IL-6 was a potent activator of the lipogenic
factor STAT3 in hepatocytes. Accordingly, IL-6 treatment led to increased lipid levels in this
cell type.

In summary, our data show that endotoxin tolerance does not influence LPS-induced hepatic lipid

accumulation and suggest that 1L-6 drives hepatic lipid storage.
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4.2 Introduction

Over the last decades, a lifestyle shift in Western societies has led to massively increased obesity
rates (Swinburn et al., 2011). Obesity and diabetes mellitus are the key features of the metabolic
syndrome, which strongly correlates with the development of non-alcoholic fatty liver disease
(NAFLD) (Browning et al., 2004; Adams, Angulo and Lindor, 2005; de Alwis and Day, 2008;
Bellentani et al., 2010).

With an estimated prevalence of 20-35% in the adult population in Western countries, NAFLD
has been predicted to become the most common cause for liver transplantations by the year 2030
(Byrne and Targher, 2015; Sayiner et al., 2016). The pathogenesis of NAFLD is widely believed
to start with simple steatosis, which is characterized by excessive hepatic lipid accumulation
(Angulo, 2002; Adams, Angulo and Lindor, 2005). The progression from steatosis to advanced
inflammatory states, such as alcoholic steatohepatitis (ASH) or non-alcoholic steatohepatitis
(NASH), is mediated by the release of inflammatory cytokines (Day, 2010). Both ASH and
NASH can further progress to hepatic cirrhosis and may finally result in the development of
hepatocellular carcinoma (HCC) (Adams et al., 2009; Ascha et al., 2010; Fabbrini, Sullivan and
Klein, 2010).

Chronic alcohol consumption associated with ASH as well as high-caloric food intake resulting
in NASH have been reported to increase the permeability of the intestinal barrier for bacteria and
microbial products, such as lipopolysaccharides (LPS), an effect referred to as the leaky gut
syndrome (Bode, Kugler and Bode, 1987; Nanji et al., 1993; Enomoto et al., 1998; Bode and
Bode, 2003; Amar et al., 2008). LPS exposure elicits strong immune responses by activation of
Toll-like receptor 4 (TLR4). Interestingly, TLR4 knockout animals were protected from
steatohepatitis in a methionin cholin-deficient (MCD) or high-fat diet (HFD) mouse model, two
common models that exhibit signs of liver injury similar to human NASH (Rivera et al., 2007,
Csaketal., 2011; Lietal., 2011). TLR4 has also been suggested to play a role in the pathogenesis
of ASH (Uesugi et al., 2001), and a recently published report demonstrated that progression from
steatohepatitis to HCC was linked to TLR4 expression in macrophages (Miura et al., 2016).

Kupffer cells are the resident liver macrophages, the main source of TLR4 in the liver (Fisher et
al., 2013), and have been implicated in the regulation of the hepatic lipid content and composition
in a NASH mouse model (Kessler et al., 2014). In chronic or acute liver diseases, Kupffer cells
can be activated either via pathogen-associated or damage- associated molecular patterns
(PAMPs / DAMPs). Upon stimulation, they secrete pro-inflammatory mediators, such as inter-
leukin (IL)-6, IL-1pB, and tumor necrosis factor (TNF)-o (Park et al., 2010; Ganz and Szabo,
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2013). Permanent exposure of monocytes and macrophages to even low doses of endotoxins,
such as LPS, leads to a state of hyporesponsiveness, a phenomenon termed LPS or endotoxin
tolerance. LPS-tolerant macrophages are characterized by the lack of pro-inflammatory mediator
production after re-stimulation with LPS. In contrast, the production of anti-inflammatory medi-
ators, such as IL-10 or glucocorticoid-induced leucine zipper (GILZ), can even be enhanced
(Biswas and Lopez-Collazo, 2009; Pena et al., 2011; Bohannon et al., 2013; Hoppstéadter and
Kiemer, 2015; Hoppstadter, Kessler, et al., 2015).

Since macrophages are the central mediators of inflammation and have also been suggested to
play a vital role in lipid homeostasis, we aimed to examine whether endotoxin tolerance

influences hepatic lipid accumulation.
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4.3 Results

4.3.1 Total lipids and distinct lipid classes are elevated in livers of endotoxin-tolerant
animals

To study the impact of endotoxin tolerance on hepatic metabolism, we analyzed the total lipid
content in liver tissues from endotoxin-tolerant animals and compared them to non-tolerant liv-
ers. Interestingly, the total hepatic lipid content was elevated in the non-tolerant as well as in the
tolerant group after high dose LPS administration (fig. 4-1, A). Analysis of the lipid composition
revealed an increase of all lipid classes that were detectable in these tissues, except for cholesteryl
esters (fig. 4-1, B-G). When we determined the phosphatidylcholine/phosphatidylethanolamine
(PC/PE) ratio (fig. 4-1, H), which has been shown to decline during the progression from simple
steatosis to steatohepatitis (Li et al., 2006), we observed a reduction in livers of both non-tolerant

and tolerant LPS-treated animals.
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4.3.2 Regulation of lipogenic genes in the endotoxin tolerance model

Lipogenesis is mainly orchestrated by two major regulatory transcription factors for lipid syn-
thesis, i.e. sterol regulatory element-binding transcription factor 1 (SREBF-1; sterol-dependent)
and MLX-interacting protein-like (MLXIPL, also known as carbohydrate-responsive element-
binding protein; carbohydrate-dependent) (Musso, Gambino and Cassader, 2009). On the other
hand, peroxisome proliferator-activated receptor (PPAR)-a represents a key inducer of lipid deg-
radation (Lefebvre et al., 2006). Srebfl and elongation of very long chain fatty acids-6 (Elovl6),
the direct target of SREBF-1 (Kumadaki et al., 2008), were upregulated in the livers of
endotoxin-tolerant mice as well as in non-tolerant livers after LPS treatment (fig. 4-2, A and B).
Hepatic Ppara mRNA expression was downregulated in LPS-treated non-tolerant as well as tol-
erant mice (fig. 4-2, C), whereas MIxipl mRNA levels were not modified by LPS administration
(fig. 4-2, D). These data suggest that LPS affects lipid homeostasis by modulating the expression
of lipogenic and lipid degrading enzymes.
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Figure 4-2 - Hepatic expression of lipogenic genes in the endotoxin tolerance model. A-D: Real-time RT-PCR
analysis of Srebfl (A), Elovl6 (B), Ppara (C) and Mixipl (D) in livers of non-tolerant or tolerant animals treated
with high-dose LPS or vehicle. MRNA expression levels were normalized to non-tolerant Co (n = 10). P-values were
calculated in comparison with non-tolerant Co (Mann Whitney U test).

4.3.3 Kupffer cell depletion by clodronate liposomes and its impact on hepatic lipid
composition

Kupffer cell-derived pro-inflammatory mediators, such as IL-6, IL-1p und TNF-a, can promote
the development of steatosis and steatohepatitis (Park et al., 2010; Ganz and Szabo, 2013; Tilg,
Moschen and Szabo, 2016). Thus, we hypothesized that the lipogenic effect of LPS might depend
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on the presence of Kupffer cells. To test this assumption, we injected mice with clodronate lipo-
somes, which specifically and potently deplete liver macrophages (Van Rooijen and Sanders,
1996).

Macrophage depletion was confirmed by the diminished expression of the murine macrophage
marker F4/80 (Emr1) in livers of clodronate liposome-treated animals (fig. 4-3, A and B). Lipid
class analysis showed that three out of six lipid classes, namely cholesterol, ceramides, and phos-
phatidylcholine, were significantly decreased in the livers of Kupffer cell-depleted LPS-treated
animals when compared with LPS-injected controls (fig. 4-3, C). Triglycerides and phosphati-
dylethanolamine also tended to be downregulated, whereas the cholesteryl ester content seemed
unchanged (fig. 4-3, C).
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Figure 4-3: Kupffer cell depletion by clodronate liposomes and its impact on lipid composition. A, B: Confir-
mation of Kupffer cell depletion by clodronate liposomes (Clo) compared with PBS liposomes (PBS) (h = 9-10). A:
Real-time RT-PCR analysis of Emrl (F4/80) mRNA expression. Data are presented as x-fold PBS controls, and p-
values were generated in comparison with PBS controls (Mann Whitney U test). B: Immunohistochemical staining
against Kupffer cell marker F4/80 in liver tissues of animals treated with sham or Clo liposomes (original magnifi-
cation 200x). C: Mice were either treated with Clo liposomes or sham, followed by LPS (n = 5-6), and TLC analysis
of distinct lipid classes present in liver tissue was performed. Data are presented as x-fold levels of naive animals,
and p-values were calculated compared with non-depleted controls (t-test). CE: cholesteryl ester, TG: triglycerides,
CH: cholesterol, CER: ceramides, PE: phosphatidylethanolamine, PC: phosphatidylcholine.

Since clodronate treatment also efficiently abrogated the LPS-induced hepatic expression of Tnf,
[11b, and 116 mMRNA (fig. 4-4, A-C), an involvement of Kupffer cell-derived cytokines in the
lipogenic effect of LPS was suggested.
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Figure 4-4: The impact of Kupffer cell depletion on the expression of inflammatory cytokines. Real-time RT-
PCR analysis of Tnf (A), 1l1b (B), and 116 (C) mRNA expression in livers of animals treated with PBS (PBS) or
clodronate (Clo) liposomes, followed by LPS administration (h = 5-10). P-values were calculated in comparison
with PBS controls (Mann Whitney U test).

4.3.4 Crosslink between Kupffer cell-derived cytokines and lipogenesis in endotoxin
tolerance

Next, we wondered whether the changes in total lipid content and lipid composition in the endo-
toxin tolerance model might depend on lipogenic cytokines secreted by Kupffer cells. Hepatic
116 mRNA levels were increased when animals were treated with high dose LPS (fig. 4-5, A).
Interestingly, LPS-induced 116 mRNA upregulation was also observed in the livers of LPS-toler-
ized mice (fig. 4-5, A and B).

In contrast, the pro-inflammatory factors Tnf, 111b, Cxcl10, 1112b, and Nos2 showed a lower ex-
pression in liver tissues of LPS-treated endotoxin-tolerant mice when compared with their non-
tolerant littermates, whereas the induction of the anti-inflammatory marker genes Argl and 1110
was not repressed (fig. 4-5, B and data not shown) (Hoppstéadter, Kessler, et al., 2015). Moreover,
TNF-a serum levels were reduced in tolerized animals, whereas IL-6 levels were not (fig. 4-5,
C). In line with these findings, signal transducer and activator of transcription 3 (STAT3), a direct
target of 1L-6, was equally activated in livers of LPS-treated tolerant and non-tolerant animals,
as shown by Western blot analysis (fig. 4-5, D and E).

To test the hypothesis that IL-6 facilitates the cross-talk between Kupffer cells and hepatocytes,
HepG2 cells were incubated with recombinant IL-6 for up to 60 minutes. IL-6 treatment effi-
ciently activated STATS3 in hepatocytes, whereas LPS did not (fig. 4-6, A and B). Next, we em-
ployed macrophage-conditioned medium (MCM) of non-tolerant and tolerant human monocyte-
derived macrophages. LPS tolerance in macrophages was confirmed by gPCR analysis. The ex-
pression of TNF and CXCL10 mRNA upon LPS exposure was strongly reduced in LPS-tolerant
macrophages, whereas no difference between naive and tolerant cells regarding IL6 mMRNA lev-
els could be detected (fig. 4-6, C).
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Figure 4-5: Hepatic inflammatory cytokine expression in the endotoxin tolerance model. A, B: Real-time RT-
PCR analysis of liver tissue of non-tolerant or tolerant animals treated with high-dose LPS (LPS) or vehicle (Co) (n
=10-12). A: 116 mRNA expression shown as x-fold of non-tolerant Co. p-values were calculated in comparison with
non-tolerant Co (Mann Whitney U test). B: Tnf, 111b, Cxcl10, Nos2, 1112b, and 116 mRNA expression normalized to
values for non-tolerant LPS-treated mice (set as 100%). 116 mMRNA expression values are taken from data shown in
Figure 4-4, C. Tnf and 1l11b data were taken from (Hoppstédter et al., 2015). P-values were generated in comparison
with non-tolerant LPS-treated mice (Mann Whitney U test). C: LPS-induced serum cytokine levels in non-tolerant
and LPS-tolerant mice (n = 6-8) were determined by ELISA. P-values were generated by Mann Whitney U test. D,
E: Western blot analysis of STAT3 phosphorylation in liver tissues of sham- and LPS-treated tolerant and non-
tolerant mice. D: One representative result is shown. E: pSTAT3 signal intensities were quantified and normalized
to values for total STAT3 (t-test). Data are presented as x-fold of non-tolerant Co (n = 3).

Treatment of HepG2 cells with MCM from LPS-treated tolerant as well as non-tolerant cells
resulted in a significant STAT3 activation (fig. 4-6, D and E). This effect was blocked by prein-
cubation of MCM with an anti-1L-6 antibody, showing that MCM-induced STATS3 activation in
hepatocytes was dependent on macrophage-derived IL-6. To examine whether IL-6 indeed pro-
motes lipogenesis, we incubated HepG2 cells with recombinant IL-6 and determined their lipid

content. The lipogenic growth-factor IGF2 served as a positive control (supp. fig. 1) (Laggai et
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al., 2014). The amount of triglycerides, cholesteryl esters, phosphatidylcholine, and phosphati-
dylethanolamine was indeed significantly increased upon IL-6 exposure, and cholesterol levels
showed a similar tendency (fig. 4-6, F).

Taken together, these data suggest that lipogenic IL-6 is not affected by LPS tolerance and is

therefore involved in the development of steatosis in the endotoxin tolerance model.
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Figure 4-6: Hepatocyte activation by IL-6. A, B: HepG2 cells were treated with recombinant IL-6 (20 ng/ml) for
up to 60 min or LPS (1 pg/ml) for 30 min. The ratio of pSTAT3 to total STAT3 was analyzed by Western blot. A:
One representative blot is shown. B: pSTAT3 signal intensities were quantified and normalized to total STAT3
expression. Data are presented as x-fold of 0 min values (n = 3, duplicates), and p-values were calculated in com-
parison with 0’ (t-test). C: Real-time RT-PCR analysis for TNF, CXCL10 and IL6 mRNA expression in non-tolerant
or LPS-tolerant human macrophages treated with high-dose LPS (n = 3, duplicates). Values for non-tolerant LPS-
treated cells were set to 100%. P-values were calculated in comparison with non-tolerant LPS-treated macrophages
(Mann Whitney U test). D, E: Macrophage-conditioned medium (MCM) of untreated (Co) and LPS-treated tolerant
(tol) and non-tolerant (non-tol) macrophages were collected. MCM samples were either left untreated (un) or incu-
bated for 30 min at 37°C with a control antibody (CoAb, 1 pg//ml) or a neutralizing antibody against IL-6 (a-1L6Ab,
1 pg/ml). Subsequently, MCM was added to HepG2 cells, and STATS3 activation was assessed by Western blot. D:
One representative result is shown. E: Signal intensities were quantified, and the pSTAT3/total STAT3 ratio was
expressed as x-fold of untreated Co MCM (n = 2, duplicates, t-test). F: HepG2 cells were treated with recombinant
IL-6 (20 ng/ml, 72 h), and lipid class analysis by TLC was performed (n = 6, duplicates). Data are expressed as x-
fold of untreated cells, and p-values were generated in comparison with untreated controls (Mann Whitney U test).

CE: cholesteryl ester, TG: triglycerides, CH: cholesterol, PE: phosphatidylethanolamine, PC: phosphatidylcholine.
Ceramides were below detection limit.
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4.4 Discussion

Translocation of gut bacteria and bacterial components into the liver has been shown to promote
chronic liver disease (Schnabl, 2013). In fact, increased levels of LPS in the portal or systemic
circulation have been found in both ASH and NASH, probably due to an impaired gut epithelial
integrity (Bode, Kugler and Bode, 1987; Nanji et al., 1993; Enomoto et al., 1998; Bode and Bode,
2003; Amar et al., 2008).

Persistent innate immune activation by LPS usually suppresses pro-inflammatory innate immune
responses, as observed in advanced sepsis or chronic infections (Biswas and Lopez-Collazo,
2009; Collins and Carmody, 2015). However, reports on the effect of LPS tolerance on IL-6
expression in macrophages and other myeloid cells are not consistent. These discrepancies might
be related to the purity, type, and dose of LPS (Huber et al., 2006; Rutledge et al., 2012; Pupo et
al., 2013; Biedron, Perun and Jozefowski, 2016). LPS lacking the O-antigen is called rough LPS
(R-LPS), as opposed to O-antigen-containing smooth LPS (S-LPS). R- and S-LPS have been
often indiscriminately used in the literature. However, recent reports have revealed that different
LPS chemotypes might differ in their stimulatory potential, most likely as the result of differential
receptor usage (Huber et al., 2006; Pupo et al., 2013; Biedron, Perun and Jézefowski, 2016). It
was recently shown that the dose—response of a natural LPS mixture obtained from E. coli 0111
resembled the response to R-LPS fractions (Pupo et al., 2013), which supports earlier findings
that short-chain forms of LPS dominate the innate immune response of macrophages to LPS in
vitro (Huber et al., 2006). Therefore, we used R-LPS for all our studies.

Whereas IL-6 expression upon re-stimulation with LPS was abrogated in some in vitro settings
in LPS-tolerized cells (Collins and Carmody, 2015), other studies suggested that LPS tolerance
does not affect 1L-6 induction, thereby supporting our findings obtained both in vivo and in pri-
mary human macrophages. Concordantly, primary rat Kupffer cells obtained from LPS-tolerant
rats expressed high levels of 1L-6 upon in vitro re-stimulation, whereas TNF-a production was
repressed (Hafenrichter et al., 1994). In addition, TNF-a., but not IL-6, was induced to a signifi-
cantly lower degree after LPS treatment in liver and lung of endotoxin-tolerant rats when com-
pared with non-tolerant controls (Flohé et al., 1999). Another study reported that endotoxin
tolerance reduced mortality caused by hemorrhagic shock, which was associated with decreased

hepatic TNF-a production, but increased IL-6 levels (Ackermann et al., 2001).

IL-6 represents a pleiotropic cytokine that can exert pro- as well as anti-inflammatory actions
(Opal and DePalo, 2000). Pretreatment of murine bone marrow-derived macrophages with 1L-6

led to attenuated LPS-induced expression of multiple pro-inflammatory genes, including Tnf and
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Nos2 (Mauer et al., 2014). In accordance, in vivo differentiated human macrophages showing
rather regulatory properties express substantially higher levels of IL-6 than inflammatory mac-

rophages (Hoppstadter et al., 2010).

Inactivation of the IL-6 receptor in myeloid cells resulted in increased susceptibility to LPS-
induced endotoxemia in an in vivo mouse model, suggesting that IL-6 may, in fact, limit innate
pro-inflammatory responses (Mauer et al., 2014). Of note, high fat diet-induced TNF-a produc-
tion was reported to be higher in IL-6 knockout mice when compared with their wild-type coun-
terparts (Vida et al., 2015).

In general, plasma IL-6 levels correlate with obesity and the metabolic syndrome (Bastard et al.,
2000; Glund and Krook, 2008). IL-6 expression has also been reported to be markedly increased
in the livers of NASH patients as compared with patients with simple steatosis or normal biop-
sies, suggesting that increased hepatic I1L-6 production plays a significant role in NASH devel-
opment (Wieckowska et al., 2008).

Interestingly, subjecting NASH patients to a therapy including low-fat diet and exercise not only
resulted in an improvement regarding liver enzymes, cholesterol, and plasma hyaluronic acid
levels, but also in decreased IL-6 levels, whereas other cytokines that were chronically elevated

in these patients, such as TNF-a, were not affected (Kugelmas et al., 2003).

The low-grade inflammatory response induced by obesity may not only be involved in NASH
progression, but also in tumor promotion. Enhanced expression of both IL-6 and TNF-a has been
shown to contribute to obesity-promoted HCC development in a mouse model (Park et al., 2010).
The same study demonstrated that depletion of either IL-6 or the TNF receptor reduced fat accu-
mulation in livers of high fat diet-fed mice. Our observations suggest that Kupffer cell-derived
IL-6, rather than TNF-a, may be involved in hepatic lipid accumulation upon repeated LPS ex-
posure, since, unlike TNF-a, neither IL-6 expression nor the hepatic lipid content was signifi-
cantly affected by endotoxin tolerance. Both IL-6 receptor subunits, i.e. IL6-R and the signal
transduction subunit gp130, are expressed on murine hepatocytes (Klein et al., 2005), and studies
with primary rat hepatocytes indeed suggested a direct involvement of IL-6, but not TNF-q, in
hepatic lipid accumulation (Brass and Vetter, 1994, 1995). In our hands, IL-6 potently activated
STAT3 and caused lipid accumulation in hepatocytes. STAT3 phosphorylation leads to its trans-
location into the nucleus and the transcription of respective target genes, including genes in-

volved in lipogenesis (Kinoshita et al., 2008; Vida et al., 2015).
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Sterol regulatory element-binding proteins (SREBPs) are key transcription factors that regulate
genes involved in de novo lipid synthesis (Ruiz et al., 2014). SREBP-1c (SREBF1) is the pre-
dominant SREBP isoform in murine livers, and its depletion has been shown to attenuate fatty
liver development in obese mice (Yahagi et al., 2002). Interestingly, treatment of HepG2 hepa-
toma cells with IL-6 has been shown to result in an activation of both SREBF-1 and -2, as indi-
cated by increased binding to sterol responsive elements (SREs) (Gierens et al., 2000). We ob-
served that Srebfl was induced in livers of LPS-treated endotoxin-tolerant mice and tended to be
upregulated in non-tolerant mice upon LPS challenge. The significant induction of the lipogenic
SREBF-1 target gene Elovl6 (Kumadaki et al., 2008) in liver tissues of LPS-tolerized and sham-
treated mice further confirmed an activation of SREBF1 upon LPS administration in our setting.
ELOVL-6 itself catalyzes the elongation of C16 to C18 fatty acids (Matsuzaka et al., 2007), is
lipogenic (Laggai et al., 2014), and has been shown to promote NASH development (Matsuzaka
et al., 2012; Muir et al., 2013; Kessler et al., 2014). Not only the amount of total hepatic fatty
acids but also the C18/C16 ratio has been shown to be increased in a model of NASH, which was
not observed in a model of simple steatosis. Depletion of Kupffer cells abrogated both quantita-
tive and qualitative NASH-associated alterations in hepatic lipids (Kessler et al., 2014), suggest-

ing that Kupffer cell-derived mediators, such as IL-6, are involved in this process.

Furthermore, we observed that Ppara expression was reduced upon LPS-treatment, which was
not affected by LPS-tolerance. Interestingly, this effect has previously been associated with he-
patic IL-6 expression (Chew et al., 2014). PPAR-a is a member of the nuclear hormone receptor
family of transcription factors, which can be activated by unsaturated fatty acids and their deriv-
atives. PPAR-a is expressed in the liver, heart, skeletal muscle, and brown adipose tissue, where
it regulates genes that control mitochondrial and peroxisomal fatty acid oxidation, fatty acid
transport, and hepatic glucose production (Pawlak, Lefebvre and Staels, 2015). Thus, PPAR-a

downregulation may contribute to excess lipid deposition in the liver upon LPS exposure.

Lipid class analysis indicated that LPS enhanced the accumulation of a wide range of lipids,
which have also been reported to be elevated in NAFLD, including triglycerides, cholesterol, and
ceramides. As both cholesterol and ceramides exert cytotoxic effects (Arora et al., 1997; Tabas,
2002), their abundance may aggravate liver damage and inflammatory responses. In addition,
both phosphatidylcholine (PC) and phosphatidylethanolamine (PE) levels were increased in the
livers of LPS-treated naive and endotoxin-tolerant animals, as observed in other steatosis models
(Kessler et al., 2016), whereas the PC/PE ratio decreased. This effect was also observed in liver
biopsies of NASH patients when compared with healthy subjects and has been suggested as a
marker for the progression from steatosis to steatohepatitis (Li et al., 2006).
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In conclusion, our data indicate that endotoxin tolerance does not influence LPS-induced hepatic
lipid accumulation, although the effect requires the presence of Kupffer cells. Our results fur-
thermore suggest that Kupffer cell-derived IL-6 production is not abrogated by LPS tolerance

and may drive hepatic lipid storage.
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4.5 Supplement
The lipogenic growth-factor IGF2 served as a positive control for lipogenesis promotion (Sup-

plemental Figure 1):

2.5 - p=0.002p=0.0007 p=0.001 p=00002p = 0.003

2.0: T T T

T

x-fold lipids

Co CE TG CH PE PC
IGF2

Supplemental Figure 1: Lipid levels in HepG2 cells after IGF2 treatment. HepG2 cells were treated with recombi-
nant IGF2 (75 ng/ml, 72 h), and lipid class analysis by TLC was performed (n = 6, duplicates). Data are expressed
as x-fold of untreated cells (Co), and p-values were generated in comparison with untreated controls (Mann Whitney
U test). CE: cholesteryl ester, TG: triglycerides, CH: cholesterol, PE: phosphatidylethanolamine, PC: phosphatidyl-
choline.
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5. Material and Methods

5.1 Material

5.1.1 General Material

Cell culture medium RPMI 1640, FCS, penicillin, streptomycin, glutamine, Trypsin-EDTA and
Accutase® as well as the MMP activator 4-aminophenylmercuric acetate (APMA, # 9563) and
dexamethasone (# D4902) were purchased from Sigma-Aldrich (now Merck, Darmstadt, Ger-
many). QIlAzol Lysis Reagent was obtained from Qiagen (# 79306, Hilden, Germany). LPS
(LPS-EK ultrapure from E. coli K12, # tIrl-peklps) and Pam3zCSKj (# tirl-pms) for in vitro stud-
ies, the neutralizing antibody against human IL-6 (# mabg-hil6-3, [3H3]) and the matching IgG1
control (# mabgl-ctrim, [T8E5]) as well as the selective antibiotics Hygromycin B (#ant-hg-1)
and Zeocin™ (#ant-zn-1) were from InvivoGen (San Diego, USA). TE buffer and molecular
water for RNA analysis were from AppliChem (Darmstadt, Germany). Recombinant human IL-
6 was from Miltenyi Biotech (# 130-095-352, premium grade, Bergisch Gladbach, Germany).
Other chemicals were purchased from either Sigma-Aldrich (now Merck, Darmstadt, Germany),
Carl Roth (Karlsruhe, Germany) or VWR (Radnor, USA) unless otherwise noted.

5.1.2 General buffers
PBS: 137 mM NaCl, 2.7 mM KCI, 10.1 mM NazHPO3, 1.8 mM KH2PO4; pH 7.4

RIPA: 150 mM NaCl, 50 mM Tris (pH 8.0), 1% NP-40, 0.1% SDS, 0.5% Na-Desoxycholate

5.2 Mice

Mice were housed in a 12/12 h light/dark cycle with food and water ad libitum under stable
conditions regarding temperature and humidity. For tolerance experiments and Kupffer cell de-

pletion, mice were treated as described previously (Hoppstéadter et al. 2015; Kessler et al. 2014).

All animal procedures were performed in accordance with the local animal welfare committee
(permission no. 34/2010 and 35/2013; Landesamt fur Soziales, Gesundheit und Ver-

braucherschutz Saarland).
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5.3 Human lung and lung-tumor tissue

Human non-tumor lung tissue or the autogenic tumor tissue has been obtained from patients un-
dergoing lung resection (SHG Kliniken Vélklingen, Germany). The use of human material was
reviewed and approved by the local ethics committee (State Medical Board of Registration, Saar-
land, Germany; permission no. 213/06). The informed consent of all participating subjects was

obtained. The following tissues were utilized for mMRNA sequencing experiments (5.8):

Gender Age (years) | Tumor stage
male 70 T2aN1

female 74 T1aNO

female 75 pT2apNO

5.4 Cell culture
All cells were cultivated at 37°C and 5% CO..

5.4.1 Human alveolar macrophages (AMs) and tumor-associated macrophages (TAMS)
AMs and TAMs were isolated from human lung tissue or the autogenic lung-tumor tissue ob-
tained from patients undergoing lung resection (see chapter 5.3).

A schematic workflow for the isolation is shown in figure 5-1. For TAM isolation, tumor tissue
was manually cut into small pieces. Pieces were enzymatically digested using a commercially
available enzyme mix optimized for the digestion of human tumors (human tumor dissociation
kit, # 130-095-929, Miltenyi Biotec, Bergisch Gladbach, Germany). Additionally, mechanical
dissociation was performed before and during the digestion procedure in C Tubes (# 130-093-
237, Miltenyi Biotec) using the gentleMACS Octo Dissociator (Miltenyi Biotec) according to
the manufacturer’s instructions. Cells were washed, resuspended in RPMI 1640 medium without
any supplements and incubated for 0.5 h in a T175 flask. Adherent cells were thoroughly washed
with PBS to remove non-adherent cells, such as fibroblasts or erythrocytes, and further cultivated
in AM/TAM medium. On the next day, TAMs were detached with accutase, and cultivated at a
density of 0.5 x 10° cells per well in a 12-well plate overnight before used for further experiments.
Morphology was checked with an Axiovert40 CFL microscope (Carl Zeiss, Oberkochen, Ger-
many) and pictures were taken with a Canon DS126151 camera.

AM isolation was performed according to a previously described method (Hoppstadter et al.,

2010, 2012) with minor modifications. After visible bronchi were removed, the lung tissue was
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chopped and washed with 100-200 ml PBS. Washing buffer was collected and AMs were ob-
tained by centrifugation. Remaining erythrocytes were lysed by quickly resuspending the pellet
in autoclaved water, followed by immediate washing with PBS and centrifugation. The obtained
cell pellet was mock-digested by treatment with the same enzyme mix and mechanical dissocia-

tion as used for the tumor tissue, and AM cells were seeded as described for TAMSs.

AM/TAM medium: RPMI 1640, 5% FCS, 100 U/ml penicillin G, 100 pg/ml streptomycin, 2 mM

glutamine

oo

lung tissue

}

washing buffer with AM

\

tumor tissue

/

digestion & dissociation

AM TAM

Figure 5-1: Schematic workflow for the isolation of AM and TAM single cell suspensions from human tissue. Lung
illustration was obtained and modified from Servier Medical Art by Servier, https://smart.servier.com/, licensed
under Creative Commons Attribution 3.0 Unported License, http://creativecommons.org/licenses/by/3.0/. Picture of
MACS dissociator was obtained from the https://www.miltenyibiotec.com/ homepage.

5.4.2 Human monocyte-derived macrophages (MDM)
Buffy coats were obtained from healthy adult blood donors (Blood Donation Center, Klinikum
Saarbriicken, Germany). The use of human material for the isolation of primary cells was ap-

proved by the local ethics committee (permission no. 130/08).

Monocytes were isolated from buffy coats by density gradient centrifugation using Lymphocyte
Separation Medium 1077 (# C-44010, PromoCell, Heidelberg, Germany) and LeucoSEP tubes
(# 227290, Greiner Bio-One, Kremsmudinster, Austria). In brief, 15 ml separation medium and
35 ml donor blood were given into one LeucoSEP tube and spun for 30 min at 300 x g without
break to maintain the gradient, 4 tubes in total per donor. Upper plasma phase was discarded and
the white peripheral blood mononuclear cell (PBMC) ring was transferred into a new falcon tube.

After washing with PBS, monocytes were purified from the PBMC fraction by magnetic cell
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sorting using anti-CD14 microbeads (# 130-050-201, Miltenyi Biotec, Bergisch Gladbach, Ger-
many) and LS Columns (# 130-042-401, Miltenyi Biotec) according to the manufacturer’s in-
structions, except that only 10% of the recommended bead amount was used (Stogbauer et al.,
2008). Monocyte purity was > 95% as assessed by CD14 expression (diploma thesis Daniela
Oster, 2015). Finally, monocytes were seeded into a 12-well plate in a density of 0.5 x 10°
cells/well. They were differentiated into macrophages in medium containing 20 ng/ml M-CSF

(MDM medium) for 6-7 d with medium exchange every other day.

MDM medium: RPMI 1640 with 10% FCS, 100 U/ml penicillin G, 100 mg/ml streptomycin,
2 mM glutamine and 20 ng/ml M-CSF

For TAM-like model in chapter II:
Due to the limited number of primary TAMs, we established an in vitro TAM-like macrophage
model on the basis of Edin et al. (2013). Differentiated MDMs were polarized for 24 h in MDM

medium plus treatment as follows:

e 100 ng/ml LPS + 20 ng/ml IFN-y -> M1
e 20 ng/ml IL-4 -> M2(IL4)
e 20 ng/ml IL-10 - M2(1L10)

o tumor cell conditioned medium (see 5.4.4) + 20 ng/ml M-CSF - TAM-like

All cytokines were obtained from Miltenyi Biotec (Bergisch Gladbach, Germany): Human M-
CSF, premium grade (#130-096-489), Human IFN-y1b, premium grade (#130-096-481), Human
IL-10, research grade (#130-093-947), Human IL-4, premium grade (#130-093-919).

For endotoxin tolerance in chapter 111:

To induce endotoxin tolerance, MDM were treated with 100 ng/ml LPS or medium only. After
24 h, supernatant was removed and fresh medium with or without LPS (1 pug/ml) was added for
another 4 h. Subsequently, cells were harvested for gqPCR analysis. Supernatants were pooled

and stored at —80°C until further use.
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5.4.3 Human umbilical vein endothelial cells (HUVECS)

HUVECs are primary cells obtained by isolation of human umbilical veins. The umbilical cords
were provided by the Klinikum Saarbriicken (Saarbriicken, Germany; ethics committee permis-
sion no. 131/08). Preparation and cultivation of cells as previously described was performed by
Theo RanBweiler (Diesel et al., 2012). For all experimental procedures HUVEC cell were used
in passage three. Cells were detached by Trypsin-EDTA, seeded at a density of 1 x 10° cells per
well in a 24-well plate and incubated overnight before further treatment.

HUVEC medium: Endothelial Cell Growth Medium (# C-22010, PromoCell, Heidelberg, Ger-
many) with supplement mix (# C-39215, PromocCell), penicillin 100 U/ml, streptomycin
100 mg/ml, kanamycin 50 mg/ml, and 10% FCS.

5.4.4 Cell lines (THP-1, A549, HepG2, HEK-Dual™ hTLR2)

THP-1 is a human leukemic monocytic cell line that grows in suspension. After treatment with
phorbol-12-myristat-13-acetat (PMA) cells differentiate into macrophage-like cells and adhere.
Here, cells were differentiated with 100 nM PMA (# 524400, Calbiochem/Merck-Millipore,
Darmstadt, Germany) for 48 h.

A549 is a human adenocarcinomic type Il pulmonary epithelial cell line and therefore a common
model for in vitro NSCLC studies. In this work, A549 cells were used to generate tumor cell
conditioned medium (TCM) for the TAM-like macrophage model. In detail, 1 x 106 cells were
seeded in a T75 culture flask for 3 d, until 90% confluency was reached. Supernatant was dis-
carded and fresh medium was added to the cells. After 48 h medium was collected and sterile-

filtered (0.2 um) and used immediately as TCM for macrophage polarization (5.4.2).

HepG2 is a human liver cancer cell line that has been derived from a well-differentiated hepato-

cellular carcinoma and is often used as an in vitro model for human hepatocytes.

HEK-Dual™ hTLR2 (NF/IL8) is a reporter cell line purchased from InvivoGen (# hkd-htlr2hi,
San Diego, USA). According to the supplier, this cell line features a triple knockout of TLR3,
TLR5 and the TNF receptor (TNFR), what enables the study of hTLR2 signaling without inter-
ference from other TLRs. Additionally, it expresses a luciferase under the control of the endog-
enous IL-8 promotor allowing a monitoring of TLR2 stimulation by expression of IL-8 depend-

ent reporter using Quanti-Luc™.
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THP-1, A549, and HepG2 medium: RPMI 1640, 10% FCS, 100 U/ml penicillin G, 100 pg/ml
streptomycin, 2 mM glutamine

HEK-Dual™ hTLR2 (NF/IL8) medium: DMEM, (4.5 g/l glucose), 10% heat inactivated FCS, 50
U/ml penicillin, 50 ug/ml streptomycin, 100 ug/ml Normocin~, 2 mM L-glutamine, 100 pg/ml

Hygromycin B and 50 pg/ml Zeocin™

5.5 Extracellular vesicle (EV) isolation

EVs were purified from cell culture supernatant by sequential centrifugation as previously de-
scribed (Théry, Clayton and Amigorena, 2006). The general isolation workflow is depicted in
figure 5-2. THP-1 cells or AMs were cultured in medium without FCS, since FCS itself already
contains a huge number of bovine EV (Théry, Clayton and Amigorena, 2006; Kornilov et al.,
2018).

cell culture supernatant

300 X g, 10 min

®
. supernatant |e°®
) e0®

\

pellet = cells

2000 X g, 10 min

pellet = dead cells
supernatant

10,000X g, 30 min | @

\

i
supernatant

‘ pellet = cell debris

100,000 g, 90 - 120 min

Y
pellet = EV  + contaminating proteins

wash in PBSl 100,000% g, 90 - 120 min

pellet = EV

Figure 5-2: EV isolation workflow overview, modified after Théry et al. 2006; Momen-Heravi et al. 2013. See text
for details.
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After three days, cell culture supernatants were collected in a falcon tube prior to a first centrif-
ugation step at 300 x g for 10 min to remove any cell contamination. To remove any dead cells
and large cell debris, the supernatants were then spun at 2,000 x g for 10 min and at 10,000 x g
for 30 min. Finally, supernatants were transferred into stable polycarbonate tubes (# 4416, La-
borgerdte Beranek GmbH, Weinheim, Germany) and EVs were collected by spinning at
100,000 x g for 90 — 120 min in an L70 ultracentrifuge with 70Ti rotor (Beckman Coulter, Kre-
feld, Germany). EVs were washed with 25 ml sterile-filtered PBS (0.2 um filter) and pelleted
again by ultracentrifugation at the same high speed. EV pellet was then resuspended in
200 — 350 pl sterile-filtered PBS and stored in protein LoBind microcentrifuge tubes (# 2666505,
Eppendorf AG, Hamburg, Germany) at -80°C. EV preparations were analyzed by NTA (5.5.1)

and protein concentrations were determined by Pierce BCA protein assay (5.9).

5.5.1 Nanoparticle tracking analysis (NTA)

Fluorescence nanoparticle tracking analysis (NTA) is a method for direct, real-time visualization
and analysis of nanoparticles in liquids to determine their size distribution and total concentration.
NTA therefor relates the rate of Brownian motion to particle size by visualizing particles by light

scattering using a conventional light microscope (Dragovic et al., 2011).

All measurements were conducted at the Leibniz Institute for New Materials (INM) Saarbrticken,
Germany, together with Dr. Jana Fleddermann with a NanoSight LM10 (NanoSight Ltd.,
Amesbury, United Kingdom).

EV suspensions were diluted 1:200 in sterile-filtered PBS prior to the measurement to obtain an
optimal concentration range. 300-500 pl of the dilution were injected into the sample chamber.
A video of 60 sec was recorded and analyzed by the NTA software Nanosight NTA 2.3 to cal-

culate vesicle size and concentration.

5.6 RNA isolation and reverse transcription

RNA isolation for chapter I:
Total RNA from HUVEC was extracted using the High Pure RNA Isolation Kit (# 11828665001,

Roche, Basel, Switzerland) according to the manufacturer’s instructions.
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RNA isolation for chapter IlI:
Total RNA from AM/TAM and polarized MDM was extracted using the Direct-zol™ RNA Min-
iPrep Kit (# 2050, Zymo Research, Irvine, USA) according to the manufacturer’s instructions.

Prior to RNA isolation, cells were lysed with QlAzol Lysis Reagent.

RNA isolation for chapter IlI:

Total RNA from MDM cells and murine liver tissue was extracted using QlAzol Lysis Reagent
according to the manufacturer’s protocol. Residual genomic DNA was removed by treatment
with Ambion DNase | (# AM2222, Thermo Fisher Scientific, Waltham, USA).

Efficiency of DNase | treatment was tested performing an Alu-PCR for human samples (primer:
AlS 5°-TCATGTCGACGCGAGACTCCATCTCAAA-3¢.) or a SINE-PCR for murine samples
(primer:  forward 5’-CTTCTGAGTGTTTGAAGAC-3’; reverse 5‘-CTGGAACTCAC-
TCTGAAGAC-3"). Primers were obtained from Eurofins MWG Operon.

The conditions for the PCR runs in a T100 thermal cycler (Bio-Rad Laboratories, Miinchen,
Germany) were as follows:

Initial denaturation 15 min at 94°C

Denaturation 1 min at 94°C
Annealing 1 min at 56°C (Alu)/59°C (SINE) 30 cycles
Elongation 1 min at 72°C
Final elongation 10 min at 72°C

Reverse transcription:

Concentration and purity (260/280 ratio) of the isolated mMRNA was measured at 260 nm using a
NanoDrop™ Lite spectral photometer (Thermo Fisher Scientific, Waltham, USA).

500 ng of total RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcrip-
tion Kit (# 4368814, Applied Biosystems, Foster City, USA) as recommended by the supplier
together with RNaseOut Recombinant Ribonuclease Inhibitor (# 10777019, Invitrogen, Carlsbad,
USA).

Subsequently, the complementary DNA (cDNA) was diluted with TE buffer to a total volume of
100 pl prior to gPCR analysis.
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5.7 Quantitative RT-PCR

Transcripts were detected using the 5 x HOT FIREPol® EvaGreen® gPCR Mix Plus (# 08-25-
00020, Solis BioDyne, Tartu, Estonia) according to the manufacturer’s instructions using a
CFX96 TouchTM Real-Time PCR Detection System (Bio-Rad Laboratories, Miinchen, Ger-
many) using the following conditions:

Initial denaturation 15 min at 95°C

Denaturation 20 sec at 95°C

Annealing 20 sec at x °C (see table 6-1) 40 cycles
Elongation 20 secat 72°C

Melt curve 5 sec 65-95°C

Primer sequences and corresponding conditions are given in Table 5-1. All primer were obtained
from Eurofins MWG Operon. For human IL-6, samples were analyzed with dual-labelled probes
as described previously (Hoppstédter et al., 2010). For absolute quantification, standards of the
respective PCR product cloned into pGEMTeasy (Promega) were run alongside the samples to
generate a standard curve as described (Hoppstadter et al., 2010). Alternatively, the AACT cal-
culation method was chosen for a relative quantification. All samples and standards were ana-
lyzed in triplicate. The relative gene expression was calculated by normalizing gene expression
to an indicated housekeeping gene (ACTB or Rn18s).

Tabel 5-1: Primer sequences and corresponding conditions for gPCR reactions. Indicated are primer volumes
(10 uM stock), annealing temperature and whether an internal plasmid standard was used.

Gene Forward Primer Sequence 5' — 3' Reverse Primer Sequence 5' — 3' Volume [pl] Annealing [°C] standard
Human ACTB TGCGTGACATTAAGGAGAAG GTCAGGCAGCTCGTAGCTCT 0.5 60 yes
Human CCL2  TTGATGTTTTAAGTTTATCTTTCATGG CAGGGGTAGAACTGTGGTTCA 1 60 no
Human CXCL10 GAGCCTACAGCAGAGGAACC AAGGCAGCAAATCAGAATCG 0.5 60 yes
Human DUSP1 CAGCTGCTGCAGTTT GAGTC AGG TAGCTCAGCGCACTGTT 0.6 64 no
Human ICAM GAAGTGGCCCTCCATAGACA TCAAGGGTTGGGGTCAGTAG 0.4 61 yes
Human IL6 AATAATAATGGAAAGTGGCTATGC AATGCCATTTATTGGTATAAAAAC  (probe) 1.25 57 yes
Human SELE AGCCCAGAGCCTTCAGTGTA CCCTGCATGTCACAGCTTTA 0.4 61 no
Human TNF CTCCACCCATGTGCTCCTCA CTCTGGCAGGGGCTCTTGAT 0.5 60 yes
Human VCAM CGAGACCACCCCAGAATCTA CTGTGGTGCTGCAAGTCAAT 0.4 61 no
Murine Argl ACAAGACAGGGCTCCTTTCAG GGCTTATGGTTACCCTCCCG 0.5 60 yes
Murine Cxcl10 GAGAATGAGGGCCATAGGGA CATCGTGGCAATGATCTCAAC 0.5 60 yes
Murine Elov16 ACAATGGACCTGTCAGCAAA GTACCAGTGCAGGAAGATCAGT 0.2 60 yes
Murine Emrl CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG 0.5 60 yes
Murine 1118 CCAAAAGATGAAGGGCTGCTT GGAAGGTCCACGGGAAAGAC 0.5 60 yes
Murine 116 AAGAAATGATGGATGCTACCAAACTG GTACTCCAGAAGACCAGAGGAAATT 04 60 yes
Murine 1110 GCCCAGAAATCAAGGAGCAT GAAATCGATGACAGCGCCT 0.5 60 yes
Murine 1112b TGGAGCACTCCCCATTCCTA GAGGAACGCACCTTTCTGGT 0.5 60 yes
Murine Mixipl CTGGGGACCTAAACAGGAGC GAAGCCACCCTATAGCTCCC 0.5 60 yes
Murine Nos2 CTTCCTGGACATTACGACCC TACTCTGAGGGCTGACACAA 0.5 60 yes
Murine Ppara CCTTCCCTGTGAACTGACG CCACAGAGCGCTAAGCTGT 0.5 60 yes
Murine Srebfl GGCTCTGGAACAGACACTGG GGCCCGGGAAGTCACTGT 0.5 61 yes
Murine Tnf CCATTCCTGAGTTCTGCAAAGG AGGTAGGAAGGCCTGAGATCTTATC 0.5 60 yes
Mu Rn18s/ AGGTCTGTGATGCCCTTAGA GAATGGGGTTCAACGGGTTA 0.5 61 yes
Hu RN18S5
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5.8 mMRNA sequencing

For comprehensive transcriptome analysis of AMs/TAMs as well as “TAM-like model” cells,
high throughput sequencing of cDNA using new generation sequencing (NGS) was performed.
Libraries were prepared from 250 ng total RNA for “TAM-like model” and 500 ng for AM and
TAM samples with an input of RNA integrity (RIN) > 9 according to Agilent2100 Bioanalyzer
and Agilent RNA 6000 Pico Kit (# 5067-1513, Agilent Technologies, Santa Clara, USA). To
gain pure mMRNA, poly-A enrichment was performed on the input total RNA using the NEB Next
Poly(A) mRNA Magnetic Isolation Module (NEB # E7490, New England Biolabs, Ipswich,
USA\) according to the manufacturer’s instructions. The cDNA library preparation was conducted
with the NEBNext® Ultra™ Directional RNA Library Prep Kit for lllumina® (# E7420, New
England Biolabs) as described in the instruction manual. In brief, first- and second-strand cDNA
synthesis and chemical fragmentation were performed, followed by adapter ligation and PCR
amplification of the final library (10 PCR cycles for AMs/TAMs and 12 cycles for TAM-like
model samples). PCR cleanup was performed using Agencourt AMPure® XP beads (# A63881,
Beckmann Coulter, Krefeld, Germany).

RNA libraries were sequenced by Dr. Gilles Gasparoni for 2 x 55 bp on an lllumina HiSeq2500
Sequencer using a V3 paired-end flow cell.

The obtained raw data were processed by Dr. Karl Nordstrom. Raw reads were subjected to
quality control (QC) through FastQC version 0.11.2. Library adaptor removal and trimming was
done using CutAdapt v.1.4.1 and TrimGalore! version 0.3.3, respectively. Trimmed reads were
mapped with STAR v2.4.0f1 to the human reference genome (hs37d5).

Gene expression was quantified by Natalie Wirth using the Salmon software (Patro et al., 2017)
using Ensembl gene annotation (v88). Salmon computes TPM and read counts for each gene for
each RNA-sequencing sample considering transcript annotation and modeling of RNA-Seq bi-
ases along transcripts. For computation of PCA plots gene expression values between samples
have been normalized using the RUV approach (Risso et al., 2014). All analyses have been con-
ducted in the R programming language.

Raw TPM data are available in the appendix.
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5.9 Determination of protein concentration

Total protein concentrations for ECV suspensions and cell lysates were determined by Pierce
BCA protein assay kit (Thermo Fisher Scientific, Dreeich, Germany) using a GloMax® Discover
Multimode Microplate Reader (Promega, Mannheim, Germany) according to the manufacturer’s

instructions.

5.10 Western Blot

Preparation of samples:

HepG2 lysates as well as murine liver tissue lysates were prepared in lysis buffer as described
previously (Laggai et al. 2014; Hoppstédter et al. 2012). Samples were sonicated, centrifuged at
10,000 x g for 10 min at 4°C, and stored at —80°C until further use.

Cell culture supernatants were centrifuged for 25 min at 10,000 x g, to remove cell debris, and
then supplemented with a 7 x protease inhibitor mixture (Complete®, Roche Diagnostics, Basel,
Switzerland). They were further concentrated 10 x by centrifugation at 15,000 x g for 8 min in
Vivaspin®500 tubes with 10 kDa cut off (# VS0102, 10,000 MWCO, Sartorius, Gottingen, Ger-
many). Concentrated supernatants as well as isolated ECVs were further diluted with a 4 x load-
ing buffer (Roti®load 1 for reducing and Roti®-load 2 for non-reducing conditions,
# K929.1/# K930.1, Carl Roth, Karlsruhe, Germany). Before gel electrophoresis, all samples
were denatured at 95°C for 5 min and subsequently kept on ice before gel loading.

Lysis buffer: 50 mM Tris-HCI, 1% SDS, 10% glycerol, 5% R-mercaptoethanol, 0.004% brome-
phenol blue. Buffer was supplemented with a 7 x protease inhibitor mixture (Complete®, Roche

Diagnostics, Basel, Switzerland) according to the manufacturer's instructions prior to use.

SDS-PAGE and immunodetection procedure:

SDS-polyacrylamide gel electrophoresis (PAGE) was carried out using polyacrylamide gels (4%
stacking gel and 12% resolving gel) and the Mini-PROTEAN®system (Bio-Rad Laboratories,
Minchen, Germany). To estimate the molecular mass, a prestained protein ladder was used
(# 26616, Thermo Fisher Scientific, Waltham, USA). Samples were transferred onto an Immo-
bilon FL-PVDF membrane (# IPFL00010, Millipore-Merck, Darmstadt, Germany) using a Mini
Trans-Blot®Cell (Bio-Rad). To saturate unspecific binding sites, the membrane was blocked for
2 -4 h at room temperature in blocking buffer for near infrared fluorescent Western blotting
(# MB-070, Rockland Immunochemicals, Pottstown, USA). Then the membrane was incubated
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with primary antibody at 4°C overnight or for 48 h in the case of rabbit anti-TLR2. For antibody
dilutions see table 5-2. After thorough washing with PBST (PBS + 0.1% Tween-20), membrane
was stained with appropriate IRDye 680 or IRDye 800 conjugated secondary antibodies diluted
in blocking buffer for 2 h at room temperature. Finally, the membrane was washed again and
signals were detected and quantified using an Odyssey imager and software (LI-COR Biosci-
ences, Lincoln, USA).

Table 5-2: Antibodies used for immunodetection and dedicated dilution in Rockland blocking buffer (RBB) or 5%
milk powder in PBST (MP).

antibody dilution order no. company
anti-TLR2 [EPNCIR133] rabbit mAb 1:1,000 in MP ab108998 Abcam
anti-a-Tubulin [DM 1A] mouse mAb 1:1,000 in RBB T9026 Sigma
IRDye® 680 Conjugated Goat Anti-Rabbit IgG  1:5,000 in RBB  P/N 926-68071 Licor
IRDye® 800CW Conjugated Goat Anti-Mouse 1gG 1:10,000 in RBB P/N 926-32210 Licor

5.11 Proteomic analysis of EV

Mass spectrometry analyses of EV and related sample preparation were performed by Sandra
Plant and Dr. Claudia Fecher-Trost at the Institute of Experimental and Clinical Pharmacol-
ogy and Toxicology (Saarland University). EVs from three independent preparations were ana-

lyzed.

To reduce the sample volume, 30 ug EV protein were precipitated by trichloroacetic acid (TCA)
precipitation, with an end concentration of 20% TCA. Samples were washed thrice with acetone
with 10 min centrifugation steps in between (14,000 rpm at 4°C). After a final centrifugation of
15 min in a SeedVac Plus concentrator (Savant, Thermo Fisher, Waltham, USA), samples were
resuspended in 2 x Lammli buffer (4% SDS, 20% glycerol, 120 mM Tris-HCI (pH 6.8), 0.02%
bromophenol blue in Millipore water) and denatured at 95°C for 5 min. Proteins were separated
on NUPAGE® 10% gels and prepared for mass spectrometry as described previously (Fecher-
Trost et al., 2013). Three protein bands per sample were cut out of the gel and incubated with
porcine trypsin for in-gel digestion at 37°C overnight. Resulting peptides were extracted two
times by shaking the gel pieces in aqueous extraction buffer (2.5% formic acid, 50% acetonitrile).
Extracted peptides were concentrated via vacuum centrifugation and resuspended in 0.1% formic
acid. 6 ul of each tryptic peptide extract were analyzed by online nanoflow LC-HR-MS/MS (Ul-
timate 3000 RSLC nano system equipped with an Ultimate3000 RS autosampler coupled to an
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LTQ Orbitrap Velos Pro, all Thermo Fisher Scientific, Dreieich, Germany) as described previ-
ously (Fecher-Trost et al., 2013). Peptides were analyzed at a flow rate of 200 pul/min with buffer
A (water and 0.1% formic acid) and B (90% acetonitrile and 0.1% formic acid) using the follow-

ing gradient (figure 5-3):

100% time [min] buffer B (%)
0 4
80% 95 40
120 55
129 90
CE 60% - 130 50
) 133 50
£ 40%- 138 90
_8 139 4
162 4
20% 4
0% L] L) T L) L T - L |
0 20 40 60 80 100 120 140 160 time [min]

Figure 5-3: Gradient for nano-liquid chromatography with table giving the exact time points of buffer B concentra-
tion changes.

Fragmented peptides were identified using software Proteome Discoverer 1.4 (Thermo Fischer
Scientific) and database SwissProt 2015 01 (species human). For further data evaluation, soft-
ware Scaffold4 (version 4.8.3) was used. Raw data are accessible via the PRoteomics IDEntifi-

cations (PRIDE) database (accession code assignment pending).

5.12 cryo-TEM

EV were visualized via cryo-transmission electron microscopy (TEM), as it allows the observa-
tion of samples in their native environment without any staining or fixation. The aqueous sample
is frozen so rapidly that no ice crystals can form and the water remains in an amorphous trans-
parent state. All cryo-TEM preparations and analyses were performed by Dr. Marcus Koch at

the Leibniz Institute for New Materials (INM) Saarbriicken, Germany.

A 3 pl droplet of the aqueous EV solution was placed onto a holey carbon covered TEM grid
(Plano, Wetzlar, Germany, type S147-4), plotted onto a thin liquid film for 2 sec and plunged
into a bath of liquid ethane at -165°C using a Gatan CP3 cryoplunger (Pleasanton, CA, USA).
The frozen sample was transferred under liquid nitrogen to a Gatan cryo-TEM sample holder
(model 914) and investigated at -173°C by low-dose bright-field imaging Transmission Electron
Microscopy (TEM, JEOL JEM-2100 LaB6, Akishima, Tokio, Japan). A Gatan Orius SC1000
CMOS camera was used to acquire images of 1024 x 1024 pixels and 1 sec illumination time.
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5.13 Flow cytometry
Flow cytometry represents a laser-based analytical technology mainly used to measure fluores-
cence intensity when combined with fluorochrome-conjugated antibodies or fluorescent parti-

cles.
The following general buffers were used for flow cytometric analysis:

FACSwash: PBS + 2.5 % FCS + 0.05 % sodium azide
SAP: FACS wash + 0.2 % saponin + 0.05 % sodium azide
SAPblock: PBS + 20% FCS + 0.2% saponin

PA: 1% (w/v) paraformaldehyde in PBS

5.13.1 EV analysis
For analysis of EV surface proteins by flow cytometry, vesicles were coupled to the surface of

4 um aldehyde/sulfate latex beads (# A37304, Invitrogen, Carlsbad, USA). In detail, EV (20 ug
protein) or 20 pg BSA in PBS (as negative control) were bound to 20 pl latex beads for 15 min
at room temperature in a final volume of 100 pl of PBS. Volume was filled up to 500 pl PBS,
followed by gentle shaking for 1 h. The reaction was stopped by adding 500 ul of glycine (to a
final concentration of 100 mM glycine) for 30 min at room temperature to saturate any remaining
free binding sites on the beads. EV- or BSA-coupled beads were washed three times with
EVwash (PBS + 1% BSA), with centrifugation steps at 2,000 x g for 3 min in between. They
were then stained with the TLR2 ligand Pam3CSK4 or as co-staining with antibodies directed
against TLR2 together with the EV marker CD9 or CD63 on ice in the dark (table 5-3). After 30
min, samples were washed twice and analyzed on a BD LRS Fortessa (BD Biosciences, Franklin
Lakes, USA) using BD FACSDiva 8.0. For graphical illustrations BD FACSuite (version 1.0)

software was used.

Table 5-3: Antibodies and ligands used for EV flow cytometry.

antibody / ligand pearnslzl:r?;le order no. supplier
FITC anti-human CD9, Mouse 1gG1, kappa [HI9a 25] 0.5 g BLD-312103 Biozol
FITC anti-human CD63, Mouse 1gG1, [H5C6] 1w BLD-353005 Biozol
FITC Mouse IgG1, kappa Isotype Ctrl (FC) [MOPC-21] 1w BLD-400109 Biozol
APC anti-human TLR2 (CD282) Mouse 1gG2a [TL2.1] 210 17-9922-41  Thermofisher
APC Mouse 1gG2a kappa Isotype Control [eBM2a] 219 17-4724-81  Thermofisher
Rhodamin-conjugatet Pam3CSK4 0.5 tirl-rpms Invivogen
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5.13.2 Nanoparticle uptake

For nanoparticle uptake analysis in AMs and TAMs, 0.5 x 106 cells/well were seeded into a 12-
well plate. On the next day, cells were incubated for 1 h with fluorescent 25 nm silica nanoparti-
cles (50 pg/ml). Particles are further described in Hoppstadter et al. (2015). Afterwards, macro-
phages were washed two times with PBS and detached from plates using PBS containing 5 mM
EDTA. Cells were resuspended in FACSwash and examined on a FACSCalibur (BD Biosci-
ences). Results were analyzed using FlowJo software and are presented as relative GMFI (geo-
metric mean fluorescence intensity of particle-loaded cells related to geometric mean fluores-

cence intensity of untreated controls).

5.13.3 Expression of intracellular marker CD68

To detect intracellular CD68 in AMs and TAMs, the washed cells were fixed for 10 min in PA.
After permeabilization in SAP for 10 min, unspecific binding sites were blocked with SAPblock
for 30 min on ice. Cells were washed with FACSwash and then stained with anti-CD68 or the
appropriate isotype control in SAP for 10 min at room temperature in the dark. After a final
washing step, cells were resuspended in PA and immediately analyzed on a BD FACSCalibur
(BD Biosciences, Franklin Lakes, USA). Results were evaluated as described for nanoparticle
uptake (6.13.2).

Antibody: PE-labelled mouse anti-human CD68 [Y1/82A] (# 130-099-685, Miltenyi)
Isotype control: PE-labelled mouse anti-1lgG2b (# 130-098-875, Miltenyi)

5.14 EV uptake experiments
5.14.1 EV uptake by primary HUVECs

EVs (5x10° in total) were pre-incubated with the TLR2 ligand Pam (1 pg/ml) for 30 min at 37°C
in 250 ul of HUVEC medium. The EV-Pam mix was then used as treatment for HUVECs for a
duration of 4 h. Alternatively, HUVECs were incubated with EV (5x10° in total) for 3 h prior to
washing with PBS and 4 h treatment with Pam (1 pg/ml). Subsequently, cells were harvested for

RNA isolation and Pam-induced gene expression was determined by gqRT-PCR
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5.14.2 EV uptake by HEK-Dual reporter cells

HEK-Dual™ hTLR?2 reporter cells express TLR2, and a secretable luciferase reporter gene (Lu-
cia luciferase) placed under the control of the endogenous IL-8 promoter.

Cells were seeded into 96-well plates (5 x 10° cells/well) and immediately treated with Pam3
only (1 ng/mL) or co-treated with Pam3 in the same concentration and the specified vesicles
(5x10° EVs/ml) to monitor TLR2-dependent activation. The Pam3/vesicle mix was preincubated
for 30 min at 37°C before it was added to the cells. After 24 h, supernatants were collected, and
the activity of Lucia luciferase was determined using the QuantiLuc reagent (Invivogen, #rep-
glc1) according to the supplier’s instructions and a GloMax® Discover Multimode Microplate
Reader (Promega, Mannheim, Germany)

5.15 Lipid analysis

5.15.1 Lipidomic analysis in human tissue samples

To obtain a lipidomic profile of lung adenocarcinoma samples, 22 normal lung tissues and 29
tumor tissues from patients undergoing lung resection were analyzed and compared. The Patient

data can be taken from the following table:

Tissue
Gender Age (years) Tumor stage Lung Turor
female 57 T2aNO0 X X
male 54 T2bN1 X X
male 64 T2aN1 X X
female 85 T3NO X X
female 71 T3NO X X
female 74 T3NO X X
female 74 T2aN0 X X
male 66 T4AN1 X X
male 73 T1aNO X X
female 65 T2aN2 X X
male 69 T3N1 X X
male 70 T2aN1 X X
male 73 T3N1 X X
male 64 T2aN2 X X
female 75 T1aNO X X
female 53 T2bN2 X X
female 76 pT2apNO X X
female 42 T3NO X X
male 68 T2bNO X X
male 63 T3N2 X X
male 46 T3N2 X X
male 71 T2aNO X X
female 66 TAN2 - X
male 70 T2aN0 - X
female 61 T2aN0 - X
male 73 T4ANO - X
female 62 T1bNO - X
female 77 T3NO - X
male 78 T2bN1 - X
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25 — 30 mg tissue was mixed with a 1:1 mixture of water and methanol (20 pl/mg tissue) in 2 ml
tubes filled with 2.8 mm ceramic beads (Precellys Ceramic Kit 2.8 mm, # 10479394, Peqlab Bi-
otechnologie, Erlangen, Germany). The samples were homogenized using a Precelly 24 (Peglab)
with the following program: 4 x 30 sec at 6000 rpm with 45 sec break in between. The further
lipidomic analysis was performed by Dr. Gerhard Liebisch at Institute for Clinical Chemistry
and Laboratory Medicine, University of Regensburg. In brief, lipid quantification of tissue ho-
mogenates was performed using electrospray-ionisation mass spectrometry with a hybrid quad-
rupole-orbitrap QExactive mass spectrometer (Thermo Fisher Scientific, Dreieich, Germany)
and selected reaction monitoring (SRM). Detailed methods for phosphatidylethanolamine (PE),
PE-based plasmalogens (PE P), phosphatidylcholine (PC), lyso-PC (LPC), PC ether (PC O),
phosphatidylserine (PS), phosphatidylglycerol (PG) and phosphatidylinositol (PI), ceramide
(Cer), hexosylceramide (HexCer) and sphingomyelin (SM) are described in Sigruener et al.
(2017).

For LPC ether (LPC O), PE ether (PE O), diacylglycerol (DG), triacylglycerol (TG), cholesteryl

ester (CE) and free cholesterol (FC) Fourier Transform Mass Spectrometry (FTMS) was used.

5.15.2 Quantification of total lipids (SPV assay) and distinct lipid classes (TLC) in murine
liver samples

Freeze-dried liver tissues were dispersed in hexane/2-propanol [3:2 (v/v)]. After centrifugation
for 10 min at 4°C and 10,000 x g, the supernatant was dried under a nitrogen stream, and the
samples were re-dissolved in chloroform/methanol [2:1 (v/v)]. Total lipid content was analyzed
by the colorimetric sulfo-phospho-vanillin (SPV) assay according to Kessler et al. (2016). Dis-
tinct lipid classes were detected by thin layer chromatography (TLC) (performed by Dr.
Stephan Laggai) as described previously (Laggai et al., 2013; Kessler et al., 2016). Signal in-

tensities were quantified using ImageJ software.

5.16 Caspase-3-like activity assay

After treatment THP-1 or AM cells were washed with PBS, lysed with 300 pl ice-cold lysis
buffer per million cells (25 mM HEPES, 5 M MgCl2, 1 M EGTA, 0.1% Triton X-100) and stored
at -80°C. After thawing on ice, cells were scratched off the culture plates, collected by centrifu-
gation (14,000 rpm, 10 min, 4°C) and 10 ul of the supernatants (triplicates) were transferred to a
black, flat-bottom 96well microtiter plate. Then, 90 ul substrate buffer (50 mM HEPES, 4 mM
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DTT, 0.1% CHAPS, 1% sucrose, pH 7.5) were added per well, containing the Caspase-3 sub-
strate Ac-DEVD-AFC (#ALX-260-032, Enzo Life Sciences, Lorrach, Germany). Generation of
free AFC at 37°C was measured after 2 h by fluorescence measurement (excitation: 405 nm;
emission filter: 495-505 nm) using a GloMax® Discover Multimode Microplate Reader
(Promega, Mannheim, Germany). Caspase activity was normalized to total protein content per
sample.

5.17 Histology

Immunohistochemical F4/80 staining was performed as previously reported (Kessler et al., 2014;
Laggai et al., 2014). In brief, F4/80 was detected using the Vectastain Peroxidase Elite ABC
kit/DAB with anti-F4/80 antibodies (MCA497G, AbD Serotec) 1:1,000 overnight at 4°C.
Epitopes were demasked with 10 mM citrate buffer pH 6.0 for 10 min in a water bath at 95 °C.
Images were captured using an Axio Star plus microscope coupled to an Axio Cam ICc 1 camera

(Zeiss, Oberkochen, Germany). Histology was performed by Dr. Yvette Simon.

5.18 Enzyme-linked immunosorbent assay (ELISA)
The serum concentrations of TNF-o and IL-6 were determined by ELISA (#MTAQ0 and
#M6000B, Cayman Chemicals, Ann Arbor, USA) as recommended by the supplier. ELISAS

were performed by Dr. Jessica Hoppstadter.

5.19 TNF bioassay

This bioassay is based on quantification of cytotoxic TNF-a activity on L929 cells in the presence
of actinomycin D and was performed by Dr. Jessica Hoppstadter as described previously
(Kiemer, Maller and Vollmar, 2002; Diesel et al., 2013).
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5.20 Statistics

Data are shown as means + SEM or box plots (with or without single values) with 25th/75thper-
centile boxes, geometric medians (line), means (square), and 10th/90th percentile as whiskers.
P-Values were determined by ANOVA with post-hoc Tukey test for normally distributed data or
Mann-Whitney U test or t-test where applicable. The applied test is each indicated in the figure
legend. Outliers were determined using the Grubbs’ test. The OriginPro 2015G software

(OriginLab Corporation) was used for illustration and statistical analyses.
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Appendix

I) Table of selected upregulated DEGs (with transcripts of million kilobases, TPM)

Ensembl ID

ENSG00000164171
ENSG00000092969
ENSG00000039068
ENSG00000087245
ENSG00000156234
ENSG00000137265
ENSG00000181374
ENSG00000170989
ENSG00000151651
ENSG00000163235
ENSG00000189377
ENSG00000163739
ENSG00000008516
ENSG00000196611
ENSG00000062038
ENSG00000118113
ENSG00000081181
ENSG00000160712
ENSG00000126353
ENSG00000138316
ENSG00000107562
ENSG00000108700
ENSG00000112715
ENSG00000100644
ENSG00000136634
ENSG00000177675
ENSG00000169429
ENSG00000108691
ENSG00000079385
ENSG00000138685
ENSG00000168615
ENSG00000115590
ENSG00000137462
ENSG00000162892
ENSG00000179776
ENSG00000170458
ENSG00000102970
ENSG00000017427
ENSG00000115594
ENSG00000100985
ENSG00000138378
ENSG00000137496
ENSG00000066056
ENSG00000106178
ENSG00000008517
ENSG00000275302
ENSG00000115604
ENSG00000124875
ENSG00000186951
ENSG00000136244
ENSG00000143321
ENSG00000115009
ENSG00000117595
ENSG00000089250
ENSG00000115232
ENSG00000111640
ENSG00000275528
ENSG00000163734
ENSG00000274233
ENSG00000234487
ENSG00000135074
ENSG00000230254
ENSG00000143514

Gene Symbol
ITGA2
TGFB2
CDH1
MMP2
CXCL13
IRF4
CCL13
S1PR1
ADAM8
TGFA
CXCL17
CXCL1
MMP25
MMP1
CDH3
MMP8
ARG2
IL6R
CCR7
ADAMTS14
CXCL12
CCL8
VEGFA
HIF1A
IL10
CD163L1
CXCL8
CCL2
CEACAM1
FGF2
ADAM9
IL1R2
TLR2
IL24
CDH5
CD14
CCL17
IGF1
ILIR1
MMP9
STAT4
IL18BP
TIE1
CCL24
IL32
CCL4
IL18R1
CXCL6
PPARA
IL6
HDGF
CCL20
IRF6
NOS1
ITGA4
GAPDH
CCL15
CXCL3
CCL5
HLA-F
ADAM19
HLA-E
TP53BP2

Log Fold Change
4,065663608
4,045727957
3,586644734
2,659206781
7,469881698
2,984664066
6,986005101
4,203447184
3,040901052
2,043086982
6,353378817
2,752135379
2,974338295
3,771496382
2,081228982
4,491811412
1,283134621
0,667863092
4,102545406
5,063523094
4,935314679
4,783302976
2,732315291
2,030122105
1,728316677
2,284682051
2,871861455
3,182908849
1,451352385
2,671809738
0,527427301
1,713577465
1,541087614
1,951918069
3,382675582
1,756636699
3,684616724
2,585818995
0,942894128
2,349195907
2,49266686
1,364695473
2,050514384
1,772778924
3,054326897
2,221081428
1,708664235
2,130981691
0,259663123
2,552843585
0,385146106
1,35702697
1,001037135
1,233848919
0,797405124
0,338345145
2,01117022
1,714997491
2,345640983
0,877867398
2,548199327
0,505686394
0,277179907

Adjusted p-value
5,75E-49
1,96E-48
1,17E-33
3,03E-24
1,83E-21
1,18E-20
1,54E-20
1,68E-18
1,10E-16
7,81E-13
8,37E-12
1,11E-11
8,09E-11
2,46E-10
7,35E-10
8,34E-10
5,66E-09
5,69E-09
1,50E-08
2,84E-08
5,67E-08
5,99E-08
1,03E-07
1,26E-07
2,60E-07
2,94E-07
3,66E-07
7,57E-07
8,66E-07
9,41E-06
1,31E-05
1,51E-05
1,53E-05
4,05E-05
4,92E-05
8,81E-05
9,44E-05
0,00011881
0,000127174
0,000156789
0,000185601
0,000872805
0,001438782
0,00189097
0,002821003
0,004475278
0,008717038
0,01305941
0,01518697
0,01727736
0,02092805
0,02539338
0,02585496
0,02625713
0,02631496
0,02988889
0,03072093
0,03534251
0,03603746
0,03950396
0,04327102
0,04547196
0,04790066
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TAM TPM average
1,77065125
4,86172125
6,08033375
44,2640375
5,196640125
2,00556
52,96424375
6,55541375
70,779725
6,2815975
0,417702875
29,90098
8,18898
5,0611825
3,39386
3,949052125
9,35414
33,4311875
14,6844025
2,292101775
6,933586375
6,909124625
24,4147025
268,029625
15,26627375
17,71246625
308,5277
172,0528
0,87113025
0,199760263
172,4575
1,27956
45,679575
4,93255
0,09422365
514,588625
2,8043025
1,200178375
13,9470375
2836,125
10,4193825
53,6972125
18,7285375
86,08205
105,1891625
4,43141875
0,449903625
0,342237025
12,4493175
1,205659875
125,951925
3,853828875
1,257113375
0,084933775
13,1721625
1160,123375
2,892339625
79,176525
35,50282125
277,655
1,805760625
154,8837375
23,37165

AM TPM average
0,094854113
0,235363125
0,314004
6,36305
0,02306015
0,189049
0,374224125
0,23840175
7,7767175
1,42477875
0

2,0944825
0,9807515
0,2720334
0,72884625
0,13627115
3,39749375
20,6491
0,7243921
0,051132338
0,107686988
0,1789975
3,2229825
58,9045875
4,98266625
2,59100225
38,2088875
18,68006
0,2355385
0,036988595
119,9549125
0,30699075
14,43885
1,170364375
0,0087152
140,519925
0,201271588
0,129853213
6,6761075
555,9325
0,6558335
21,284825
4,457004125
22,90742875
10,82108125
0,81177125
0,121265688
0,052936263
10,15714375
0,163103263
97,1694875
1,45792275
0,571566375
0,047199238
7,64211875
927,47875
0,6019315
21,7934
5,839600375
127,55955
0,277242288
106,787575
18,1791875
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I1) Table of selected downregulated DEGs (with transcripts of million kilobases, TPM)

Ensembl ID

ENSG00000052802
ENSG00000113161
ENSG00000186480
ENSG00000110921
ENSG00000130164
ENSG00000198911
ENSG00000104549
ENSG00000112972
ENSG00000102349
ENSG00000001630
ENSG00000160752
ENSG00000172893
ENSG00000204228
ENSG00000136826
ENSG00000038945
ENSG00000067064
ENSG00000147155
ENSG00000132196
ENSG00000147383
ENSG00000127528
ENSG00000172059
ENSG00000172349
ENSG00000067082
ENSG00000132170
ENSG00000118922
ENSG00000177575
ENSG00000135929
ENSG00000173409
ENSG00000116133

Gene Symbol
MSMO1
HMGCR
INSIG1
MVK
LDLR
SREBF2
SQLE
HMGCS1
KLF8
CYP51A1
FDPS
DHCR7
HSD17B8
KLF4
MSR1
DI1

EBP
HSD17B7
NSDHL
KLF2
KLF11
IL16
KLF6
PPARG
KLF12
CD163
CYP27A1
ARV1
DHCR24

Log Fold Change
-2,830737335
-1,418124488
-1,748221636
-1,280828636
-2,166151002
-1,340934067
-2,093308396
-1,090113892
-2,059522108
-2,074441785
-0,706885456
-2,095016448
-1,104389307
-1,706719029
-1,187816955
-1,214607677
-0,925308408
-0,70447233
-0,430542036
-1,135754658
-0,51239333
-0,478983616
-0,392424678
-1,047773249
-0,585589431
-0,584519667
-0,508267106
-0,41781779
-1,119426683

Adjusted p-value
2,46E-69
4,55E-62
8,18E-52
3,12E-51
5,52E-48
9,48E-41
1,06E-35
4,01E-28
6,75E-15
6,01E-14
1,39E-11
1,45E-11
6,12E-09
1,62E-08
4,94E-07
6,84E-06
9,48E-06
2,56E-05
4,11E-05
0,001272426
0,001484075
0,00200492
0,006405395
0,008919781
0,008922304
0,009976858
0,01073156
0,01269532
0,01269532
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TAM TPM average

11,038065
14,147925
20,33209875
5,65544625
3,3701275
21,5359375
4,861885
11,93374125
2,85501125
17,45581625
47,97215
2,54135125
0,57821525
6,89442625
452,891625
30,120425
37,5120875
8,10497375
10,72608625
2,4731675
15,8614725
21,9038375
84,851325
57,6082125
0,3192135
200,662
559,639375
16,1085625
30,344475

AM TPM average
77,678625
36,942775
67,7221375
13,7648625
14,5719875
54,351925
20,1190375
25,1581625
12,578955
73,4588
76,3757
9,684265
1,45303
22,2342625
1041,927875
70,2262
71,83205
12,38473375
14,67515
5,65799875
22,157675
30,5397375
112,848525
117,875125
0,4468535
296,47875
809,59875
21,1689375
67,7615375
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