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Abstract

Abstract

High intake of dietary salt (NaCl), characteristic of the “western” lifestyle, has
been linked to hypertension, cardiovascular disease and autoimmunity. These diseases
constitute an increasing social health burden and cause a high individual degree of
suffering. Despite recent progress, our understanding of the underlying mechanisms
remains incomplete. A modest, and physiological relevant, increase in extracellular salt was
recently shown to have a pro-inflammatory effect and to boost the polarization of T helper
17 cells and classical, LPS-induced macrophages (M(LPS)) in vitro. High dietary salt intake
translated to concordant effects /n vivo, where experimental autoimmunity and clearance
of infection were affected. This thesis examines how high salt affects the activation of non-
inflammatory, alternative (M2) macrophages, and explores additional mechanisms by which
salt affects M(LPS) cells.

In stark contrast to Th17 and M(LPS) cells, high salt dose-dependently
decreased the activation of IL-4+IL-13-stimulated (M(IL-4+IL-13)) bone marrow-derived
murine macrophages. Genes important for M(IL-4+IL-13) activation and function, including
Mrcl, Argl, Ym]1, Fizz1, PD-L2, Irf4 and KIf4 all had a blunted expression in the presence of
high salt. This effect was not observed in tonicity control experiments with mannitol or urea,
implying a specific action of NaCl. Importantly, this salt-blunted activation also translated to
an effect on M2 function; /in vitro, high salt decreased the ability of M(IL-4+IL-13)
macrophages to suppress T cell proliferation. Moreover, mice fed a high salt diet had a
reduced M2 activation in an IL-4-dependent /n vivo activation model following chitin
injection, and exhibited delayed wound healing compared with animals fed a normal salt
diet.

Different to recent findings with Th17 and M(LPS) cells, using genetic knock
out models, the effect of salt on M(IL-4+IL-13) activation was mediated independently of
signaling via Sgk1 or Nfat5. Genome-wide expression and histone modification analysis
were employed (using microarray and ChIP-seq for H3K4me3 and H4ac, respectively) to
explore the mechanisms by which high salt affected M(IL-4+1L-13) activation. By combining
bioinformatics analysis of the genome-wide data with complementary /in vitroexperiments,
high salt was found to reduce both mitochondrial metabolic output and glycolysis of M(IL-
4+1L-13) macrophages. This was coupled with a blunting of Akt and mTOR signaling.

Experimental restoration of Akt signaling, using a genetic constitutively

Vil



Abstract

active Akt model, rescued the effect of salt on M(IL-4+IL-13) activation. Taken together,
these findings indicate a novel mechanism by which high salt reduces full M(IL-4+IL-13)
macrophage activation via disturbed metabolic signaling pathways and the subsequent
impairment of metabolic adaption. For M(LPS) macrophages, high salt was found to increase
glycolytic flux which likely supports the metabolic changes normally associated with pro-
inflammatory macrophage activation.

Collectively, this thesis provides evidence that high salt reduced the
activation of non-inflammatory innate immune cells and contributes to our understanding
of the mechanisms by which salt may boost the activation of pro-inflammatory
macrophages. It gives supports to the notion that high salt constitutes an important
environmental factor, which has differential effects non-inflammatory versus pro-
inflammatory immune cells, and may thereby contribute to the development of diseases

associated with an imbalance of the immune system.
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Zusammenfassung

Zusammenfassung

Die ,westliche” Lebensweise ist durch eine hohe Aufnahme von Kochsalz
(NaCl) mit der Nahrung gekennzeichnet. Dies tragt maligeblich zur Entwicklung von
Bluthochdruck, kardiovaskularer Komplikationen und Autoimmunerkrankungen bei. Diese
Krankheitsbilder stellen personlich und gesellschaftlich eine gro3e Belastung dar. Trotz
wesentlicher Fortschritte, versteht man die verantwortlichen Mechanismen bisher nur
unvollstandig. Vor kurzem konnte gezeigt werden, dass bereits eine geringe Erhéhung der
extrazellularen Kochsalzkonzentration, wie sie auch physiologisch zu beobachten ist, in vitro
zu einer signifikanten Aktivitatssteigerung von entziindlichen Th17 Zellen und von mit LPS
aktivierten Makrophagen (M(LPS)) fihrt. Eine experimentelle Hochsalzdiat bestatigte diese
Befunde /n vivo: Salz verschlimmerte eine induzierte Autoimmunerkrankungen, wahren es
bei Ansteckung mit dem Protozoon L. major zu einer verbesserten Infektionsbekampfung
durch Makrophagen fiihrte. Die vorliegende Doktorarbeit untersucht den Einfluss von Salz
auf die Aktivierung nicht entziindlicher, sogenannter M2, Makrophagen.

Im Gegensatz zu Th17 und M(LPS) Zellen wurde die M2 Aktivierung von
Makrophagen, die aus Knochenmarksvorlauferzellen stammten, mit den Interleukinen IL-
4+1L-13 (M(IL-4+1L-13)) durch Salz abgeschwacht. Der Effekt war dosisabhangig. Die
Expression wichtiger M(IL-4+IL-13) Signaturgene, unter anderem Mrci, Argl, Ym1i, Fizz],
PD-L2, Irf4 und KIf4, wurde durch Salz unterdriickt. Dies war kochsalzspezifisch und nicht
allein auf eine erhohte Tonizitat der Umgebung zuriickzufihren, wie durch
Kontrollexperimente mit Mannit und Harnstoff gezeigt werden konnte. Auch verschiedene
Zellfunktionen wurden durch Salz wesentlich beeinflusst: M(IL-4+1L-13) Zellen, die in der
Gegenwart von Salz aktiviert wurden, unterdriickten die Proliferation von T Zellen in vitro
deutlich schlechter. Aullerdem wurde die Aktivierung von M2 Makrophagen /n vivo in
einem Chitininjektionsmodell durch Hochsalzdiat vermindert. Mause zeigten unter
Hochsalzdiat ebenfalls eine verzogerte Wundheilung.

Wie genetische Modelle zeigten, wirkte Salz im Gegensatz zu Th17 und
M(LPS) unabhangig von Sgkl oder Nfat5 auf die M(IL-4+IL-13) Aktivierung. Um den
Wirkmechanismus aufzuklaren, wurden die Genexpression und Histonmodifikationen
(H3K4me3/H4ac) genomweit mit Microarray und ChIP-seq untersucht. Die kombinierte

Analyse der genomweiten Daten und erganzender in vitro Experimente ergab, dass Salz



Zusammenfassung

die mitochondriale und glykolytische Energiegewinnung von M(IL-4+IL-13) Makrophagen
inVerbindung mit einer verringerten Aktivierung des Akt-mTOR Signalweges hemmt. Durch
die experimentelle Uberaktivierung desselben Signalweges wurde der Salzeffekt
aufgehoben. Diese Befunde sprechen fiir einen neuen Mechanismus wie Salz die M2
Makrophagenaktivierung durch sein Eingreifen in metabolische Signalwege und die daraus
resultierende gestdrte metabolische Zellanpassung beeinflusst. Im Fall der M(LPS)
Makrophagen erhéhte Salz die Glykolyse und damit die fir entziindliche Immunzelltypen
notwendige Anpassung des Zellstoffwechsels.

Zusammenfassend zeigt die vorliegende Arbeit eine verminderte Aktivierung
von Zellen des angeborenen Immunsystems durch Salz und identifiziert bisher unbekannte
Faktoren, die zur erhdhten Aktivierung entziindlicher Makrophagen durch Salz beitragen
dirften. Damit tragt sie zu einem sich abzeichnenden Gesamtbild bei, in dem Salz einen
wesentlichen Umweltfaktor fir das Gleichgewicht des Immunsystems darstellt und so

Gesundheit und Krankheit beeinflussen konnte.
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1. Introduction

1. Introduction
1.1. New lessons in salt (NaCl) physiology

Cardiovascular disease (CVD) is a leading cause of morbidity and mortality. High
dietary salt intake — a hallmark of modern diets — has been blamed to contribute to the
development of high blood pressure and CVD (He et al., 2013; He and MacGregor, 2009).
Autoimmunity constitutes another major health burden (Marson et al., 2015) and the
dramatic increase of autoimmune disorders with western lifestyle suggests the existence of
triggering environmental factors (Kleinewietfeld et al., 2013). Whilst both CVD and
autoimmunity show strong genetic predisposition (Farh et al,, 2015; Housley et al., 2015;
Mitchell et al., 2005), the precise mechanisms by which environmental factors might
additionally contribute to disease development remain poorly understood (Adler et al.,
2014; DiNicolantonio et al., 2013; Klaus, 2012; Kleinewietfeld et al., 2013).

One environmental factor that has changed dramatically with western lifestyle is the
excess of salt (NaCl) we consume (O'Donnell et al., 2014, 2015). Na* is the dominant
extracellular electrolyte (Terry, 1994). The traditional view of body sodium, fluid volume and
blood pressure homeostasis assumes that interstitial and intravascular volumes constitute a
single extracellular compartment; that plasma and interstitial sodium are in equilibrium
without relevant concentration gradients; and that the kidneys have unrestricted access to
regulate plasma and'tissue sodium by blood purification and urinal secretion (Machnik et
al., 2010; Titze and Machnik, 2010) (Figure 1 A). In this two-compartment model, some
sodium is retained after a sudden increase in sodium intake along with a commensurate
amount of water to osmotically neutralize the extra Na* and to keep plasma sodium levels
within very tight boundaries (Heer et al., 2000; Titze and Machnik, 2010). The kidneys would
eventually establish a new steady state of intake and excretion at higher total body sodium
and water levels (Titze et al., 2014).

However, careful dietary studies in humans observed a considerable retention of
excess sodium at unchanged plasma Na* concentrations without the expected increase of
total body water (Heer et al., 2000; Rakova et al., 2013; Titze et al., 2002). These and earlier
studies shaped the idea of a plasma-/ndependent extracellular compartment where Na* is
stored without water (Heer et al., 2000; lvanova et al., 1978; Rakova et al., 2013; Titze et al,,
2002), thereby extending current textbook knowledge of electrolyte handling and inspiring

new hypotheses how mechanistically high salt can cause a lot of trouble.
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Figure 1. A novel concept of body sodium homeostasis. A: The traditional two-compartment model of body
electrolyte, volume and blood pressure homeostasis is based on the concept of electrolyte equilibrium
between blood and interstitial volume. Here, blood purification by the kidneys regulates interstitial water and
electrolyte balance. B: Theinterstitium s a blood-independent hypertonic sodium storage compartment. Local
regulatory networks achieve electrolyte and blood pressure balance together with renal blood purification.
Specifically, macrophages act as osmo-sensors and modulate interstitial electrolyte composition via the lymph
capillary network (A-B faithfully adapted from (Titze et al., 2014)). C: *Na-MR images of the lower leg (upper
panels); tubes with solutions containing 10, 20, 30, and 40mmol/l of NaCl are arranged below the extremity,
thereby allowing calibration of tissue Na*. Tissue Na* content is increased in subject2 compared to subject1.
Tissue water (lower panels) in the same subjects detected with conventional 'H-MRI. No difference in muscle

water content is visible to the naked eye (faithfully adapted from (Kopp et al., 2013a)).

Specifically, the skin interstitium with its high density of negatively charged
glycosaminoglycans (GAGs) represents a perfect candidate for sodium storage (Farber,
1960; Farber et al., 1957; Ivanova et al., 1978). Additional animal studies confirmed water-
free and GAG-mediated sodium storage in the skin under high dietary intake conditions
(Titze et al., 2003; Titze et al., 2004).

A consequence of water-free sodium storage is the creation of hypertonic
microenvironments /n vivo where interstitial sodium concentrations are in considerable
disequilibrium compared to blood plasma (Machnik et al., 2010; Machnik et al., 2009; Szabo
and Magyar, 1982; Wiig et al., 2013) (Figure 1 B). Tissue hypertonicity then activates kidney-
independent networks to regulate electrolyte balance locally. Specifically, macrophages act
as on-site hypertonicity sensors, which induce hyperplasia of the lymphatic network via a
Nfat5-Vegf-C signaling axis in response to sodium storage. Experimental ablation of this
regulatory circuit leads to a significant salt-sensitive blood pressure increase (Machnik et al.,
2010; Machnik et al., 2009; Titze and Machnik, 2010; Wiig et al., 2013). Importantly, salt

storage is also found in humans (Figure 1 C) and *Na magnetic resonance imaging (MRI)-
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dependent studies suggest striking similarities between experimental animal models and
human physiology (Dahlmann et al,, 2015; Jantsch et al,, 2015; Kopp et al., 2013a; Kopp et
al., 2012a; Kopp et al,, 2012b; Titze, 2014; Titze et al., 2014).

1.2. Osmotic stress response

How do cells then cope with tonicity-induced stress? Hypertonic solutions cause cell
shrinkage by osmotic efflux of water and severe impairment of cellular functions (Burg et al.,
2007) (Figure 2 A-B). Most of our knowledge about osmotic stress handling stems from
kidney medullary tissue where cells survive and function in extreme hypertonicity (Kiiper et
al., 2007). However, all cells are equipped to deal with a certain degree of osmotic stress
irrespective of whether or not they will ever experience it (Burg et al.,, 2007; Yancey et al,,
1982).

DNA damage, cell cycle arrest, oxidative stress and impaired transcription/translation
of many genes are all hallmarks of hypertonic stress. Cells restore volume initially by influx
of inorganic ions (mainly Na*and Cl) followed by water at the expense of an unfavorably
high intracellular ionic strength (known as regulatory volume increase (RVI)). High
intracellular ionic strength interferes with macromolecular function and is responsible for
some of the impairments mentioned before (Figure 2 C). Next, energy-demanding active
transport replaces intracellular sodium ions with potassium (Burg et al., 2007; Kiper et al.,
2007).

Cells then initiate long-term adaption by the expression of channels and enzymes
that facilitate the uptake and synthesis of compatible organic osmolytes, which do not
perturb macromolecules (Figure 2 D). These gradually replace inorganic ions and allow for
the recovery of cellular functions while effectively preserving cell volume at the same time.
Cells also increase the expression of heat shock proteins during adaption. These act as
molecular chaperones to ensure proper protein folding and function (Burg et al., 2007;
Kiper et al.,, 2007; Yancey et al., 1982).

Cell shrinkage, ionic strength or the cytoskeleton were all proposed to initiate
osmotic stress signaling which is then fed forward to downstream effectors (Burg et al., 2007;
Kiper et al., 2007). The mitogen-activated protein kinase p38 pathway and the transcription
factor nuclear factor of activated T-cells 5 (Nfat5) are tonicity-induced signaling hubs to

promote the osmotic stress response (Han et al., 1994; Miyakawa et al.,
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1999). Additional upstream signals fine-tune Nfat5 activity by phosphorylation (Ferraris et
al., 2002). A PI3K - serum and glucocorticoid-inducible kinase 1 (Sgk1) signaling axis
constitutes another backbone of osmo-answer signaling (Lang et al., 2006). This complex
response network enables cells to restore cellular functions if tonicity does not exceed a

critical threshold (Burg et al., 2007).
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Figure 2. Osmotic stress response. A: Cells in isotonic microenvironments function normally. B: Hypertonicity
leads to osmotic water efflux and cell shrinkage (red arrowheads). C: Cell volume is restored by energy-
consuming import of extracellular ions followed by water. High intracellular ionic strength impairs cellular
functions, causes DNA damage and cell cycle arrest of proliferating cells. D: Osmotic stress signaling via Nfat5
induces the expression of transporters and enzymes for the provision of compatible organic osmolytes. These
replace intracellular ions, preserve cell volume and allow for resumption of most cellular functions. Nfat5
additionally induces the expression of heat shock proteins (Hsp) which serve as molecular chaperones for other

proteins.

1.3. The macrophage: a whole universe within a cell membrane

Microenvironmental cues greatly influence cellular behaviour and specifically
macrophages (Xue et al., 2014). This cell type has come a long way since Elie Metchnikoff
first appreciated the importance of these phagocytic cells for host defence (Gordon, 2008).

Macrophages fulfill a wide spectrum of functions beyond immunity and immune
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regulation (Mosser and Edwards, 2008). They are also first line players in homeostatic
regulation ranging from clearance of exhausted erythrocytes and iron recycling (de Back et
al., 2014; Kohyama et al., 2009), removal of apoptotic cells (Gordy et al., 2011; Savill et al.,
2002), adipose tissue homeostasis (Harms and Seale, 2013; Nguyen et al., 2011; Odegaard
et al., 2007; Qiu et al., 2014), to extracellular electrolyte balance (Jantsch et al,, 2014b).
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Figure 3. A spectrum model of macrophage activation. Macrophages integrate different stimuli to yield a
wide spectrum of activation states beyond the dichotomous assignment into classically activated M1 and

alternatively activated M2 macrophages (faithfully adapted from (Xue et al,, 2014)).

This functional diversity is reflected by an almost countless number of
macrophage phenotypes both in vivo and in vitro; they literally seem to compute even
subtle environmental cues to yield a tailor-made spectrum of activation states (Xue et al.,
2014) (Figure 3), ranging from armed-to-the-teeth pro-inflammatory defence cells (often
referred to as M1 macrophages) over alternatively activated (often referred to as M2
macrophages) to truly immune-regulatory and function-specific phenotypes (Lawrence and
Natoli, 2011; Mosser and Edwards, 2008; Murray and Wynn, 20113, b). Macrophages should
therefore not be forced into the dichotomous scheme of M1 versus M2 activation used
before. In this thesis, | will provide extensive methodological information and the exact
activation stimuli, e.g. M(IL-4+IL13), M(LPS), wherever possible as recently suggested by the

macrophage research community (Murray et al., 2014).
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Activation with lipopolysaccharide (LPS) induces prototypic pro-inflammatory
macrophages. M(LPS) produce a vast array of bactericidal and pro-inflammatory mediators
such as tumor necrosis factor (TNF) and interleukin 6 (IL-6) (Lawrence and Natoli, 2011;
Mantovani, 2008; Mosser and Edwards, 2008; Murray et al., 2014; Tugal et al,, 2013). The
strong induction of Nos2 and the subsequent NO burst constitute an effective means to

combat pathogens (Jantsch et al., 2015; Mantovani, 2008) (Figure 4).
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Figure 4. M(LPS) macrophage activation scheme. M(LPS) macrophages are pro-inflammatory immune cells
specialized to combat intracellular infections. Recognition of LPS by TLR4 activates NF-kB (1) and IRF3 (2)
signaling cascades. Activated NF-kB and phosphorylated IRF3 translocate to the nucleus where they act as
transcription factors for the expression of M(LPS) genes. Nos2 and TNF are prominent examples of induced
bactericidal and pro-inflammatory genes, respectively. Nitrite oxide (NO) produced from arginine by Nos2 is a
major component of the murine armory against intracellular pathogens. The LPS/TLR4 signaling complex

initiates negative feedback signaling via SOCS1 at the same time.

The original description of pro-inflammatory macrophages was after
activation with interferon gamma (IFN-y) (Nathan et al., 1983) but LPS by its ability to induce
autocrine interferon beta (IFN-B) signaling is sufficient to develop a pro-inflammatory
phenotype (Mosser and Edwards, 2008; Toshchakov et al., 2002). LPS is recognized by toll-
like receptor 4 (TLR4) (Takeda and Akira, 2004). The LPS/TLR4 complex triggers various

downstream signaling cascades (Figure 4): Nuclear factor kappa-light-
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chain-enhancer of activated B cells (NF-kB) signaling induce the expression of many M(LPS)
effector molecules; the expression of IFN-B is induced via phosphorylation of interferon
regulatory factor (IRF) 3 (Bjorkbacka et al., 2004; Lawrence and Natoli, 2011; Mantovani, 2008;
Meraz et al., 1996; Mosser and Edwards, 2008; Toshchakov et al., 2002; Tugal et al., 2013;
Weintz et al., 2010). Negative feedback signaling via suppressor of cytokine signaling protein
1 (SOCS1) is initiated at the same time to avoid overshooting inflammation (Alexander and
Hilton, 2004; Alexander et al., 1999; Fukao and Koyasu, 2003; Song and Shuai, 1998).
Interleukin 4 (IL-4) and interleukin 13 (IL-13) activate completely different pathways
to induce alternative activation of M(IL-4+IL-13) macrophages (Gordon, 2003) (Figure 5).
Upon binding of these ligands to their respective receptors, receptor-bound Janus kinases
(JAKs) phosphorylate STAT6 - the master TF of M(IL-4+IL-14) activation. Phospho-STAT6
homodimers then translocate into the nucleus and induce transcription of the M(IL-4+IL-13)
activation program (Gordon, 2003; Martinez et al., 2009; Mosser and Edwards, 2008; Takeda
et al, 1996; Varin and Gordon, 2009). Signaling via peroxisome proliferator-activated
receptor gamma (PPAR-y) and a PI3K — Akt - mTOR cascade with subsequent metabolic
adaptions (see 1.4) are additional requirements for full M(IL-4+IL-13) activation (Byles et al.,
2013; Martinez et al., 2009; Odegaard et al., 2007). Additionally, the TFs Krueppel-like factor
4 (KLF4) (Liao et al., 2011) and interferon regulatory factor 4 (IRF4) (El Chartouni et al., 2010;
Satoh et al., 2010) synergize with STAT6. IL-4 signaling also activates a SOCS-dependent
negative feedback loop (Dickensheets et al., 2007; Varin and Gordon, 2009) (Figure 5).
Compared to M(LPS), murine M(IL-4+IL-13) macrophages are poor producers of pro-
inflammatory cytokines and bactericidal oxygen species (Abramson and Gallin, 1990). They
acquire a unique phagocytic receptor and secretory program. Mannose receptor, C type 1
(MRC1 or CD206); arginase 1 (Arg1); chitinase-like protein 3 (Chi3I3 or Ym1) and resistin-like
alpha (Retnla or Fizz1) constitute core signature molecules of murine M(IL-4+IL-13)
activation /n vitro and in vivo (Goerdt and Orfanos, 1999; Loke et al., 2002; Nair et al., 2005;
Nair et al., 2006; Raes et al., 2002; Raes et al.,, 2005; Stein et al., 1992). The functional
implication of these most prominent M(IL-4+IL-13) marker molecules is not well understood
except for Arg1 which has been associated with wound healing (see next paragraph)

(Anthony et al.,, 2007; Chang et al., 2001; Jin et al., 1998; Nair et al., 2005; Nair et al., 2006).
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Functionally, M(IL-4+1L-13) macrophages are often considered to be prototypic wound-
healing macrophages even though contradictory experimental data complicate the
assignment of their definite role to date (Deonarine et al., 2007; Martin et al., 2003; Martinez
et al., 2009; Mirza et al., 2009; Mosser and Edwards, 2008; Varin and Gordon, 2009). Clearance
of helminth infections is another possible /n vivo function of M(IL-4+1L-13) macrophages.
While a direct contribution to pathogen clearance was apparent only in specific infection
models, M2 macrophages might still generally help to mount an appropriate immune
response by inducing and sustaining eosinophilia during worm infection (Anthony et al,,
2007; Martinez et al.,, 2009; Thomas et al., 2012). For sure, M2 cells possess immuno-
suppressive features and contribute to immune homeostasis /n vivoand in vitrowhere they
suppress lethal inflammation or T cell proliferation, respectively (Goerdt and Orfanos, 1999;
Gordon, 2003; Herbert et al., 2004; Huber et al., 2010; Martinez et al., 2009; Schebesch et al,,
1997).
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Figure 5. M(IL-4+IL-13) macrophage activation scheme. M(IL-4+IL-13) macrophages are non-inflammatory
immune cells important for wound healing, anti-helminth immunity and immune regulation. Upon ligand
binding, receptor associated Janus kinases (JAKs) phosphorylate STAT6 which then translocates to the nucleus
and acts as master TF of M(IL-4+IL-13) activation (1). The TFs IRF4, KLF4 and PPAR-y act in concert to yield full
activation and metabolic switching. Signaling via insulin receptor substrate 2 (IRS2) - PI3K - Akt regulated by
mTOR activity is a second important pathway (2). Mrc1, Arg1, YM1 and Fizz1 are murine core M(IL-4+IL-13)

signature proteins.
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1.4. Immunometabolism

Adaptions of cellular metabolic programs are crucial for proper immune cell
activation (Pearce et al, 2013). Metabolic rewiring is important not only to meet the
metabolic needs of highly proliferative cells; it also controls adaptive immune cell effector
functions and fate decisions (Chang et al., 2013; McGettrick and O'Neill, 2013; O'Sullivan and
Pearce, 2014; O'Sullivan et al., 2014; Shi et al., 2011; Vander Heiden et al., 2009; Warburg et
al.,, 1927). How metabolism also regulates the activation and function of innate immune cells
is currently being investigated (Cheng et al., 2014b; Everts et al., 2014; Everts et al., 2012).

Activation of macrophages with either LPS or IL-4+IL-13 induces bold differences in
cellular metabolism. M(LPS) increase their glycolytic activity substantially via the TF hypoxia-
inducible factor 1-alpha (HIF-1a) compared to M(0) or M(IL-4+IL-13) (Cramer et al., 2003;
Newsholme et al., 1986; Rodriguez-Prados et al., 2010). Next to securing energy supply under
hostile environmental conditions (NO burst), metabolic re-wiring of M(LPS) also contributes
to effector function by tapping metabolic networks to increase the production of
bactericidal compounds (Michelucci et al, 2013) and of pro-inflammatory cytokines

(Tannabhill et al., 2013) (Figure 6 A).
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Figure 6. Metabolic re-wiring during macrophage activation. A: Activation of macrophages with LPS
(orange) shifts cellular metabolism towards glycolysis and lactate production. Modification of additional
metabolic networks, e.g. blocked flow (red bar) through the tricarboxylic acid cycle (TCA), enhances the
production of bactericidal metabolites (itaconate). Activation with IL-4+IL-13 (blue) shifts cellular metabolism
towards oxidative break down of fatty acids. B: Signaling via Akt constitutes a second important cascade for
M(IL-4+IL-13) activation next to STAT6. mTOR feeds into Akt signaling and full M(IL-4+1L-13) commitment is

impaired if this signaling loop is aberrant (red flashes).
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In contrast, M(IL-4+1L-13) utilize primarily oxidative phosphorylation (OXPHOS) to
meet their energetic needs (Rodriguez-Prados et al, 2010). Specifically, IL-4 signaling
promotes all aspects of mitochondrial fatty acid oxidation from uptake to breakdown via
STAT6 and PPARy-co-activator-1f (PGC-1p) signaling (Huang et al.,, 2014a; Vats et al., 2006)
(Figure 6 A). Early in activation, M2 macrophages break down glucose as their primary
substrate for OXPHOS (Tan et al., 2015). Experimental inhibition of these metabolic
adaptions blunts the acquisition of a full activation phenotype for both M1 and M2
macrophages (Huang et al., 2014a; Jha et al., 2015; Odegaard et al., 2007; Vats et al., 2006).

Macrophages also integrate whole-organism nutritional status to yield very specific
activation phenotypes (Kang et al., 2008; Kratz et al.,, 2014; Odegaard et al, 2007). It is
therefore not surprising that a mechanistic target of rapamycin (mTOR)-Akt signaling loop
has been identified downstream of IL-4 which is essential for full M2 commitment; aberrant
mTOR signaling causes - via Akt — a pro-inflammatory shift of M(IL-4) activation /in vitroand
in vivo (Byles et al., 2013) (Figure 6 B). The mTOR pathway integrates nutrient supply status
and other environmental signals to regulate various cell functions (Goberdhan and Boyd,
2009; Haissaguerre et al.,, 2014) and plays a major role also in the regulation of adaptive

immune cells (Chi, 2012; Delgoffe and Powell, 2009).

1.5. Epigenetics and histone modifications

Metabolic regulation of epigenetics is one additional mechanism by which
metabolism affects cellular function (Lu and Thompson, 2012). Namely, DNA - with its
plethora of available genes and regulatory elements — needs to be interpreted according to
environmental cues to implement the right transcriptional program at the right spot at the
right time. The term epigenetics comprises the mechanisms used to superimpose
information on DNA and its usage without changing the actual sequence (Holliday, 2006;
Kouzarides, 2007).

Accessibility of DNA is one critical aspect. Nuclear DNA is tightly packed around
histone proteins (Luger et al., 1997) and forms higher order chromatin. The tail domain of
histones can be modified by a range of posttranslational modifications such as acetylation
and methylation of lysine residues. These modifications shape chromatin structure and DNA
accessibility as one epigenetic mechanism that regulates downstream DNA-dependent

processes. The existence of a language-like histone code was proposed
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whereby specific histone modifications or combinations thereof are instructive to regulate
transcription (Jenuwein and Allis, 2001; Strahl and Allis, 2000) (Figure 7). To date, many
enzymes catalyzing the addition or removal of histone modifications have been identified
together with proteins that interpret the histone code by binding to specific modifications
and recruiting additional effector molecules (Jenuwein and Allis, 2001; Li et al., 2007).
Acetylation of histones around the transcription start site (TSS), e.g. histone 4 (H4ac), is
associated with actively transcribed genes (Pokholok et al., 2005; Reinke and Horz, 2003).
Acetylation reduces the positive charge density of histone tails, interaction forces with
negatively charged DNA and thus packing density (Kouzarides, 2007; Weintraub and
Groudine, 1976). Trimethylation of histone 3 lysine 4 (H3K4me3) around the TSS is a
prototypical methylation mark correlated with activation of gene transcription (Kouzarides,
2007; Li et al., 2007; Pokholok et al., 2005) whereas trimethylation of histone 3 lysine 27
(H3K27me3) is associated with gene silencing (Agger et al., 2007; Schuettengruber et al.,
2007). Reversible histone modifications provide plasticity to adapt transcription according
to environmental cues. To which extend diet and other lifestyle factors influence cells via
epigenetic mechanismsis a question of current research (Alegria-Torres et al.,, 2011; Jaenisch
and Bird, 2003; Smolkova et al., 2014).

Histone modifications are essential for macrophage activation. Irf4 is another
essential TF which regulates M(IL-4+IL-13) gene expression programs and activation. /r4
expression itself is induced upon M2 activation by the removal of suppressive histone marks
(H3K27me3) (Ishii et al., 2009; Satoh et al., 2010). Additionally, experimental interference
with the histone code protects from pathological inflammation, indicating that epigenetic

mechanisms also regulate pro-inflammatory macrophages (Nicodeme et al., 2010).

Histone Correlation with
modification _h_transcription rate

H3K4me3 k +

H4ac L‘ +

H3K27me3 /N -

Figure 7. Genome-wide distribution patterns of histone marks and transcription. The distribution of
histone medifications on an arbitrary gene relative to its TSS (black arrow). +/-: positive/negative correlation

with transcriptional activity (faithfully adapted from (Li et al., 2007)).
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1.6. High salt and immune cells

Autoimmune disorders are becoming an increasing health burden in western
countries (Kleinewietfeld et al., 2013; Marson et al, 2015). Also, we are becoming
increasingly aware how disturbed immune homeostasis contributes to the etiology of high
blood pressure and CVD, another scourge for mankind (Dinarello, 2009; Guzik et al., 2007;
He and MacGregor, 2009; Saleh et al., 2015). While high dietary salt consumption is
associated with blood pressure increase and subsequent CVD (He et al,, 2013; He and
MacGregor, 2009), the mechanisms by which environmental variables such as salt intake
trigger the increasing incidence of autoimmune disorders in western countries remain a
critical question of current research (Kleinewietfeld et al., 2013).

Thus, the identification of environmental factors affecting immune cell function and
homeostasis is highly desirable. Recent research yielded a new understanding of electrolyte
homeostasis /n vivo: Excess dietary salt is stored in tissues and creates hypertonic
microenvironments in interstitial fluid compartments (Machnik et al., 2010; Machnik et al.,
2009; Titze and Machnik, 2010; Wiig et al., 2013). The fact that immune cells likely encounter
hypertonic, NaCl-loaded environments /n vivoalso in humans, forces us to ask how high salt
affects immune cell function. High salt induces highly aggressive Th17 cells in vitroand in
vivo (Kleinewietfeld et al., 2013; Wu et al,, 2013). In patients with multiple sclerosis, a Th17-
biased autoimmune disorder, high dietary salt intake is associated with disease progression
(Farez et al., 2015). Non-inflammatory T cells are also affected; here, high salt impairs the

function of regulatory T-cells (Safa et al,, 2015).

1.7. Scope of thesis and specific aims

The immune system functions as a fine-balanced clockwork of pro- and anti-
inflammatory mechanisms. It is of particular interest to study the effect of high salt on
macrophages as: (1) these cells form a physiological tonicity response network /n vivo
(Machnik et al., 2009); (2) macrophages readily migrate along increasing salt gradients
(Muller et al., 2013). A comprehensive understanding of how environmental factors
influence immune-balance may ultimately translate into novel therapeutic options for
common disease entities by comparably simple lifestyle changes.

High salt boosts of M(LPS) activation (Jantsch et al., 2015). In stark contrast, the effects

of high salt on anti-inflammatory M(IL-4+IL-13) macrophages and the mechanisms
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involved remain elusive. In my thesis, | address this important question (Figure 8) by
increasing tonicity during the activation of macrophages with IL-4+IL-13 by an additional
40mM NaCl /n vitro or by feeding a high salt diet /n vivo. | hypothesize that the activation of
macrophages with IL-4+IL-13 is aberrant under high salt conditions. | further hypothesize
that salt-affected activation translates to impaired M(IL-4+IL-13) cellular function /n vitroand
in vivo. By applying genome wide research approaches | will generate new hypotheses as to
howhigh salt affects M(IL-4+IL-13) and M(LPS) activation beyond our current understanding

(Jantsch et al., 2015). | define the following specific aims for my thesis project:

()] To identify how high salt (additional 40mM NaCl) affects the activation of

M(IL-4+1L-13) cells in vitro, ex vivo and in vivo

(I To investigate whether activation of M(IL-4+1L-13) cells in the presence of

high salt alters function in vitro and in vivo

(1 To generate a comparative genome wide data base of gene expression
and activating histone marks under normal and high salt conditions and to
use bioinformatics analysis to identify possible mechanisms as to how high

salt affects the activation of macrophages by IL-4+IL-13 and LPS

(IV)  To verify the mechanisms identified by genome wide analysis (see aim

above) with complementary in vitro experiments

M(LPS) defense response 4
N inflammatory response 4 } Jantsch et al., 2015
NO production $

expresson profile 7
, histone profile?

metabolic adaption?
+ high salt (NaCl)

IL-4+IL-13

activation

immune regulation
wound healing
expresson profile

histone profile [ |
metabolic adaption

M(IL-4+IL-13)

Figure 8. Graphical abstract of thesis research question. High salt (40mM NaCl for /n vitro experiments)
boosts the defense, inflammatory and NO response of murine M(LPS) macrophages (Jantsch et al., 2015). The
effect of high salt on M(IL-4+1L-13) macrophage activation and function is largely unknown. The influence of
increased salt on genome wide expression, activating histone marks and metabolic adaptions remains elusive

for both M(LPS) and M(IL-4+IL-13). The present thesis will address these so far unanswered questions.
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2. Experimental animals, materials and methods
2.1. Experimental animals

Primary macrophages were generated from the bone marrow of male ~10-12
week old WT (C57BL/6; Harlan Laboratories), Sgk1 knockout (Sv129J) (Wulff et al., 2002),
NFATS5 inducible-knockout (C57BL/6; UBC-Cre/ER™, Nfat5 fl/fl) (Feil et al., 1997; Kuper et al.,
2014) or inducible constitutively active (ca)Akt expression (a kind gift of the Rajewsky lab,
MDC, Berlin) mice. Male WT mice were used for ex vivo, in vivo chitin injection and wound
healing studies. Female mice were not included in this study. Mice were fed a normal chow
diet (#V1124-300, Ssniff) and tap water unless indicated otherwise. High salt diet was 1%
(w/v) NaCl in drinking water and 4% NaCl in chow (#E15431-34, Ssniff). Mice were housed
under standard light-dark cycled and SPF conditions. Mice were observed daily. Animal

experiments were approved by local authorities.

2.2. Materials

2.2.1. Cell culture

Manufacturer Catalogue ID
Adult horse serum Cell Concepts #S-HEUO3-|
Beta-mercaptoethanol Sigma #M3148
DMEM Gibco #41966-029
EDTAO0.5M pH 8 Gibco #15575-038
Fetal bovine serum (FBS) Superior Biochrom #50615
G418 Gibco #10131-035
HEPES 1M Gibco #15630-056
LPS fromE. coliO111:B4 Sigma-Aldrich #L3024
LY294002 Akt inhibitor Cell Signaling #9901
Mouse IL-4 R&D Systems #404-ML-010
Mouse IL-6 Miltenyi Biotec #130-094-065
Mouse IL-13 Invitrogen #PMC0134
Non-essential amino acids Sigma-Aldrich #M7145
PBS without CaCl, and MgCl, Sigma-Aldrich #D8537
Penicillin-Streptomycin Gibco #15140-122
RPMI1640 with L-glutamine Gibco #21875-034
RPMI1640 with L-glutamine Sigma-Aldrich #R8758
XF Assay media Seahorse Bioscience #102365-100
XF Base media Seahorse Bioscience #102353-100
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2.2.2. Celllines

Cell line Cell type/origin Provider

L929 Sub-clone of parental L strain derived from ATCC
murine (C3H/An) subcutaneous areolar and
adipose connective tissue (Sanford et al.,, 1948)

X-63 GM-CSF HAT-sensitive Ag8653 myeloma cells transfected National Institute for
with murine GM-CSF ¢DNA (Stockinger et al, Medical Research, Division
1996) of Molecular Immunology
by MTA

2.2.3. gPCR primers and probes

All primers and probes were designed to be species specific for mouse and
are indicated 5’ = 3'. Primers for ChIP DNA are labelled ‘Gene-ChIP’.

Gene Sequence Gene Sequence

Aldoa Argl

Forward: CAGTGAGCAACCCCACTCTGA Forward: CCACAGTCTGGCAGTTGGAA

Reverse: GGCAGTGCTTTCCTTTCCTAAC Reverse: GCATCCACCCAAATGACACA
Probe: TGGCCACGCCAGGGTCCAC

D68 Enoz

Forward: TTCTGCTGTGGAAATGCAAG Forward: GACGACTGGGCAGCTTGGT

Reverse: CAATGATGAGAGGCAGCAAG Reverse: TCAGGTCATCGCCCACTATCT

Fizz7 Gapdh-

Forward: CGTGGAGAATAAGGTCAAGGAACT ChiP CACCGACCTTCACCATTITGT

Reverse: CACTAGTGCAAGAGAGAGTCTTCGTT Forward: GGGCCACGCTAATCTCATTTT

Probe: TTGCCAATCCAGCTAACTATCCCTCCACTG  Reverse:

Hk2 IL-6

Forward: CAGAAGGTTGACCAGTATCTCTACCA Forward: GTTGCCTTCTTGGGACTGATG

Reverse: TCCGGAACCGCCTAGAAAT Reverse: GGGAGTGGTATCCTCTGTGAAGTCT
Probe: TGGTGACAACCACGGCCTTCCC

I Kif4

Forward: CGGGCAAGCAGGACTACAA Forward: AAACCTATACCAAGAGTTCTCATCTCAA

Reverse: TCGGAACTTGCCTTTAAACAATG Reverse: CCGTCCCAGTCACAGTGGTAA

Ldha Mgl2

Forward: ATGAAGGACTTGGCGGATGA Forward: GAGACAGACTTGAAGGCCTTGAC

Reverse: ATCTCGCCCTTGAGTTTGTCTT Reverse: GCCACTTCCGAGCCATTG

Mrci MyoD-

Forward: AATACCTTGAACCCATTTATCATTCC ChiP GACGCCGCCCCTCAGT

Reverse: GCATAGGGCCACCACTGATT Forward: TGCAGTCGATCTCTCAAAGCA

Probe: CGATGTGCCTACCGGCTGCCC Reverse:

Nfats Nos2

Forward: AGCTGGAAATGGAACATTGGA Forward: GGGCAGCCTGTGAGACCTT

Reverse: CGCACAACATAGGGCTCTTCT Reverse: TGCATTGGAAGTGAAGCGTTT

Probe: TCCGAAGCAAACATCACATTCAGATCCC
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Gene Sequence Gene Sequence
Nos2- PD-L2
chiP AACCTCACTGAGAGAACAGACAGAAA Forward: GAGCCAGTTTGCAGAAGGTAG
Forward: TTGCAGCTGCTGAGGGATT Reverse:  ATCCGACTCAGAGGGTCAATG
Reverse:
Pgam] Sgk7
Forward: TCGCAGGTACGCAGACCTT Forward: CGGTGGACTGGTGGTGTCTT
Reverse:  GCTCTGGCAATAGTGTCCTTCA Reverse:  GTCGTACATCTCAGCCGTGTTC
Slamf1 Slamf1-
Forward: TGGCTAATGGATCCCAAAGGA ChiP GCCAGGGTTTGACTGATGTGA
Reverse: CCATCACACCTCCACCTGIT Forward: GAAGCCAAAGTCAGGTGTTCAGA

Reverse:
Slczal Slc6ai2
Forward: GAGTGTGCTGAAGAAGCTTCGA Forward: AGAACTTTACCTCGCCTGTCATG
Reverse: GCCGACCCTCTTCTTTCATCT Reverse: CGTGGATGCCCGATGTAATAC
Ym1 185
Forward: TCCTACTGGAAGGACCATGGAGCA Forward: ACATCCAAGGAAGGCAGCAG
Reverse: TCCTGGTGGGCCAGTACTAATTGT Reverse:  TTTTCGTCACTACCTCCCCG

Probe: CGCGCAAATTACCCACTCCCGAC

2.2.4. Antibodies for western blotting
Antigen Source Manufacturer Catalogue ID
Akt rabbit Cell Signaling #9272
Arginase 1 mouse BD Biosciences #610708
Beta-actin mouse Novus Biologicals #NB600-501
Hsp60 rabbit Cell Signaling #12165S
p70/S6K rabbit Cell Signaling #2708
Phopho-p70/S6K™38° rabbit Cell Signaling #9234
Phospho-Akt*7 rabbit Cell Signaling #4060
Phospho-STAT6™ 4! rabbit Cell Signaling #9361
STAT6 rabbit Cell Signaling #9362
Conjugation

Mouse IgG goat LI--COR #926-32224 IRDye680CW
Rabbit IgG goat LI-COR #926-32211 IRDye800CW
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2.2.5. Antibodies and reagents for flow cytometry

Antigen
B220

CD3
CDh4
CD8
CD11b
CD16/32
CD38
F4/80
F4/80
Gr-1
PD-L2

LIVE/DEAD fixable near-IR Dead Cell Stain kit
MitoTracker Deep Red FM

2-NBDG

Propidium iodide staining solution

Antigen
CD3

Source Manufacturer Catalogue ID Conjugation
rat BD Pharmingen #552094 APC-Cy7
rat eBioscience #50-0032-82 eFluor660
rat BD Pharmingen #558107 PB
rat BD Pharmingen #553032 PE
rat BD Biosciences #553310 FITC
rat eBioscience #14-0161-85 -
rat Miltenyi Biotec #130-103-030 APC
rat eBioscience #17-4801-1631 APC
rat eBioscience #48-4801-80 PB
rat Miltenyi Biotec #130-102-171 PerCP-Vio700
rat eBioscience #12-9972-82 PE
Manufacturer Catalogue ID
Life technologies #L10119
Cell Signaling #8778
Thermo Fischer Scientific #N13195
BD Pharmingen #51-66211E
2.2.6. Antibodies for T cell stimulation
Source Manufacturer Catalogue ID
hamster  BD Biosciences #553057
hamster  BD Biosciences #553294

CDz8

2.2.7. Antibodies and reagents for chromatin immunoprecipitation

Antigen Source Manufacturer Catalogue ID
H3K4me3 rabbit Cell Signaling #9751S
H4ac rabbit Merck Millipore #06-866
Manufacturer Catalogue ID
Dynabeads Protein A Invitrogen #10002D
Micrococcal nuclease (MNase) Sigma-Aldrich #N3755-200U
Proteinase K Sigma-Aldrich #P2308-100MG
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2.2.8. Kits

Agilent RNA 6000 Nano kit

CyQUANT® Cell Proliferation Assay kit
CellTrace CFSE cell proliferation kit

EnzyFluo L-lactate assay kit

High capacity cDNA reverse transcription kit
lllumina TotalPrep-96 RNA amplification kit
Lactate fluorometric assay kit

LIVE/DEAD fixable near-IR Dead Cell Stain kit
Mouse Ref-8 v2.0 bead chip microarray
MinElute PCR Purification kit

PCR Mycoplasma Test kit I/C

QlAamp DNA Mini kit

Qubit dsDNA HS assay kit

RNase-free DNase Set

RNeasy Mini kit

TruSeq ChIP sample Prep kit

XF Cell Mito Stress Test kit

XF24 FluxPak

XF Glycolysis Stress Test kit

2.2.9. Buffers and solutions

Manufacturer

Agilent Technologies

Life Techologies
Life Technologies
BioAssay Systems
Applied Biosystems
Ambion

BioVision

Life Technologies
lllumina

Qiagen

PromoKine

Qiagen

Life Technologies
Qiagen

Qiagen

lllumina

Seahorse Bioscience
Seahorse Bioscience
Seahorse Bioscience

Catalogue ID

#5067-1511
#C7026
#34554
#EFLCC-100
#4368813
#4393543
#K607-100
#L10119
#BD-202-0202
#28006
#PK-CA91-1024
#51304
#Q32854
#79254
#74106
#IP-202-1012
#103015-100
#100850-001
#103020-100

Buffer

Base buffer 2x

ChIP PIC 1 1000x

ChIP PIC I 1000x
Electrophoresis buffer

Laemmli sample buffer 4x

Application

ChipP
ChipP
ChipP

SDS-PAGE

Western blotting

LiCl buffer ChipP
MNase digestion buffer ChipP
MNase reconstitution buffer ChipP
Nuclei preparation buffer | ChipP
Nuclei preparation buffer II ChipP
Nuclei preparation buffer llI ChipP
PBS/BSA ChiP
Protease Stop | ChipP
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Buffer

Protease Stop I

Red blood cell lysis buffer 10x
RIPA buffer

RIPA buffer 2x

TAE buffer

TBS(-T) 10x

TE buffer

Transfer buffer

Base buffer 2x:
60mM KCI

15mM NaCl

5mM MgCI2

0.1mM EDTA

15mM Tris-HCl pH 8

Electrophoresis buffer
25mM Tris

190mM glycine

0.1% SDS

pH 8.3

MNase digestion buffer
0.32M sucrose

50mM Tris-HCI pH7.4
4mM MgCl2

TmM CaCl2

add directly before use:

Protease Stop I

Nuclei preparationbuffer Il
4ml nuclei preparation buffer |

160l 10% Igepal CA-360

Application

ChipP

CFSE co-culture assay

ChipP

ChipP

Agarose gel electrophoresis
Biochemistry

ChipP

Western (tank) blotting

ChIP PIC | 1000x
100mg Aprotinin
50mg Leupeptin hemisulfate
ad 5ml with dH,0

Laemmli sample buffer 4x
62.5mM Tris-HCl, pH 6.8

10% glycerol

1% LDS

355mM beta-mercaptoethanol

0.005% bromophenol blue

MNase reconstitution buffer
20mM HEPES-KOH pH 7.4
50mM MgClI2

50% glycerol

Nuclei preparation buffer lll
246.4569 sucrose

300ml 2x base buffer

ad 600ml with dH,O

add directly before use:
Protease Stop |
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ChIP PIC 1 1000x
10mg Pepstatin A
ad 10ml with DMSO

LiCl buffer

125ml 1M LiCl

25ml 10% lgepal CA-360

25ml 10% sodium deoxycholate
ad 500ml with dH,0

Nuclei preparation buffer |
20.5389 sucrose

100ml 2x base buffer

ad 200ml with dH,0

add directly before use:
Protease Stop |

PBS/BSA

50ml PBS

0.25g BSA

50ul 10% Tween20
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Protease Stop |

1x ChIP PIC |

1xChIP PICII

0.5mM PMSF

5mM sodium butyrate
0.5mM DTT

RIPA buffer

10mM Tris-HCI pH 7.6
140mM Nadl

TmM EDTA

0.1% SDS

0.1% sodium deoxycholate
1% Triton X-100

TBS(-T) 10x
0.2M Tris
1.54M NaCl
(0.5% Tween)
pH7.6

Protease Stop Il

1x ChIP PIC |

1x ChIP PICII

TmM PMSF

5mM sodium butyrate

RIPA buffer 2x

20mM Tris-HCI pH 7.6
280mM Nadl

2mM EDTA

0.2% SDS

0.2% sodium deoxycholate
2% Triton X-100

add directly before use:

Protease Stop Il

TE buffer

5ml 1M Tris-HCI pH 8.0
1ml 0.5M EDTA

ad 500ml dH,0

2.2.10. Reagents and Chemicals

Red blood cell lysis buffer 10x
41.5g NH,CI

4.2g9 NaHCO;

10ml 0.5M EDTA

ad 500ml with dH,0

TAE buffer
40mM Tris
20mM acetic acid
TmM EDTA

Transfer buffer

25mM Tris

190mM glycine

20% ethanol

(0.1% SDS for proteins > 80kD)

Standard lab chemicals, reagents and solvents were obtained from Carl Roth, Merck

and Sigma-Aldrich.

Agarose
Aprotinin

BD FACS sheath solution with surfactant

BD FACSFlow

Bovine serum albumin (BSA)
Chitin

DTT

Ethidium bromide 1% solution
FACS Clean

FACS Shutdown solution

Fast SYBR Green Master Mix
Igepal CA-630

Isofluran

Manufacturer
Biozym

Carl Roth

BD Biosciences
BD Biosciences
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Carl Roth

BD Biosciences
BD Biosciences
Applied Biosystems
Sigma-Aldrich
Baxter
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#840004
#A162.3
#336911
#342003
#A9430-25G
#C9752
#43816-10ML
#2218.1
#340345
#334224
#4385614
#18896-50ML
#HDG9623
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Leupeptin hemisulfate
Low molecular weight DNA ladder

N-(1-Naphthyl)ethylenediamine dihydrochloride

Odyssey blocking buffer

Page Ruler Plus Prestained Protein Ladder
Pepstatin A

Phosphatase inhibitor cocktail
PMSF

Ponceau S solution

Precision Plus Protein Standard
Protease inhibitor cocktail tablets
QlAzol lysis reagent

RIPA buffer 10x

RNase-free DNase Set
Rotiphorese Gel 30 (37.5:1)
Roti-Quant 5x

Skim milk powder

Sodium butyrate

Sodium deoxycholate

Sodium dodecyl sulfate (SDS)
Sucrose

Sulfanilamide

TAT-Cre

TagMan fast universal PCR master mix 2x
TEMED
Triton-X 100

2.2.11. Consumables

Extra thick blot paper/filter paper

Fast optical 96-well reaction plate (for qPCR)
Filter tips 0.1-10pl

Filter tips 100-1000ul

Filter tips 2-200ul

Micro Plate PS 96 V-bottom
Micro-centrifuge tubes 1.5ml
Microcentrifuge tubes 2ml

Microtest plates (F-bottom)

Microtubes 0.5ml

Nitrocellulose blotting membrane

Optical adhesive film (for qPCR)

Sterile cell culture dishes 100x20mm
Sterile cell culture flask 175cm?

Sterile cell culture flask 75cm?

Sterile cell culture plate 6 well

Sterile cell culture plate 96 well (F-bottom)

Manufacturer
Carl Roth

NEB

Sigma-Aldrich
Li-COR

Thermo Scientific
AppliChem
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Bio-Rad

Roche

Qiagen

Cell Signaling
Qiagen

Carl Roth

Carl Roth

Fluka Analytical
Sigma
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

a kind gift from the Rajewsky
lab (MDC, Berlin, Germany)
Applied Biosystems
Carl Roth

Merck

Manufacturer
Bio-Rad

Applied Biosystems
Sarstedt

Sarstedt

Sarstedt

Bottger

Carl Roth

Carl Roth

Carl Roth

Carl Roth
Amersham

Applied Biosystems
Greiner Bio-One
Greiner Bio-One
Greiner Bio-One
Greiner Bio-One
Greiner Bio-One
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Catalogue ID
#CN33.3

#N3233
#222488-5G
#927-50000
#26616
#A2205,0010
#P5726-1ML
#P7626-100MG
#P7170-1L
#161-0374/0377
#11836145001
#79306

#9806

#79254
#3029.1
#K015.1
#70166-500G
#B5887-1G
#D5760-500MG
#L4509-1KG
#57903-1KG
#59251

#4367846
#2367.3
#11869.1000

Catalogue ID
#1703966

#4346906
#70.1130.210
#70.762.211
#70.760.211
#05-021-0100
#4182.1
#NA16.1
#9293.1
#7060.1
#106000016
#4311971
#664160
#661160
#658170
#657160
#655180
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Sterile cell cultre plate 96 well (F-bottom) black
Sterile cell culture plate 96 well (round bottom)
Sterile cell scraper M

Sterile cell spatula

Sterile cell strainer 100um

Sterile cell strainer 40pm

Sterile cell strainer 70pum

Sterile disposable pasteur pipettes

Sterile filter

Sterile needle 23G x 1 14"

Sterile needle 26G x 1”

Sterile needle 27G x 34" Nr. 20
Sterile serological pipette 10ml
Sterile serological pipette 25ml
Sterile serological pipette 5ml
Sterile solution basin

Sterile syringe 10ml

Sterile syringe 20ml

Sterile syringe 2ml

Sterile syringe 50ml

Sterile syringe 5ml

Sterile syringe with needle 1ml
Sterile tissue culture flask 150cm?
Teflon film

Tubes 15ml (sterile)

Tubes 50ml (sterile)

Manufacturer
Greiner Bio-One
Corning

TPP

TPP

BD Falcon

BD Falcon

BD Falcon

Carl Roth

VWR

B. Braun Melsungen

B. Braun Melsungen

BD Microlance
Greiner Bio One
Greiner Bio-One
Greiner Bio-One
BIOLOGIX

B Braun Melsungen
B. Braun Melsungen
B. Braun Melsungen
BD Plastipak

B. Braun Melsungen
BD Plastipak

TPP

DuPont/American Durafilm

Greiner Bio-One
Greiner Bio-One

2.2.12. Hardware

Agarose gel documentation system
Analytical balance

Area scan camera (UV gel station)
BD FACSAria lll

BD FACSCanto Il

BD HTS for FACSCanto |l
Bioanalyzer

Centrifuge

CO; cell culture incubator
Electrophoresis chamber for agarose gels
Electrophoresis chamber SDS-PAGE
Extracellular flux analyzer

Heat sealer

Infrared imaging system

Inverted routine microscope
Magnetic separation rack
Microplate reader

Mini rotator for 1.5ml test tubes

Manufacturer
Syngene

Sartorius

Lumenera

BD Biosciences

BD Biosciences

BD Biosciences
Agilent

Eppendorf

Heraeus

Renner

Bio-Rad

Seahorse Bioscience
Rische und Herfurth
Li-COR

Nikon

Life Technologies
Tecan

Biosan
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Catalogue ID
#655086

#3799
#99003
#99010
#352360
#352340
#352350
#EA66.1
#514-0342

#4657640

#4657683
#302200
#607180
#760180
#606180
#25-0051
#4606108V
#4606205V
#4606027V
#300865
#4606051V
#305501
#90151
#FT FEP 100 C
#188271
#227261

Catalogue ID
InGenius LHR
CPA224S5-OCE
LW135M

Agilent G2938A 2100
5424R; 5417R; 5810R
Function line BB16; BB6060 0,
Geltray UV transparent
Mini Protean Il 2-D cell
XFe24

Polystar 242

Odyssey 9120

Eclipse TS100

CS15000

Spectra Fluor Plus F129005
Bio RS-24
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Multimode plate reader
pH meter

Power supply

Pulse Mixer

qPCR cycler

Qubit Fluorometer

Manufacturer

Molecular Devices
Hanna instruments
Bio-Rad

Scientific Industries
Applied Biosystems
Life Technologies

Semi-dry blotting device Biometra
Shaking platform Heidolph
Sonicator Misonix
Spectrophotometer Peglab
Tank blotting device Bio-Rad
Thermal cycler Perkin Elmer
Thermomixer Eppendorf
Water bath Kéttermann
2.2.13. Software

7500 Fast System SDS Software

FACSDiva

FlowJo version 10

Free Venn Diagram Maker

ImageJ/Fiji

OSYSSEY Application Software version 3.0

Primer Express version 3.0

Prism version 5.01

R

R package GOstats

R package GO.db

R package heatmap.3

REVIGO

2.3. Methods

Generation of conditioned media
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Catalogue ID

Spectramax M5

HI 2211

Power Pac 200

Vortex Genie 2

7500 fast Real-time PCR system
#Q32857

Fastblot B44

Polymax 1030

Misonix 4000

NanoDrop ND-1000

Mini Protean Il

Cetus 480 Thermal DNA cycler
Thermomixer comfort

#3047

Manufacturer

Applied Biosystems

BD Biosciences

TreeStar

Mediafreeware

GNU GPL

Li-COR

Applied Biosystems
GraphPad

GNU GPL

(Falcon and Gentleman, 2007)
GNU GPL

GNU GPL

(Zhao et al., 2014)

GNU GPL

(Supek et al,, 2011); tool online
at http://revigo.irb.hr/

Conditioned media containing the macrophage differentiation factor colony-
stimulating factor (CSF)-1 was generated by collecting the supernatant from confluent L929
cells cultured for 14 days in DMEM containing 10% (v/v) FBS, 1:100 Non-essential amino
acids, HEPES and 1% (v/v) Penicillin-Streptomycin. Supernatants were filtered through a

70um cell strainer. The quality of each new batch of conditioned media


http://revigo.irb.hr/

2. Materials and methods

was assessed by determining the percentage of macrophages generated from WT bone
marrow cultures after seven days (see also sections 2.3.2 and 2.3.8).

A cell line secreting granulocyte macrophage colony-stimulating factor (GM-
CSF) was obtained by material transfer agreement (MTA) (Stockinger et al., 1996). X-63 GM-
CSF cells were expanded in RPMI1640 media containing 5% (v/v) FBS and 1mg/ml G418, as
GM-CSF is expressed episomally and might otherwise be lost. Circa 60x10° cells were then
washed free of G418 and cultured in 200ml culture medium without G418 for ~48 hours.
GM-CSF-conditioned medium was then harvested by collecting supernatants and removing
cells by centrifugation. All conditioned media were tested and found to be negative for
mycoplasma contamination (by PCR). Aliquots were stored at -20°C and thawed directly

prior to use.

2.3.2. Generation and activation of bone marrow-derived macrophages

Bone marrow cells were isolated from the femur and tibia of freshly
euthanized mice (by isoflurane inhalation) by flushing with ~10ml of activation media
(RPMI1640 containing L-glutamine, 10% (v/v) FBS, 10mM HEPES, 50uM B-mercaptoethanol,
1% (v/v) Penicillin-Streptomycin). Cells were then pelleted and resuspended into monocyte
differentiation media (DMEM, 10% (v/v) FBS, 5% (v/v) adult horse serum, 1:100 non-essential
amino acids, 50uM B-mercaptoethanol, 20% (v/v) L929 conditioned media containing CSF-
1). For macrophage differentiation, 10x10° bone marrow cells were then cultivated in 50ml|
of differentiation media for seven days in sealed, hydrophobic Teflon® bags at 37°Cand 10%
CO.. The yield of bone-marrow derived macrophages (BMDM) from one bag was routinely
~70-100x10° cells with a macrophage purity of ~85-95%, as determined by the percentage
of CD11b*F4/80* cells by flow cytometry (Figure 9).
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Figure 9. Quality control of bone marrow-derived macrophages (BMDM) generation. For quality

assessment of individual BMDM batches, the percentage of (continued on the next page)
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CD11b*F4/80* double positive cells was determined by flow cytometry after gating for single cells and
exclusion of cellular debris. Representative flow cytometry plots are shown.

In some cases, the purity of BMDM was below ~85-95%. Optimization of
various experimental variables (e.g. input of undifferentiated bone marrow cells, L929
conditioned media batch, FBS batch, cell culture CO, partial pressure) did not affect the
purity of BMDM preparations. To substantiate the significance of my findings, the purity of
macrophages before (new BMDM batch) and after activation (see next paragraph) was
assessed by flow cytometry. CD11b*F4/80* macrophages were highly enriched (>85%) after
adhesion to plastic and activation for 24 hours irrespective of the initial BMDM purity (Figure
10). All readouts presented in this thesis were after adhesion and activation for 24 hours; |
am confident that the results presented here faithfully report the effect of high salt on highly
enriched CD11b*F4/80* macrophages.
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Figure 10. Adhesion/activation for 24 hours increases the purity of BMDM preparations. BMDM with a
purity below ~85-95% were adhered to plastic and stimulated with IL-4 and IL-13 (M(IL-4+IL-13)) in the absence
(none) or with an additional 40mM NaCl for 24 hours. Unstimulated (M(0)) macrophages were treated similarly.
The percentage of CD11b*F4/80* double-positive macrophages was assessed before and after activation by
flow cytometry. A: Representative flow cytometry plots of CD11b*F4/80* double-positive macrophages before
and after adhesion are shown. B: Bar graph showing enrichment of CD11b*F4/80* double-positive
macrophages during activation. (A+B): All readouts presented in this thesis were after 24 hours of

adhesion/activation.

For activation experiments, the differentiated macrophages were harvested

from Teflon bags, pelleted and resuspended into activation media. No CSF-1 was present

25



2. Materials and methods

for activation experiments. For analysis by qPCR and western blotting, 2x10¢ differentiated
macrophages were plated per well of 6-well plates. For T cell suppression/macrophage
functional assays, 20x10¢ differentiated macrophages were plated into 75cm? flasks. For
ChIP-seq, 40x10°¢ differentiated macrophages were plated into 150cm? flasks. In all cases, the
differentiated macrophages were first allowed to rest and adhere for two hours. Activation
to M(IL-4+IL-13) was performed by the addition of recombinant mouse IL-4 and
recombinant mouse IL-13 to the activation media (final concentration 10ng/ml, each).
Activation to M(LPS) was by the addition of LPS to the activation media (final concentration
10ng/ml). For the analysis of the effect of salt on macrophage activation, an additional
40mM NaCl was also added to the culture media. Tonicity experiments were performed the
same where an additional 80mM urea (which has an equivalent increase in osmolality and
passes through the cell membrane) or 80mM mannitol (which has an equivalent increase in
tonicity but does not enter the cell) were also added to the culture media. Akt inhibitor
LY294002 was used at a concentration of 50nM. Unless otherwise noted, cells were activated
for 24 hours at 37°C and 5% CO,.

2.3.3. Preparation and activation of constitutively active (ca)Akt BMDM

Bone marrow cells were isolated from the femur and tibia of transgenic mice
which express a caAkt (N-terminal myristoylation signal-attached) after genetic
recombination. These mice have aloxP STOP sequence followed by the caAkt and GFP gene,
inserted into the ROSA26 locus. When incubated with recombinant Cre enzyme, the STOP
sequence is deleted and caAkt expression is induced (Figure 11). Taking advantage of the
inducibility of this model, BMDM were first differentiated (under normal, isotonic conditions)
from bone marrow cells from caAkt mice as before, in the absence of any recombinase. This
was to ensure normal differentiation of macrophages from caAkt mice identical to WT
controls. These were named “caAkt™"”  Following the seven-day differentiation
procedure, BMDM were washed three times in serum-free medium to remove proteins. Cells
were then resuspended in serum-free medium at a density of 10x10° cells/ml and incubated
at 37°C in a water bath for 10 minutes. Meanwhile, recombinant trans-activator of
transcription (TAT)-Cre was pre-diluted 1:40 in pre-warmed serum-free media. TAT is a
human immunodeficiency virus-derived protein that penetrates cell membranes and guides

fusion protein cargo to the nucleus via a nuclear localization
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sequence (Dietz and Bahr, 2004; Frankel and Pabo, 1988; Ruben et al., 1989). Then, equal
volumes of cell suspension and TAT-Cre were combined to yield a final cell density of 5x10°
cells/ml and a 1:80 TAT-Cre dilution and incubated in a water bath (37°C) for 45 minutes.
During this time, the excision of the STOP cassette is initiated and thus caAkt expression
(“caAkt*e") induced (Figure 11). Transduction was quenched by adding media containing
10% (v/v) FBS. Cells were washed once in medium containing 10% (v/v) FBS, resuspended
as desired in activation media and plated out. Following incubation with TAT-Cre, BMDM
were left for two days to allow for full recombination and caAkt expression. BMDM from WT
mice were similarly treated with TAT-Cre and incubated for two days. Finally, caAkt**"® and
WT BMDM were left unstimulated, or stimulated with IL-4+1L-13 alone or with an additional
40mM NaCl for 24 hours. Expression of M(IL-4+IL-13) signature genes was measured by
gPCR.
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Figure 11. TAT-Cre-mediated recombination of the caAkt locus in BMDM. A: Schematic showing the
recombination of the caAkt locus upon Cre incubation. A STOP cassette flanked by LoxP sites inhibits caAkt
and GFP expression. When Cre recombinase is added, the STOP cassette is excised and caAkt and GFP are
expressed under the control of the ROSA26 promoter. SA: splice acceptor site. B: Representative flow
cytometry histogram plot showing GFP expression of caAkt**¥ BMDM after Cre recombination compared to

wild type (WT) cells treated similarly.

2.3.4. Invitro generation of myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSC) were differentiated as described
previously (Li et al., 2015; Marigo et al., 2010). Briefly, 2.5x10° WT bone marrow cells were
cultured for four days in MDSC differentiation media (RPMI1640 with L-glutamine, 10% (v/v)
FBS, 1% (v/v) Penicillin-Streptomycin, 10mM HEPES, 20uM beta-mercaptoethanol, 10% (v/v)
GM-CSF conditioned media, 40ng/ml IL-6) in 10cm? cell culture dishes. The percentage of
MDSC among total non-adherent cells (~60%) was determined by flow cytometry after four

days.
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2.3.5. Griess assay

Griess assays were done in collaboration with Jonathan Jantsch (Regensburg,
Germany) to determine nitrite (NO,) in cell culture supernatants of activated macrophages.
Briefly, NO, the bactericidal product of Nos2, is oxidized to nitrite in the presence of oxygen.
In the assay, NO, from cell culture supernatants then first reacts with sulphanilamide and
subsequently N-(1-Naphthyl)ethylenediamine to yield a pink dye which can be quantified
by absorbance measurements at 550nm in a colorimetric assay. Sample nitrite

concentrations were then derived from a NaNO; standard curve measured simultaneously.

2.3.6. RNA isolation, preparation of cDNA and qPCR

Activated macrophages were washed once with PBS prior to lysis in Qiazol
lysis reagent for isolation of total RNA using an RNeasy RNA isolation kit, according to the
manufacturer’'s instructions. Samples were treated with DNase, according to the
manufacturer’s protocol and eluted in RNase-free water. RNA quality and concentration
were assessed with a spectrophotometer. The integrity of RNA samples for microarray was
additionally confirmed on a Bioanalyzer instrument using the Agilent RNA 6000 Nano kit
according to the manufacturer’s instructions. All RNA samples were stored at -80°C.

The High Capacity cDNA Reverse Transcription Kit was used to transcribe
equivalent amounts of extracted RNA into cDNA according to the manufacturer’s protocol.
cDNA samples were diluted in RNase/DNase-free water to a final concentration of 10ng/pl
and stored frozen.

Quantitative real-time polymerase chain reaction (qPCR) was used to quantify
gene expression using the relative standard curve method (Marko et al.,, 2012). TagMan or
SYBR green analysis was conducted according to the manufacturer’s instructions, using an
Applied Biosystems 7500 Fast Sequence Detection System. qPCR data was analyzed with
7500 Fast System SDS Software. Species-specific primers and probes (where applicable) are
detailed in (2.2.3). The expression levels of target genes were normalized to the expression
of 185 RNA, unless indicated otherwise. Results were confirmed independently at least three
times for /n vitro BMDM activation. gPCR results of ChlIP DNA were normalized to input.
Briefly, input Cts were dilution-adjusted to 100% [Ct input — 3.32193] and % input was

calculated for each sample [100%(2(adiusted input Ct-Ct (P)Y]
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2.3.7. Western blotting

Activated macrophages were once washed with chilled PBS on ice and then
scraped into 1x radioimmunoprecipitation assay (RIPA) buffer containing protease and
phosphatase inhibitor cocktails and phenylmethanesulfonylfluoride (PMSF) (40uL, 10pL,
and TpL per 950pL RIPA buffer, respectively). Protein was extracted by freeze-thawing in
RIPA buffer over night at -20°C, followed by centrifugation at 4°C for 15 minutes at 20000xg
to pellet insoluble cellular debris. Supernatants were stored at -80°C. Total protein was
determined by Bradford assay. Briefly, protein lysates were diluted 1:100 in PBS before
addition of 1x Roti-Quant Bradford reagent. Absorbance was measured at 595nm
wavelength with an absorbance plate reader. Protein concentrations were derived from a
BSA standard curve measured in parallel.

Equal amounts of total protein were denatured by incubation at 95°C for five
minutes in 1x Laemmli buffer and loaded onto polyacrylamide (PAA) gels for sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) to separate proteins
according to their molecular mass. A discontinuous PAA gel system consisting of stacking
and separation gel was used. Samples were run at 80V or 120V in the stacking or separation
gel, respectively.

After electrophoresis, proteins were transferred from the gel to a piece of
nitrocellulose membrane by tank blotting using a Mini Trans-Blot® Cell. Membranes were
equilibrated in transfer buffer for 15 minutes prior to blotting; transfer was at 250mA for 75
minutes on ice and in ice-cold transfer buffer. Transfer efficiency of equal amounts of total
protein per lane was checked by reversible staining of membrane-bound protein with
Ponceau S stain. Ponceau S staining was then washed off with TBS-T buffer.

Membranes were then blocked with 3% (w/v) BSA or 5% (w/v) milk in TBS-T
for 1-2 hours at room temperature (RT) to saturate all non-specific protein binding sites.
Membranes were then incubated with primary antibodies (detailed in 2.2.4) diluted in
blocking solution according to the manufacturers’ protocols at 4°C over-night with gentle
agitation. After thorough washing with TBS-T, the membranes were incubated for two hours
with fluorophore-conjugated secondary antibody (detailed in 2.2.4) against primary
antibody host species diluted 1:5000 in ODYSSEY Blocking buffer. After washing with TBS-T,
secondary antibodies were excited and read on an infrared scanner. Where applicable,
densitometric quantification of protein bands was performed with the program ImageJ

(Schneider et al., 2012).
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2.3.8. Flow cytometric analyses

All staining of cells for flow cytometry was done at 4°C or on ice with chilled
reagents. Single cell suspensions were used for flow cytometric analyses. Where applicable,
adherent macrophages were prepared into single cell suspensions by incubation in ice-cold
PBS/2mM EDTA for 15 minutes, before gentle scraping. Activated macrophages or BMDM
were then pelleted and resuspended in PBS/2mM EDTA with 0.5% (v/v) FBS, which
contained a murine Fc receptor-blocking antibody 1:100. Cells were incubated with Fc-
blocking antibody on ice for 10 minutes. Next, cells were washed once with PBS, pelleted by
centrifugation and resuspended in PBS/2mM EDTA with 0.5% (v/v) FBS, containing diluted
antibodies (detailed in 2.2.5) according to application: a-PD-L2-PE 1:200, a-F4/80-APC 1:100,
a-F4/80-PB 1:100, a-CD11b-FITC 1:100, a-CD38-APC 1:100, and a-Gr-1-PerCP-Vio700 1:100.

Macrophages were incubated with fluorescently-labelled antibodies in the
dark for 20 minutes, washed once with PBS/2mM EDTA with 0.5% (v/v) FBS, resuspended
and data was acquired on a BD FACSCanto Il instrument operated by FACSDiva software.
Flow cytometric analyses of macrophage:T cell co-culture assays were performed similarly.
Briefly, CFSE-labeled T cells were pelleted after 4.5 days and resuspended in PBS containing
LIVE/DEAD fixable near-IR dead cell stain 1:1000. After incubation in the dark for 10-15
minutes, cells were washed once with PBS and stained in PBS/2mM EDTA with 0.5% (v/v)
FBS containing a-CD8-PE 1:200 and a-CD4-PB 1:400 for 20 minutes in the dark. After
washing, data was acquired and proliferation was determined by CFSE dilution of gated
CD4* and CD8* T cell populations. Dead cells and debris were excluded from the analysis by
gating.

For cell viability analyses, macrophages were first counted manually using a
haemocytomer, and then propidium iodide (PI) staining solution was added to a final
concentration of Tug/ml prior to data acquisition.

Mitochondrial mass of activated macrophages was analyzed using
MitoTracker Deep Red. Single-cell suspensions were incubated with dye diluted in PBS at a
final concentration of 50nM for one hour, washed and then measured by flow cytometry.

To measure glucose uptake of activated macrophages, cells were first
exchanged into glucose-free media (also without interleukins and additional salt)

containing 30pM 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG)

30



2. Materials and methods

and incubated for one hour at 38°C, washed, and then subjected to flow cytometric analysis.
A BD FACSCanto Il HTS device for automatized sample acquisition was used
where applicable. Data analysis and plotting were performed with the FlowJo software

version 10.

2.3.9. Isolation and stimulation of peritoneal macrophages

WT mice were euthanized and 5ml of ice-cold PBS, 3% (v/v) FBS was injected
into the peritoneal cavity. After gentle massage, the lavage fluid was recovered using a
syringe and needle. Peritoneal exudate cells (PECs) were then pelleted by centrifugation and
resuspended in activation media. Peritoneal cells were allowed to attach for two hours to
enrich for plastic-adherent cells, before washing once with media. Cells were then left
unactivated (M(0)) or stimulated with IL-4+IL-13 (10ng/ml, each) alone or with an additional
40mM NaCl for 24 hours. Signature gene expression was by qPCR.

2.3.10. Cell viability assay (DNA content)

BMDM were plated in flat-bottom 96-well plates at a density of 50,000 cells
per well, allowed to adhere for two hours and activated as described before. After 24 hours,
the culture media was removed, cells were washed once with PBS, and the DNA content of
each well was determined using the CyQUANT® Cell Proliferation Assay Kit according to the
manufacturer’s instructions and a fluorescence plate reader. Here, DNA quantification is via
adye that exhibits strong fluorescence enhancement when bound to DNA with a wide linear
range. Total cell numbers were derived from a standard curve of similarly treated and serially

diluted M(0) macrophages.

2.3.11. /n vivo activation of M2 macrophages by chitin injection

Age-matched WT mice were randomly assigned to receive a high salt diet (4%
NaClin chow plus 1% in the drinking water; HSD) or normal-salt diet (0.4 % in chow plus tap
water; NSD) for 14 days. On day 14, chitin was prepared as described before (Byles et al.,
2013; Satoh etal., 2010). Briefly, chitin was washed with sterile PBS three times and sonicated
in PBS for 30 minutes on ice. Homogenized chitin was diluted to a final concentration of

4ug/mlin sterile PBS and large particles were removed by filtering
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through a 100um cell strainer before I.P. injection of 200ul (800ng chitin/mouse) of the
homogenized chitin preparation. After injection, mice were housed for an additional two
days with HSD or NSD, sacrificed and PECs were collected as described before (see 2.3.9) and
pelleted.

To analyse the expression of M(IL-4+IL-13) signature genes in crude, unsorted
PECs, based on a recently published method (Byles et al, 2013; Satoh et al., 2010)
(experiment 1), cells were resuspended into media (RPMI1640 with L-glutamine, 1% (v/v)
Penicillin-Streptomycin) and then allowed to adhere to 6-well plates for two hours at 37°C,
5% CO,. Non-adherent cells were removed by extensive washing with PBS and adherent
PECs were then lysed in Qiazol followed by RNA isolation and gPCR. All expression data were
normalized to the macrophage marker gene CD68 in experiment 1. CD68 is a reliable marker
gene for peritoneal macrophages in the chitin injection model applied here, irrespective of

the dietary regime (Figure 12).
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Figure 12. CD68 is a reliable peritoneal macrophage marker. Peritoneal cells were sorted by FACS from
mice fed a normal (NSD) or high salt diet (HSD) for 16 days into macrophages (“Mac”), B cells, negative cells
(“Neg”), or T cells using a panel of suitable surface markers. The final purity of each sorted population was

>85%. CD68 expression was determined in populations by gPCR.

For experiment 2, PECs were resuspended into PBS/2mM EDTA with 0.5% (v/v) FBS
and then stained with the following diluted antibodies (detailed in 2.2.5): a-CD11b-FITC
1:100, a-F4/80-PB 1:100, a-CD3-eFluor660 1:100, a-B220-APC-Cy7 1:100 for 20 minutesin the
dark. Stained PECs were then washed, analysed and sorted on a BD FACSAria instrument. To
sort, doublets were first excluded by FSC-A vs. FSC-H analysis, and then gated as desired. All
sorted samples were re-analysed and macrophages had a purity >85%, whilst all other
populations had purities >90%. Analysis of flow cytometry data was performed with the
FlowJo software version 10. Sorted cells were immediately put into Qiazol solution and

stored at -80°C for RNA extraction and subsequent gene analysis by qPCR.
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2.3.12. /n vivowound healing

Fourteen age-matched WT mice were randomly assigned to receive a high
salt diet (4% NaCl in chow plus 1% in the drinking water; HSD) or normal-salt diet (0.4% in
chow plus tap water; NSD) from the day of wounding onwards. Each mouse was subjected
to two 8-mm excisional wounds, one on each side of the midline of the back on day 0 of the
respective diets. Thereafter, mice were treated by the same regime. Wounds (length X
width) were measured on day 0, 3,5,7, 10, 12 and 14, and the percent total wound area was
calculated as the percentage of wound area compared to day 0 of the respective animal.
One wound in each group was excluded from analysis, as a piece of the bedding stuck to
the wound and affected the healing process. Wound measurements were done without
knowledge of the dietary group assignment. At the end of the assay (14 d), skin samples
were taken from the site of the wounds and RNA extracted for gene expression analysis as
described above. Mice on HSD consumed significantly more drinking water; despite a
slightly reduced food intake, their body weight remained similar to that of mice on NSD until
the end of the experiment, indicating no gross adverse health effect of HSD treatment
(Figure 13). The wound healing experiment was performed in collaboration with Prof. Karl

Hilgers (Erlangen, Germany).
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Figure 13. Eating and drinking behaviour of mice during wound healing. The total chow intake and
drinking volume was measured over 14 days of wound-healing whilst on normal salt diet (NSD) and high salt
diet (HSD). The body weight of the mice was also measured at day 0 and at the end of the time course. *p<0.05;
*%n<0.001.

2.3.13. /n vitro co-culture suppression assay

Spleens were dissected from WT mice, submerged in chilled assay media
(RPMI1640 containing 10% (v/v) FBS, 1% (v/v) Penicillin-Streptomycin) and cut into pieces.
To prepare single cell splenocyte suspensions, spleens were pushed through a 70um cell

strainer. Cells were pelleted by centrifugation and then resuspended in red blood cell lysis
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buffer for 3 minutes. Red blood cell lysis was quenched with the addition of assay media.
Cells were washed once with PBS to remove FBS, before labeling with 0.5-1uM
carboxyfluorescein succinimidyl ester (CFSE) at a final cell density of 10x10° cells/ml in PBS
for 5 minutes. CFSE is a membrane-permeable fluorescent cell staining dye that covalently
binds to intracellular lysine residues. Due to covalent binding to proteins, CFSE is retained
within cells for very long periods and equally distributed during subsequent cell divisions.
This is the principle of cell proliferation monitoring using CFSE (Figure 14) (Quah and Parish,
2010; Quah et al., 2007). The labeling reaction was stopped with chilled assay media and

splenocytes were washed with assay media for two more times.
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Figure 14. The principle of cell proliferation monitoring using CFSE and flow cytometry. A: CFSE is equally
distributed among daughter cells with each mitosis (mito). B+C: When analyzed by flow cytometry, cells of
different cell generations from (A) form distinct populations ‘clouds’ in dot-plot view (B) or individual peaks in
histogram view (C). (faithfully adapted from http://www.stmichaelshospital.com/

research/facilities/images/Figure-3-Cell-Cycle.jpg; 05. August 2015).

Labelled cells (250,000/well) were first stimulated alone in 96-well plates in
150ul/well of isotonic assay media with plate-bound a-CD3 and a-CD28 for 24 hours. 96-well
plates had been coated with PBS-diluted a-CD3 (0.5mg/ml) and a-CD28 (0.2mg/ml) for 2h
at 37°C before. Initially, the amount of coating antibody was optimized to yield robust
proliferation (Figure 15 A) without causing activation-induced cell death (Green et al., 2003).
Simultaneously (and separately), BMDM were left unstimulated (M(0)) or activated to M(IL-
4+1L-13) alone or with an additional 40mM NaCl for 24 hours (see 2.3.1). On the next day,
M(0), M(IL-4+IL-13), and M(IL-4+IL-13)+40mM NacCl activated macrophages were detached
with PBS/2mM EDTA and gentle scraping. As it has
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previously been shown that salt affects T cell activation and function (Kleinewietfeld et al.,
2013), M(IL-4+IL-13) macrophages activated in high NaCl were washed thoroughly (3 x PBS)
to remove excess salt (i.e the T cells did not experience hypertonic conditions). M(0) and
M(IL-4+IL-13) macrophages stimulated in isotonic media were treated similarly. After
washing, macrophages were added to 96-well plates containing the CFSE-labelled
splenocytes at macrophage:splenocyte ratios of 1:3, 1:6, 1:12, 1:24, and co-cultured for an
additional 3.5 days in 250pl/well isotonic assay media. T cells showed robust proliferation
on day 4 during assay optimization (Figure 15 B). The proliferation of T cells was determined

after 4.5 days as described above (see 2.3.8).
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Figure 15. Optimization of CFSE proliferation assay conditions. A: The percentage of total lymphocytes and
of proliferating CD4* and CD8* T cells at different coating antibody concentrations is shown. #p<0.05 vs
0.5pg/ml a-CD3+0.2mg/ml a-CD28. B: T cell proliferation at optimum antibody concentrations over time is
shown. No cell division was observed until day 2. Most cells had undergone subsequent rounds of mitosis on

day 4. C: No cell proliferation is detectable in the absence of antibody coating.

Myeloid-derived suppressor cells (MDSCs) have recently been described as a
T cell-suppressive immature myeloid-lineage cell population (Gabrilovich and Nagaraj,
2009; Katoh and Watanabe, 2015; Li et al., 2015; Marigo et al., 2010). MDSCs are a CD11b*Gr-
1* double-positive cell population that constitutes ~20% of total mouse bone marrow cells
(Gabrilovich and Nagaraj, 2009). To exclude that MDSCs possibly influence the
macrophage/T cell co-culture assay described here, the percentage of MDSCs was

determined in freshly prepared batches of BMDM before and after activation of

25



2. Materials and methods

macrophages used for co-cultures. MDSCs were also generated /n vitro (see 2.3.4) as a
suitable positive control for flow cytometric analysis (Figure 16 A). MDSCs were determined
as the granulocyte differentiation antigen 1 (Gr-1) positive subpopulation of total
CD11b*F4/80 cells (Figure 16 B). MDSCs were successfully induced in vitro (~60%) and
showed an abundance in total bone marrow (~30%) similar to observations by others
(Gabrilovich and Nagaraj, 2009); importantly, MDSCs were virtually absent from BMDM
preparations both before and after (<0.5%) macrophage activation (Figure 16 C). The
suppression assays presented here were conducted at splenocyte:macrophage ratios of 1:3,
1:6,1:12 and 1:24 (with 250,000 splenocytes in each condition). Based on the calculated 0.2%
abundance of MDSCs in both M(IL-4+1L-13) stimulated conditions (Figure 16 C), co-culture
assays potentially contain approximately 167, 83, 41 and 20 MDSCs, in each respective
dilution. This is in comparison to the ~83,000, 42,000, 21,000 and 10,000 macrophages. Thus,

potential MDSCs contamination is not significantly confounding the co-culture assay results.
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Figure 16. MDSCs are absent from BMDM and activated macrophages. A: Schematic showing the /n vitro
generation of MDSCs by incubation of bone marrow cells (BMC) with IL-6 and GM-CSF. B: To quantify MDSCs,
the percentage of Gr-1* cells was determined within total CD11b*F4/80" cells (red rectangle) after removal of
doublets and dead cells. Flow cytometry plots from the /n vitro generation of MDSCs are shown. C: BMDM were
generated from freshly isolated bone marrow cells (BMC) and stimulated with IL-4 and IL-13 (M(IL-4+IL-13)) in
the absence (none) or with an additional 40mM NaCl for 24 hours. Unstimulated (M(0)) macrophages were
treated similarly. The percentage of MDSCs was determined in each sample as described in (B) with /n vitro

generated MDSC as a positive control (MDSC*).
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2.3.14. Microarray

Total RNA was extracted as described above (2.3.6) from M(0), M(IL-4+IL-13),
and M(LPS) macrophages activated with and without an additional 40mM salt (N=2 per
group) and analysed using the lllumina Mouse Ref-8 v2.0 array. Amplified cRNA for array
hybridization was prepared using a commercial RNA amplification kit. All microarray
experiments were performed at the MDC core facility and according to the manufacturers’

recommendations.

2.3.15. Chromatin immunoprecipitation (ChIP) and sequencing

Twelve ChIP-seq experiments were performed to determine genome wide
histone modification (H3K4me3 and H4ac) levels of murine primary BMDM after 24 hours IL-
4+1L-13 (10ng/ml each) or LPS (10ng/ml) stimulation in the presence or absence of 40mM
NaCl. Unstimulated M(0) macrophages were treated similarly. The procedure was modified
from (Barski et al., 2007) (Figure 17 A).

Per group, 40x10° BMDM were harvested by incubation with PBS/2mM EDTA
and gentle scraping. Cells were pelleted and stored at -80°C. To isolate nuclei, cell pellets
were thoroughly resuspended in 1ml ice-cold nuclei preparation buffer I. Tml of ice-cold
nuclei preparation buffer Il was added and cells were incubated on ice for 10 minutes. 15ml
tubes containing 10ml of ice-cold nuclei preparation buffer lll were prepared and the cell
suspension was carefully overlain. Nuclei were pelleted by centrifugation through this
sucrose cushion for 20 minutes at 4°C.

Subsequently, supernatants were removed and nuclear pellets resuspended
in Tml MNase buffer. Reconstituted MNase was added and the samples were digested at
37°C to yield native chromatin samples consisting mainly of mono-nucleosomes. The
amount of MNase used for digestion and incubation time were optimized with each new
enzyme batch. Effective preparation of mono-nucleosomes was confirmed by
electrophoresis of digested DNA samples on 2% agarose gels containing ethidium bromide
(Figure 17 B). MNase treatment was stopped by adding 20pl 0.5M EDTA. 1ml of chilled 2x
RIPA buffer was added to each sample followed by thorough mixing to release chromatin
from nuclei. Nuclear debris was removed by centrifugation and collecting of native

chromatin supernatants.
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In the meantime, Protein A Dynabeads were coated with antibody for
immunoprecipitation (IP). Briefly, 50ul Dynabeads were washed once with PBS/BSA using a
magnetic separation rack. Dynabeads were coated with 5ul anti-H3K4me3 or 3pl anti-H4ac
antibody in 500ul PBS/BSA with gentle agitation for 6-8 hours at 4°C. Next, antibody-coated
beads were washed twice with ice-cold PBS/BSA before 600ul of native chromatin were
added and precipitated over night at 4°C with gentle agitation. 60pl of chromatin were kept
as input and stored at -20°C.

The next day, all IP samples were washed thoroughly at 4°C with gentle
agitation in 1ml of the respective buffers as follows: twice RIPA buffer, twice RIPA buffer with
0.3M Nadl, twice LiCl buffer, once TE buffer with 0.2% Triton X-100, and once TE buffer. Next,
all samples including input were digested with proteinase K (100ul TE buffer, 5ul 20% SDS,
5pl proteinase K (10mg/ml stock) per sample) for 4 hours at 65°C and thorough agitation. A
MinElute PCR Purification kit was used to purify immunoprecipitated DNA after proteinase
K digestion. The specificity of immunoprecipitation was confirmed with known active
(Gapdh) and inactive (MyoDT7) genes by gPCR and DNA concentrations were quantified
sample-wise using a Qubit device and high sensitivity dsDNA assay kit, according to the
manufacturer’s instructions. 50ng purified DNA was used to construct ChIP-seq libraries
using a TruSeq ChIP Sample Prep kit according to the manufacturer’s protocol. After cluster
generation, sequencing was performed using the Illumina HiSeq 2000 platform. Library
preparation and sequencing were performed in collaboration with the Hiibner lab (MDC,
Berlin, Germany). Additionally, independent ChIP experiments were performed to confirm

genome-wide results at specific gene loci using gPCR.
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Figure 17. Native chromatin immuncprecipitation using MNase digestion. A: Schematic depicting the
work flow of native chromatin immunoprecipitation (faithfully adapted from (Hoeijmakers et al., 2012)). B:
Representative 2% agarose gel of MNase-digested DNA. As desired, mono-nucleosomal DNA is abundant

(yellow arrow) with very little contamination by di-nucleosomal DNA (yellow asterisk).
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2.3.16. Data analysis of microarray and ChlIP-seq

M(IL-4+1L-13) and M(LPS) signatures of genes which were differential upon
activation of BMDM for expression, H3K4me3, H4ac or various combinations were
determined de novousing the available microarray and ChIP-seq data in close collaboration
with Matthias Heinig and statisticians from the Hibner lab (MDC, Berlin, Gemany). Briefly,
microarray data were quantile normalized on a probe level (25,697) without background
correction. Quality control using principle component analysis did not reveal any batch
effects (not shown). Differential gene expression analysis was then performed using analysis
of variance in linear models using false discovery rate (FDR) to control for multiple testing
(Benjamini et al., 2001). For ChIP-seq, short reads were mapped to the mouse reference
genome (mm?9) using the Bowtie algorithm; only reads mapped uniquely were retained.
SAMtools was used to remove duplicate artefact reads (Li et al., 2009). All ChIP-seq data
conformed the ENCODE consortium quality metrics (Landt et al., 2012). ChIP-seq promoter
occupancy was quantified in TSS regions (£2kb) based on gene annotation from Ensembl
release 62 for either M(0) and M(IL-4+IL-13) or M(0) and M(LPS) activated macrophages in
two biological replicates per condition. Differential occupancy analysis was performed on
the raw read counts using DESeq negative binomial regression model. The false discovery
rate was controlled using the Benjamini Hochberg method (Benjamini et al., 2001). For
further analysis and visualization, read counts were normalized using a quantile based
scaling factor (Schulte et al., 2010). Finally the data was integrated with the gene expression
data using the probeset to Ensembl mapping from the bioconductor package
illuminaMousev2.db. Using this approach, a set of 3560 or 7030 genes which were
differential (FDR<0.05) for expression, H3K4me3, H4ac or various combinations was
identified as M(IL-4+IL-13) or M(LPS) signature, respectively.

Further analysis was based on the subset of all signature genes which were
differential (FDR<0.05) for gene expression, i.e. 2604 (M(IL-4+IL-13)) or 4029 (M(LPS)) genes.
Fold-changes (FC) were calculated for these genes using mean microarray expression data.
Next, for genes with a FC>1.3 (induced and reduced) upon activation, gene ontology (GO)
term analysis was performed using the GOstats R package (Falcon and Gentleman, 2007) to
characterize biological processes affected by activation. For visualization, significant
(FDR<0.05) (Benjamini et al., 2001) GO results were further processed using the Reduce and
Visualize Gene Ontology (REVIGO) online tool which reduces the number of redundant GO

terms according to their significance and semantic
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similarity (Supek et al., 2011). REVIGO attributes a dispensability value ranging from 0 (not
dispensable) to 1 (very dispensable) to each term. Terms with dispensability values below
cut-offs indicated in figure legends were chosen for presentation.

To unveil the effect of high salt on macrophage activation, salt-sensitive M(IL-
4+1L-13) or M(LPS) genes were identified among all activation-induced genes (FC>1.3 vs
M(0)) by setting a FC limit of 1.2 when comparing M(IL-4+IL-13) or M(LPS) macrophages
activated in the absence or presence of an additional 40mM NaCl. As, compared to the large
differences usually expected when comparing pharmacological inhibitors or gene knockout
models, more subtle differences were expected with this smaller environmental
perturbation, this relatively low FC cut-off was chosen. 302 or 432 salt-sensitive genes were
identified for activation with IL-4+IL-13 or LPS, respectively. The lists of salt-sensitive genes
were then again analysed for the enrichment of GO pathways as described above. A FDR
cut-off of 0.1 was accepted for salt-sensitive M(IL-4+IL-13) genes.

Heatmaps for illustration of the salt effect on M(LPS) glycolysis genes were
generated using the heatmap.3 R package (Zhao et al., 2014). Plots showing the distribution
of gene expression and histone mark changes upon BMDM activation (Figure 39 B) were

generated in R using the densityfunction.

2.3.17. Metabolic studies

Extracellular flux analysis was performed to determine the effect of NaCl on
the mitochondrial respiratory capacity (oxidative phosphorylation, OXPHOS) and glycolysis.
To do so, mitochondrial and glycolytic stress tests were performed with an extracellular flux
analyzer. Macrophages were first seeded at a density of 1x10° cells/well of an XF24 cell
culture microplate and stimulated with or without IL-4+1L-13 in the absence or presence of
40mM NaCl for 24 hours.

For analysis of OXPHOS, a XF Cell Mito Stress Test Kit was used, according to
the manufacturer’s directions. Briefly, cells were exchanged into XF Base media containing
1TmM glucose and 1% (v/v) FBS. Five consecutive measurements of the oxygen
consumption rate (OCR) were then obtained under basal conditions, after which the
following compounds (all from the XF Cell Mito Stress Test kit) were added sequentially (five
measurements each): TuM oligomycin, to inhibit mitochrondrial respiration; 1.5uM fluoro-

carbonyl cyanide phenylhydrazone (FCCP), a mitochondrial uncoupler to elucidate
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maximal respiration; 100nM rotenone plus 1TuM antimycin A, to inhibit the electron
transport chain and measure the amount of non-mitochondrial respiration.

For analysis of glycolysis, a XF Glycolysis Stress Test kit was used, according to
the manufacturer’s directions. Briefly, cells were exchanged into XF Assay media with no
glucose and 1% (v/v) FBS. Three consecutive measurements of the extracellular acidification
rate (ECAR) were then obtained under basal conditions, after which the following
compounds (all from the XF Glycolysis Stress Test kit) were added sequentially (5
measurements each): 10mM glucose, to initiate glycolysis; TuM oligomycin, to inhibit
mitochrondrial respiration and 50mM 2-deoxy-glucose (2-DG), to inhibit glycolysis.
Extracellular flux analyses were performed by Katrina Binger. Basal OCR, ECAR, SRC and

glycolysis were calculated as per the manufacturer’s directions.

2.3.18. Mitochondrial content analysis

The analysis of mitochondrial mass by flow cytometry is described in 2.3.8.
Additionally, a previously described qPCR assay was used to determine the effect of salt on
mitochondrial content (Guo et al., 2009). Macrophages were activated as before to M(0) or
M(IL-4+1L-13) with or without additional 40mM NaCl. Next, total DNA was extracted with the
QlAamp DNA Mini Kit according to the manufacturer’s instructions. The abundance of two
respiratory chain enzymes — one mitochondrial (cytochrome c oxidase subunit 1; MT-CO1)
and one nuclear (NADH dehydrogenase (ubiquinone) flavoprotein 1; NDUFV1) - were
determined by gqPCR and the ratio of mitochondrial DNA to nuclear DNA expression was
used as a measure of relative mitochondrial content. The following primers were used (Guo
et al,, 2009):

Gene Sequence Gene Sequence

MT-CO7 NDUFVT

Forward: 5-TGCTAGCCGCAGGCATTAC-3 Forward: 5-CTTCCCCACTGGCCTCAAG-3
Reverse: 5-GGGTGCCCAAAGAATCAGAAC-3 Reverse: 5-CCAAAACCCAGTGATCCAGC-3

2.3.19. Glucose uptake analysis

See flow cytometry experimental section (2.3.8) for details.
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2.3.20. Lactate production

BMDM were seeded at a density of 2x10° cells per 6-well, allowed to attach
for two hours and activated as described before (2.3.2). After activation, cells were washed
twice with pre-warmed PBS. Cells were then incubated in 1ml of FBS-, LPS-, and interleukin-
free medium (RPMI1640 with L-glutamine containing 0.5% (w/v) BSA, 10mM HEPES, 50uM
beta-mercaptoethanol, 1% (v/v) Penicillin-Streptomycin) for 1-2 hours. Supernatants and
cell lysates were then collected for extracellular and intracellular lactate measurements,
respectively, using the EnzyFluo L-lactate assay or Lactate fluorometric assay kit according
to the manufacturers’ instructions. Data were normalized sample-wise to total protein

concentrations, determined by Bradford assay (2.3.7) of recovered cell lysates.

2.3.21. Statistical analysis

Data is presented as mean+SEM. Where applicable, outliers were excluded by
the extreme studentized deviate method. Normality of data was assessed according to the
Kolmogorov-Smirnov test. Unless otherwise indicated, two groups were compared by either
two-sided Student’s t-tests (parametric) or a Mann-Whitney U-tests (for non-parametric
data). For analysis of more than two groups one-way ANOVA (parametric) or Kruskal-Wallis
(non-parametric) test was performed and for all significant outcomes a Tukey’s or Dunns’
(respectively) multiple comparison test was performed. The number of animals for /n vivo
experiments was chosen based on analysis of previous studies (Byles et al, 2013;

Kleinewietfeld et al., 2013; Liao et al., 2011).
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3. Results
3.1. High salt blunts M(IL-4+1L-13) macrophage activation
3.1.1. High salt decreases expression of M(IL-4+IL-13) marker genes

Stimulation of macrophages with LPS under high salt conditions (additional 40mM
NaCl) leads to a significant increase of inflammatory gene expression (Figure 18 A) and
enhanced production of antimicrobial effector molecules (Figure 18 B). The salt-induced
boost of M(LPS) activation has been described in greater detail elsewhere (Jantsch et al.,
2015).
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Figure 18. High salt boosts activation of M(LPS) macrophages. A: Macrophages were stimulated with
10ng/ml LPS in the absence (none) or with an additional 40mM NacCl for 24 hours. Unstimulated (M(0))
macrophages were treated similarly. The expression of M(LPS) signature genes was determined by qPCR.
*p<0.05 vs M(0); #p<0.05 vs M(LPS). B: Macrophages were stimulated as in (A) and nitrite was determined in
cell culture supernatants as a surrogate for NO production with Griess reagent. *p<0.05 vs M(LPS). ND: not

detected.

To test the effect of high salt on the IL-4+IL-13-dependent activation of M2
macrophages, adherent bone marrow derived macrophages (BMDM) were incubated with
IL-4+1L-13 (10ng/ml each) for 24 hours in culture medium in the absence (isotonic;
[INa*]media=139MM, [Cl]media=109MmM) or in the presence of an additional 40mM NaCl
(hypertonic; [Na*lmeda=179mM, [Cllmesia=149mM) (Figure 19 A). RNA was isolated from
activated macrophages and the expression of a panel of typical murine M(IL-4+IL-13)
activation marker genes was determined by gqPCR. In complete contrast to M(LPS), high salt
significantly blunted the IL-4+IL-13-induced expression of Arg 7, Mrcl, Ym71and Fizz] (Figure
19 B). Additionally, high salt blunted the expression of the M(IL-4+IL-13)-induced
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transcription factors K/f4and /rf4 (Figure 19 C). The blunted expression of Arg1 by high salt

was also confirmed on protein level by western blotting (Figure 19 D).
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Figure 19. High salt blunts the expression of M(IL-4+IL-13) signature genes of BMDM. A: Schematic of /n
vitro stimulation of macrophages. Indicated is the final media concentration of Na* per condition, where
139mM is normal, isotonic media. BMDM were typically incubated as indicated for 24 hours. Abbreviations:
BMC, bone marrow cells; BMDM, bone marrow-derived macrophages. B+C: Macrophages were stimulated
with IL-4+IL-13 (M(IL-4+IL-13)) in the absence (none) or with an additional 40mM NaCl for 24 hours.
Unstimulated (M(0)) macrophages were treated similarly. The expression of M(IL-4+IL-13) signature genes was
determined by gPCR. *p<0.05 vs M(0); #p<0.05 vs M(IL-4+IL-13). C: Protein levels of Arg1 were determined by
western blotting after treatment as in (A). Hsp60 loading control is also shown. Bar graph shows the

quantification of the relative levels of Arg1 normalized to M(IL-4+IL-13) lysates. *p<0.05.

To test, whether the blunting of M(IL-4+IL-13) marker gene expression by high salt
was dose-dependent, BMDM were activated in the presence of an additional 10, 20 or 40mM
NaCl. The concentration range was chosen according to interstitial hypertonicity levels
observed /in vivounder high dietary salt intake (Jantsch et al., 2015; Machnik et al., 2009; Wiig
et al.,, 2013). Blunting of signature genes by high salt was dose-dependent (Figure 20). Arg7
expression was significantly blunted by 20 and 40mM NaCl. 10mM NaCl were sufficient to

significantly reduce Mrc7 expression and 20 and 40mM NaCl showed an
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even stronger effect. Fizz7and YM7showed the clearest dose dependency with higher salt

concentrations leading to significantly stronger blunting effects.
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Figure 20. High salt blunts M(IL-4+IL-13) marker gene expression dose-dependently. BMDM were
stimulated with IL-4+IL-13 (M(IL-4+IL-13)) in the absence (none) or increasing concentrations of additional
NaCl (10, 20 and 40 mM). Unstimulated (M(0)) macrophages were treated similarly. The expression of M(IL-
4+IL-13) signature genes was determined by real-time gqPCR. * p<0.05 vs M(0); # p<0.05 vs M(IL-4+IL-13) none
(no additional salt); Tp<0.05 vs M(IL-4+1L-13)+10mM NaCl; p<0.05 vs M(IL-4+1L-13)+20mM Nacl.

To corroborate the physiological relevance of these findings, the effect of high salt
on M2 polarization was also determined with ex vivoperitoneal macrophages. Macrophages
were isolated from the peritoneal cavity of WT mice by lavage and allowed to attach to cell
culture plastic dishes, followed by washing in order to enrich adhesive cells (Figure 21 A).
The composition of peritoneal cells was assessed by flow cytometry before and after
attachment by flow cytometry (Figure 21 B). Initially, macrophages (CD11b*F4/80%)
constituted circa 52% of total peritoneal cells. B (B220*) and T (CD3*) cells accounted for
approximately 48% and 15% of non-macrophage (CD11b" F4/807) cells, respectively; the
identity of CD11b'F4/80B220CD3" cells (28%) was not further investigated. Surprisingly,
plastic attachment removed peritoneal T cells (Figure 21 B; red box) but not peritoneal Band
CD11bF4/80B220CD3 cells. The percentage of macrophages was approximately 50%
before and after adhesion (not shown). Therefore, all gene expression data were normalized
to CD68, a macrophage specific marker gene (Byles et al., 2013) (Figure 12). Activation of
peritoneal cells with IL-4+IL-13 induced robust expression of the marker genes Arg1, Mrci,
Fizz7and Ym17 (Figure 21 C) albeit the
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magnitude of induction differed from BMDM (Figure 19 B). Similar to BMDM, activation in

the presence of an additional 40mM NaCl blunted the induction of Mrc7, Fizz7 and Ym7

significantly, whereas Arg7 was not affected here (Figure 21 Q).
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Figure 21. High salt blunts activation of ex vivo peritoneal macrophages. A: Resident peritoneal immune

cells were isolated from WT mice by lavage. Adhesive cells were enriched by attachment to plastic for two

hours and washing before activation. B: Representative flow cytometry plots showing the staining of

peritoneal lavage cells for macrophages (CD11b*F4/80%) and further characterization of CD11b'F4/80 cells
beforeand afterplastic adhesion: B220* (B cells); CD3" (T cells, red box), CD11b'F4/80B220°CD3" (Neg: negative

cells). C: The expression of M(IL-4+IL-13) signature genes by unstimulated (M(0)) peritoneal lavage cells or after

stimulation with IL-4+IL-13 (M(IL-4+IL-13)) in the absence (none) or with an additional 40mM NaCl as
determined by gPCR. Expression data were normalized to CD68. *p<0.05 vs M(0); #p<0.05 vs M(IL-4+IL-13).
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3.1.2. NaCl blunts M(IL-4+IL-13) activation independent of tonicity, early

STAT6 signaling, osmo-pathways or general macrophage fitness

Any compound unable to freely cross cell membranes increases tonicity if present at
concentrations higher than physiological, without commensurate decrease of other
osmolytes (Irarrazabal et al., 2008). Cells have evolved strikingly uniform mechanisms to
adapt to high tonicity, or osmo-stress, caused by very different agents (Burg et al., 2007;
Yancey et al., 1982). To test whether the blunting of M(IL-4+IL-13) signature gene expression
was salt-specific or merely due to increased tonicity, BMDM were stimulated for 24 hours
with IL4+IL13 in the absence or presence of 40mM NaCl as before, or with two different non-
ionic tonicity controls: mannitol, which increases tonicity without entering the cell,and urea,
which increases osmolality of the bathing solution and enters the cell. Neither the presence
of an additional 80mM mannitol nor urea (40mM NaCl in aqueous solution dissolves into
80mM of effective osmolytes) during the activation of macrophages with IL-4+IL-13 blunted
marker gene expression significantly compared to 40mM NaCl (Figure 22). Therefore, high
NaCl acts on macrophage activation specifically and independent of tonicity. Additional
activation experiments using 40mM sodium gluconate instead of a sodium chloride salt
showed that Na* alone was sufficient to blunt M(IL-4+IL-13) marker gene expression (not

shown).
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Figure 22. High salt blunts M(IL-4+1L-13) marker gene expression indepenent of tonicity. Macrophages
were stimulated as before or with an additional 8dmM mannitol or urea as tonicity controls. Signature gene
expression was analyzed by gPCR. *p<0.05 vs M(0); #p<0.05 vs M(IL-4+IL-13) none and M(IL4+IL-13)+mannitol;
tp<0.05 vs M(IL-4+IL-13)+urea.
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Instant phosphorylation of STAT6 is a crucial proximal signaling event upon
IL-4/IL-13 receptor binding (Gordon and Martinez, 2010; Mishra et al., 2011).
Phosphorylation of STAT proteins is often a quick and transient phenomenon, however,
maintenance of high phosphorylation levels over several hours has been described
specifically for STAT6 (Comfort and Haugh, 2008). In order to identify mechanisms by which
high salt affects M(IL-4+IL-13) activation, early and late STAT6 phosphorylation was
examined by western blotting in the absence or in the presence of an additional 40mM NaCl
or 80mM mannitol as a tonicity control (Figure 23). To investigate early STAT6 signaling, cells
were pre-incubated with an additional 40mM NaCl or 80mM mannitol for five minutes

before IL-4+IL-13 were added and STAT6 phosphorylation determined at 15, 30 or 60

minutes.
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Figure 23. High NaCl mildly reduces late but not early STAT6 phosphorylation. The effect of NaCl on the
phosphorylation of STAT6 was determined by western blotting. A: To examine early signaling, macrophages
were serum-starved overnight and then pre-treated with an additional 40mM NaCl or 80mM mannitol for
five minutes prior to stimulation with IL-4+IL-13 for 15, 30 or 60 minutes. The levels of phosphorylated and
total STAT6 were determined in separate blots with -actin used as loading control. The bar graph shows the
quantification of relative levels of pSTAT/STAT for each time point, normalized to t=15 of M(IL-4+IL-13)
lysates. B: For late signaling, macrophages were incubated with IL-4+IL-13 in the absence (none) or in the
presence of an additional 40mM NaCl or 80mM mannitol for 24 hours. The levels of phosphorylated and total
STAT6 were determined as in (A). The bar graph shows the quantification of relative levels of pSTAT/STAT
normalized to M(IL-4+IL-13) lysates. *p<0.05 vs M(IL-4+IL-13)+40mM NaCl and M(IL-4+IL-13)+80mM

mannitol.

STAT6 phosphorylation was undetected in the absence of IL-4+IL-13 (Figure
23 A; lanes 1-3). STAT6 phosphorylation was high after the addition of IL-4+IL-13 at all three
time points (Figure 23 A; lanes 4-6) irrespective of the presence of an additional 40mM NaCl

(Figure 23 A; lanes 7-9) or an additional 80mM mannitol (Figure 23 A; lanes 10-
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12). The bar graph shows the quantification of relative levels of pSTAT/STAT for each time
point, normalized to t=15 minutes of M(IL-4+IL-13) lysates for M(IL-4+1L-13) and M(IL-4+IL-
13)+40mM NaCl.

Late STAT6 phosphorylation in response to IL-4+IL-13 was determined after
24 hours of co-incubation without (none) or an additional 40mM NaCl or 80mM mannitol
(Figure 23 B). At this later time point, the presence of 40mM NaCl (Figure 23 B; lanes 9-10)
decreased STAT6 phosphorylation compared to isotonic activation (Figure 23 B; lanes 7-8)
independent of tonicity (Figure 23 B; lanes 11-12). The bar graph shows the quantification
of relative pSTAT6/STAT6 levels normalized to M(IL-4+IL-13) at 24 hours. Collectively, high
salt does not affect early signaling events upon IL-4+IL-13 stimulation but significantly
decreases relative levels of pSTAT6/STAT6 at late time points independent of tonicity.

A Sgk1-Nfat5 tonicity-response signaling axis was found to be responsible to
mediate the effects of high salt on T cells (Kleinewietfeld et al., 2013; Wu et al., 2013) and
pro-inflammatory M(LPS) macrophages (Jantsch et al,, 2015). To investigate whether the
same signaling axis is essential to mediate the high salt effect on M(IL-4+IL-13) macrophage
activation, BMDM were generated from Sgk7 and Nfat5 knock out mice to test whether
deficiency of these signaling molecules rescues the salt effect on M(IL-4+IL-13) activation.

First, the responsiveness of both Afat5 and Sgk7 to osmotic stress was
confirmed in our BMDM cell culture system where an additional 40mM NaCl significantly
enhanced the expression of both genes in resting (M(0)) and activated (M(IL-4+IL-13)) WT
macrophages (Figure 24 A). In stark contrast to other cell types (M(LPS) and Th17 cells), the
genetic knock out of Nfat5or SgkT1 did not significantly influence the effect of high salt on
M(IL-4+1L-13) marker gene expression (Figure 24 B and C, respectively). Arg1, Mrcl, Fizz1
and Ym7all showed significantly reduced expression in the presence of an additional 40mM
NaCl in activated BMDM generated from AMfat5knock out bone marrow (Figure 24 B). Sgk7
knock out rescued the salt effect on Arg7expression. However, it did not affect the high salt-
dependent blunting of the expression of the remaining signature genes Mrc7, Fizz7 or Ym17
(Figure 24 C). These results suggest that Sgk1-Nfat5 signaling is not mediating the blunting
effect of high salt on M(IL-4+IL-13) activation and that other mechanisms are responsible.

The elucidation of these mechanisms will be the focus of later sections of the present thesis.
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Figure 24. Nfat5 and SgkT knock out do not rescue salt-blunted M(IL-4+IL-13) activation. Macrophages
from the respective wildtype or gene-deficient mice were stimulated with IL-4 and IL-13 (M(IL-4+IL-13)) in the
absence (none) or with high salt for 24 hours. Unstimulated (M(0)) macrophages were treated similarly. A: The
expression of genes known to mediate cellular responses to tonicity was determined by qPCR. 1p<0.05 vs
none; #p<0.05 vs M(IL-4+IL-13) none. B and C: Cells were isolated from the bone marrow of nfat5 myeloid-
specific knock out or sgk7 total knockout mice, and differentiated into macrophages. A7at5KO (B) or sgk7 KO
(C) macrophages were then stimulated as in (A). The expression of M(IL-4+IL-13) signature genes was

determined gPCR. *p<0.05 vs M(0); #p<0.05 vs M(IL-4+IL-13) none (no additional salt).

In response to this unexpected result, the effect of an additional 40mM Nacl
on M(0) and M(IL-4+IL-13) viability was investigated using several independent methods to
exclude that the effect of high salt on M(IL-4+IL-13) activation was caused merely by
impaired macrophage viability. As before, BMDM were left untreated or activated with or
without an additional 40mM NaCl for 24 hours prior to analysis. Cells were then harvested
and the exclusion of the cell viability dye propidium iodide was analyzed by flow cytometry.
Dead cells were detected in all four groups but importantly no significant difference was
evident between M(IL-4+IL-13) and M(IL-4+IL-13)+40mM NaCl; high salt significantly
affected the viability of untreated macrophages, however (Figure 25 A). Assessing cell
counts by DNA content after activation in the presence or absence of an additional 40mM
NaCl confirmed the aforementioned results independently (Figure 25 B). Additionally,
manual counting of cells was performed with a haemocytometer (Figure 25 C). As before,

no significant effect of high salt on cell numbers was detectable.
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Figure 25. High salt does not decrease M(IL-4+IL-13) cell viability. A: The viability of unstimulated (M(0)) or
IL-4+IL-13 stimulated macrophages alone or with an additional 40 mM NaCl was examined by monitoring the
exclusion of a viability dye (Propodium lodide; Pl) by flow cytometry. The quantification is shown to the right.
**p<0.01 vs M(0) none. B and C: The number of cells following incubation for 24 h as in A was determined by
measuring DNA content (CyQUANT) relative to a standard curve of known cell numbers (B), or by manually

counting with a haemocytometer (C).

In summary, the results demonstrate that the high salt concentrations used
throughout this thesis for in vitro experiments do not significantly reduce M(IL-4+IL-13)
macrophage viability. Of note, others have recently also shown a quick restoration of cellular
volume within 30 minutes specifically for macrophages upon a tonicity increase by
200mOsm (Ip and Medzhitov, 2015).

3.1.3. High salt affects M2 macrophage activation /n vivo

Before setting out to identify possible mechanisms by which high salt affects
M(IL-4+IL-13) activation, | next addressed the functional and /n vivorelevance of the findings
presented so far. Reese et al. described an IL-4-dependent and widely used /n vivo model of
M2 macrophage activation by peritoneal injection of homogenized chitin (Byles et al., 2013;

Reese et al., 2007; Satoh et al., 2010), a natural polymer found in parasitic
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nematodes and nematode egg shells (Perrigoue et al., 2008). Here, the experimental
procedure was adapted to investigate whether high salt affects M2 macrophage activation
in vivo. WT mice were fed a normal salt diet (NSD) or high salt diet (HSD) for 14 days prior to
intraperitoneal (I.P.) injection of homogenized chitin. The respective diets were continued
for two more days after injection. Peritoneal exudate cells (PECs) were then isolated by
lavage (Figure 26). In experiment 1, total PECs were allowed to attach to cell culture plastic
for two hours to enrich adherent cells, i.e. macrophages. Elicited macrophages
(CD11b*F4/80*) were not the dominant PEC cell population in the I.P. chitin injection model
before adhesion; additionally among CD11bF4/80 cells, peritoneal B (CD19*) and T (CD3%)
cells were observed (Figure 27 A). These results are in agreement with observations made
by others (Satoh et al, 2010). Adhesion to plastic for two hours followed by extensive
washing repeatedly led to a significant enrichment of CD11b*F4/80* macrophages and a
loss of peritoneal T cells while peritoneal B cells could not be removed (Figure 27 B).
Therefore, M2 marker gene expression of PECs was analysed relative to CD68, an approved
macrophage marker (Byles et al., 2013) (Figure 12).

In experiment 1, HSD led to a significant reduction of the M2 signature genes
Mrciland Fizz]. Arg 1 expression was not affected by HSD and Ym7showed large variability

between individual samples (Figure 28).

chitin .

peritoneal peritoneal
M(0) M2

!
o

j time (d)

14 0 2
Normal salt diet (NSD) I.P. chitin Peritoneal lavage > enrichment of adherent PECs (Exp. 1)/
High salt diet (HSD) FACS sort (Exp. 2) > gPCR analysis

Figure 26. Study design to investigate the effect of high salt on M2 activation /n vivo. Mice were fed a
normal salt diet (NSD) or a high salt diet (HSD) for 14 days, at which point homogenized chitin was injected
intraperitoneally (I.P.). After 2 days, peritoneal exudate cells (PECs) were collected by lavage, enriched for
adherent cells (macrophages) by attachment to plastic (experiment 1) or the desired immune cell populations
were purified by fluorescence-activated cell sorting (FACS) (experiment 2). Gene expression of M2 marker

genes was then analysed by qPCR. Exp. 1/2: experiment 1 or 2, respectively.
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Figure 27. Plastic-adhesion of PECs enriches macrophages. Mice were fed a NSD or HSD for two weeks, at
which point chitin was injected intraperitoneally (I.P.). After 2 days, PECs were collected by lavage and left to
adhere to tissue culture plates for 2 hours, before extensive washing and isolation of RNA for gene expression
analysis by real-time qPCR. The proportion of macrophages (F4/80*CD11b*), B cells (F4/80CD11b'CD19%), T
cells (F4/80CD11b'CD3*) and “Neg” cells (F4/80-CD11b-B220-CD3-) among PECs was analysed by flow
cytometry before adhesion (A), and after adhesion to tissue culture plates for two hours (B). After adhesion, a

3-fold enrichment of macrophages was routinely observed.
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Figure 28. High salt diet reduces M2 macrophage activation /in vivo. The expression of M(IL-4+IL-13) genes
in adhered PECs relative to CD68 as described in (Figure 27) was determined by gPCR. NSD: normal salt diet;
HSD: high salt diet. *p<0.05, #p<0.001.

These data were encouraging and suggested an effect of high dietary salt on
M2 macrophage activation in an IL-4-dependent model /n vivo. To corroborate these
findings, the LP. chitin experiment was modified slightly and repeated independently

(Figure 26; experiment 2).
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First, the effect of dietary salt intake on the percentage and number of
macrophages among total PECs after chitin administration was investigated in detail. No

significant differences were observed between the two dietary groups (Figure 29).
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Figure 29. Dietary salt has no effect on the amount of chitin-elicited macrophages. A: Representative flow
cytometry plots showing staining for macrophages (CD11b*F4/80*) of PECs from mice on NSD and HSD two
days after chitin injection. B: Quantification of the proportion and actual number of macrophages in PECs from
(A).

Next, to yield a pure peritoneal macrophage preparation free of other
contaminating cell types, this time (experiment 2) fluorescence-assisted cell sorting (FACS)
was used to purify different PEC populations after lavage. Macrophages (CD11b*F4/80%), B
cells (CD11b'F4/80B220%), T cells (CD11bF4/80CD3*) and negative cells (CD11bF4/80B220°
CD3) could be sorted at a purity of 85%, 91%, 97% and 99%, respectively (Figure 30). RNA
was then isolated individually from the four cell populations and used for gene expression
analysis of M2 signature genes by qPCR. Arg7and Fizz7 were detected specifically in sorted
macrophages while Mrc7and Ym7 were expressed at considerably high levels in ‘negative
cells” (Figure 31). Interestingly, in our model, Mrc7 - considered a typical M2 macrophage
marker gene — was highly expressed in ‘negative cells’ and only at much lower levels
similarly in both B cells and macrophages; Mrc1 expression was not detected in T cells
(Figure 31). Feeding mice a HSD for 14 days prior to chitin injection significantly reduced the
expression of Arg7and Fizz7 in experiment 2. MrcT expression was not affected by dietary
salt intake in macrophages but significantly lower in negative cells (Figure 31). One may
speculate that the contradictory results concerning Mrc7 expression from experiment 1

might be due to contamination of macrophages with negative cells.
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Figure 30. Gating strategy for the isolation of the desired PEC immune populations. Following the gating
of macrophages (“Mac”; CD11b*F4/80%), cells were then gated on CD11bF4/80  and subsequently sorted as
B220" (B cells), CD3* (T cells) or B220°CD3" (Negative cells; “Neg”). The final purity of each sorted population
was re-analysed (red) by flow cytometry and is shown below, where macrophages were >85%, and all other

populations were >90%. Figure shows representative flow cytometry plots

In contrast to experiment 1, however, sorting of a pure (>85%) peritoneal macrophage
population uncovered a clear trend of lower Ym7 expression by macrophages under HSD
(p=0.07) (Figure 31) which was not detectable in experiment 1. Negative cells showed no
trend for decreased Ym7expression under high dietary salt loading, which suggests that salt
affects different cell populations in a very specific way. In conclusion, the findings from
experiment 1 and 2 suggest that high dietary salt intake also affects the activation of M2

macrophages /in vivo.
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Figure 31. High dietary salt intake blunts M2 macrophage activation in vivo. The expression of M2
signature genes in immune cell populations sorted from PECs as described in (Figure 30) was determined by
gPCR. NSD: normal salt diet; HSD: high salt diet. *p<0.05 by 2-way ANOVA.

55



3. Results

3.1.4. High dietary salt intake impairs wound healing
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Figure 32. High dietary salt intake causes delayed wound healing. A: Two cutaneous wounds were applied
to the back of mice, which were then fed a NSD or HSD for 14 days. The closure of the wounds was monitored
at the desired times during a 14 day period, at the end of which skin samples from the wounded area were
subjected to gPCR analysis. B: Representative images of wounds from mice on a NSD and HSD during 14 days
after wounding. C: The change in wound area (percent of initial wound area) is plotted over time. The
experiment was repeated twice independently, at which point the values from 7 individual mice were pooled
(N=13 wounds per group). *p<0.05, **p<0.01 by 2-way ANOVA. D: The number of wounds completely (grey)
vs. incompletely (white) healed at the end of the experiment (14 days). E: Real-time qPCR analysis of M2
signature genes at wound sites from mice on a NSD and HSD. The p value shown for the effect of HSD was
calculated by 2-way ANOVA. **p<0.01. N=5 (biological).
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Wound healing is a major effector function attributed to M2 macrophages
(Mosser and Edwards, 2008). Indeed, genetic ablation of M2 macrophage activation was
associated with impaired dermal wound healing (Liao et al,, 2011). To test the effect of salt
on this process, two cutaneous back wounds were inflicted to WT mice. Mice were then fed
NSD and HSD, which did not cause major adverse health effects (Figure 13), and the closure
of the wounds was monitored for 14 days (Figure 32 A). There was no difference between
the diet groups in the rate of wound healing in the initial phase (0-3 days). During later
stages, animals on HSD showed a significant delay in wound healing (3-7 days) (Figure 32 B-
Q). After 1 week, mice on a NSD exhibited a 69% reduction in wound area, whilst mice fed a
HSD showed a delayed wound closure (only 56%). The difference between mice fed a NSD
and HSD was not significant during the remaining observation period. However, only 6/13
wounds were completely healed after 14 days on HSD, whilst 12/13 wounds of mice on NSD
healed completely during the same period (Figure 32 D). The expression of M(IL-4+IL-13)
signature genes in wound samples was also examined by gPCR. RNA samples from wound
sites were only available for a single late time point (day 14). Nonetheless, by 2-way ANOVA
a significant effect of HSD was observed and Fizz] expression was significantly reduced
(Figure 32 E).

Collectively, the data presented here suggest that high dietary salt intake delays
dermal wound healing /n vivoto a similar degree as observed in genetic models of impaired
M2 activation (Liao et al,, 2011), and furthermore reduces the on-site expression of M(IL-
4+1L-13) signature genes. However, it is highly plausible that HSD affects many other cell
types important for wound healing (e.g. neutrophils, fibroblasts), and so | cannot safely

conclude that high salt impairs /n vivowound healing exclusively by reducing M2 activation.

3.1.5. High salt reduces the suppressive capacity of M(IL-4+IL-13) /n vitro

To substantiate that high salt affects the function of M2 macrophages, the
ability of M(IL-4+1L-13) macrophages to suppress T cell proliferation /in vitro was tested. A
macrophage/T-cell co-culture suppression assay has been described earlier and showed
dose-dependent inhibition of T-cell proliferation by M(IL-4) macrophages (Huber et al.,
2010). Briefly, total splenocytes were isolated, labelled with CFSE and incubated with plate-
bound anti-CD3 and anti-CD28 for 24 hours to initiate T cell proliferation. BMDM were
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simultaneously and separately activated with IL-4+IL-13 in the absence or presence of an
additional 40mM NaCl for 24 hours. After this period, activated macrophages were washed
extensively to remove interleukins and salt before addition to T cell cultures at different
ratios (Figure 33 A). After co-incubation for a further 3.5 days, cell proliferation was assessed
by flow cytometry. First, viable cells were identified by exclusion of a live/dead stain. Then,
the two major T cell populations were identified by their expression of the surface markers
CD4 and CD8. The proliferation of CD4* cells was then analysed by taking advantage of there
being equal CFSE dilution among daughter cells during cell proliferation (Figure 33 B).
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Figure 33. Experimental layout and gating strategy of the /n vitro co-culture assay. A: Schematic of the in
vitro co-culture assay. Briefly, macrophages were activated into M(IL-4+IL-13) with/without an additional
40mM NaCl for 24 hours. Excess salt was then removed by repeated washing of the cells. Co-culture of CFSE-
labelled CD4* T cells (from whole splenocytes) and pre-activated macrophages occurred in the presence of
plate-bound a-CD3+a-CD28, but without any additional salt. CD4* T cell proliferation was monitored by flow
cytometry. B: Representative flow cytometry plots of the gating strategy for the analysis of CD4* T cell

proliferation are shown.

At a macrophage:T cell ratio of 1:6, M(0) macrophages did not affect CD4* T
cell proliferation compared to no-macrophage controls (not shown) while M(IL-4+IL-13)
macrophages showed a strong capacity to suppress CD4* T cell proliferation; of note, M(IL-

4+1L-13) macrophages activated in the presence of an additional 40mM NaCl had a
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markedly reduced ability to suppress CD4* T cell proliferation (Figure 34 A). The suppression
of CD4* T cell proliferation by M(IL-4+IL-13) macrophages was dose-dependent and high
salt impaired this important function significantly over a range of macrophage:T cell ratios
(Figure 34 B). A similar suppressive function of M(IL-4+IL-13) macrophages on CD8* T cells
was obvious in my experiments (not shown) and described earlier (Huber et al., 2010).
However, the effect of pre-activation of M(IL-4+IL-13) macrophages with high salt on CD8*

T cell suppression was not conclusive.
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Figure 34. High salt reduces the suppressive capacity of M(IL-4+IL-13) macrophages. A: CFSE fluorescence
histograms of gated CD4* T cells incubated with macrophages at a ratio of 1:6 (macrophage:T cell).
Macrophages were un-activated (M(0)) or activated with IL-4+IL-13 in the absence (none) or with high salt. B:
Quantification of (A). Bars show the mean % of proliferating CD4* T cells at macrophage:T cell ratios of 1:3, 1:6,
1:12, 1:24. *p<0.05 vs M(0); #p<0.05 vs M(IL-4+IL-13) none.

Programmed death 1 ligand 2 (PD-L2) is a cell surface molecule that inhibits
CD4+T cell proliferation (Latchman et al., 2001) and constitutes a major effector molecule to
mediate cell contact-dependent suppression of T cell proliferation by M2 macrophages
(Huber et al., 2010). | hypothesized that high salt impairs the suppressive capacity of M(IL-
4+1L-13) macrophages by affecting PD-L2 expression. Indeed, high salt repeatedly reduced
PD-L2 gene expression levels (Figure 35 A). By flow cytometry, PD-L2 surface expression was
induced upon activation of macrophages with IL-4+IL-13, with high salt reducing this

induction (Figure 35 B). Combined, these results suggest that the blunted expression of a
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major M2 T cell-suppressive effector molecule is a possible mechanism by which high salt
impairs M2 function /n vitro. Taken together, the aberrant M(IL-4-+1L-13) activation with high
salt observed /n vitrotranslated to altered /n vitro function and an effect of high salt on M2

macrophages was also apparent when investigating respective /n vivomodels.
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Figure 35. High salt blunts the gene and protein expression of PD-L2. Macrophages were unactivated
(M(0)) or activated with IL-4+IL-13 in the absence (none) or with high salt. A: PD-L2 expression was then
determined by gPCR for gene expression levels. *p<0.05 vs M(0); #p<0.05 vs M(IL-4+IL13). B: Surface PD-L2
protein was measured by flow cytometry and representative fluorescence histograms are shown. The bar
graph shows the quantification of fold change (vs M(0)) of geometric mean PD-L2 fluorescence intensity.

*p<0.05 vs M(IL-4+1L-13).

3.2. The effect of high salt on M(IL-4+IL-13) macrophages: genome wide

analysis

In the previous chapters, | have shown that high salt has a significant effect
on M(IL-4+IL13) macrophage activation and function /n vitroand /n vivo. This effect seems
to be independent of initial STAT6 phosphorylation and is not via osmo-stress-related
signalling cascades (Nfat5, Sgk1), that were essential to mediate the effect of high salt on
pro-inflammatory macrophages and T cells as previously shown (Jantsch et al.,, 2015;
Kleinewietfeld et al., 2013). During M2 activation, epigenetic modifications of the Irf4 locus
are essential to induce /rf4 expression and subsequently a full M2 phenotype (Ishii et al.,
2009; Satoh et al.,, 2010). As the expression of /rf4 and a second essential M2 TF (K/f4 was
significantly blunted by high salt (Figure 19 C), | hypothesized that aberrant M(IL-4+IL-13)
activation may be via altered histone maodifications. To test this hypothesis and to unveil
additional mechanisms, | used genome-wide approaches to characterize M(IL-4+IL-13)
macrophage activation and the effect of high salt. To this end, BMDM were stimulated as

before with IL-4+1L-13 in the absence or presence of an additional 40mM NaCl for 24 hours
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and used to generate a set of genomic gene expression and H3K4me3/H4ac histone

modification data by microarray and ChIP-seq, respectively.

3.2.1. /nvitro activation of M(IL-4+IL-13) macrophages

Before addressing the effect of high salt, | first characterized the genome-
wide changes that occurred upon /n vitro activation of M(IL-4+IL-13). Three M(IL-4+IL-13)
gene sets were generated: a set of genes in which the expression was changed upon
activation and similarly a set of genes with differential H3K4me3 and H4ac. Analysing all
three gene sets together, a total of 3560 genes were differential (induced or reduced;
FDR<0.05) upon stimulation of BMDM with IL-4+IL-13 in normal, isotonic media. More
specifically, 2604, 1763 and 494 genes were identified to have differential expression,
H3K4me3 and H4ac, respectively (Figure 36). The overlap between the three differential
gene sets at 24 hours was surprisingly low; 213 genes showed significant changes in all three
variables while 1644 genes were differential for expression without significant changes in
histone marks. How gene expression changes contribute to M(IL-4+1L-13) activation and
function can be intuitively interpreted. The meaning of significant histone mark changes
without concordant expression changes, however, is less intelligible. For ease, all further
gene analyses were therefore based on first identifying if there were changes in gene

expression, followed by integration of the ChIP-seq data.

H3K4me3
(FDR < 0.05):
1763

Hdac
(FDR < 0.05):
494

Figure 36. A de novo M(IL-4+1L-13) gene set defined by expression, H3K4me3 and H4ac. Differential genes
(FDR<0.05) upon M(IL-4+IL-13) activation of BMDM for 24 hours in isotonic media were determined for gene
expression, H3K4me3 and H4ac. In total, a set of 3560 M(IL-4+IL-13) genes were identified. The overlap
between the three individual gene sets (expression: 2604 genes, yellow; H3K4me3: 1763 genes, blue; H4ac:

494 genes, red) is shown as Venn diagram.
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Upon M(IL-4+1L-13) activation, of the 2604 genes with differential expression,
807 (expression; FDR<0.05) were increased more than 1.3-fold and 799 genes showed a
reduced expression (FC>1.3) compared to unstimulated M(0) macrophages (Figure 37 A).
The top 50 (by expression FC) induced and reduced genes are shown in Table 3 and Table 4
(see appendix 5.1), respectively. To characterize pathways and/or cellular functions affected
by M(IL-4+IL13) activation, gene ontology (GO) term analysis of the 807 upregulated or the
799 downregulated (FC>1.3) expression genes was performed. This analysis yielded a
plethora of significant (FDR<0.05) GO biological process terms for genes with both
upregulated (FC>1.3) (Figure 37 B) and downregulated (FC>1.3) expression (Figure 37 C)
genes. For upregulated M(IL-4+IL-13) genes, terms related to the immune response and
cellular metabolism, specifically metabolic process, mitochondrion organization, cellular
respiration and cellular lipid metabolic process, were significantly enriched (Figure 37 B; red
terms). Of note, oxidative breakdown of fatty acids is a characterizing feature of M(IL-4+IL-
13) activation. Additional GO terms corroborating the cellular metabolism associated with
M(IL-4+IL-13) activation in the present data set are shown Table 1. For the 799 down-
regulated genes, GO terms (FDR<0.05) related to cell death and nitric oxide metabolism
were identified. The latter is in line with the reduced ability of M(IL-4+IL-13) activated cells

to produce NO compared to pro-inflammatory murine macrophages.
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Figure 37. Global gene expression analysis of /n vitro M(IL-4+IL-13) activation. BMDM were activated with
IL-4+IL-13 for 24 hours or unstimulated (M(0)). A: Global gene expression changes were determined by
microarray. The bars represent the number of induced (yellow) and reduced (blue) M(IL-4+IL-13) genes
(FDR<0.05) with a fold change (FC)>1.3. B+C: Gene ontology (GO) term analysis of induced (B) and reduced (C)
M(IL-4+IL-13) genes from (A) was performed to identify pathways and/or cellular programs induced (B) or
reduced (C) upon M(IL-4+IL-13) activation. Significant (FDR<0.05) GO terms were summarized using REVIGO
(Supek et al., 2011); all terms with a dispensability<0.2 are shown. Red lines in (B+C) indicate FDR cut off of
0.05.

Table 1. Additional (FDR<0.05) GO terms for all 807 M(IL-4+IL-13)-induced genes.

GOtermID Description -logio (FDR)
GO0:0015980 energy derivation by oxidation of organic compounds 3.5612
GO0:0006635 fatty acid beta-oxidation 1.424
GO0:0006631 fatty acid metabolic process 2.3647
GO0:0006119  oxidative phosphorylation 24377
G0:0022904 respiratory electron transport chain 1.3067
GO0:0006099 tricarboxylic acid cycle 2.0599
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For simplification, all further analysis was focused on the 807 genes identified
to have increased (FC>1.3) expression upon activation to M(IL-4+IL-13). This set of genes will
be hereafter referred to as “M(IL-4+IL-13) signature genes”. In agreement with the literature
and my own data, typical M2 signature genes such as Arg7, Fizz1 (Retnla), Ym1 (Chi3/3), PD-
L2 (Pdcd1lg2), Irf4, Ccl24and Cc/717were among the top 50 induced M(IL-4+IL-13) signature
genes (Table 3; 5.1). Mrc7 was induced 2-fold upon activation (not shown). Interestingly,
Socs2was also one of the top 50 induced genes; this may indicate the activation of negative
feedback signalling upon continuous IL-4+1L-13 stimulation (Alexander and Hilton, 2004).

Of these typical M2 genes, | next examined if there were concordant changes
in H3K4me3 and H4ac modifications upon stimulation. ChIP-seq analysis revealed a strong
association between the abundance of activating histone modifications (Figure 38 A) and
increased gene expression levels (Figure 38 B) for Arg1, Ccl24, PD-L2, Fizz] and SocsZ2. For
Ym1, Hdac levels were also clearly increased upon stimulation. For H3K4me3, ¥m7 showed
a considerable FC increase (18-fold) but the actual counts were extremely low at this locus
compared to the other genes mentioned above.

| next examined the two chromatin modifications on a global level for the 807
M(IL-4+IL-13) signature genes. Here, the association between gene expression and
activating H3K4me3 and H4ac histone modifications was considerably weak. Interestingly,
245/273 genes showed even (slightly) decreased levels of H3K4me3/H4ac, while at the same
time their gene expression was increased at least 1.3-fold (Figure 39 A). The majority of
genes, i.e. 562 and 534 for H3K4me3 and H4ac, respectively, showed concordant changes of
gene expression and activating histone modifications. The correlation between expression
changes and H3K4me3 changes (Spearman r= 0.41) or expression changes and H4ac
changes (Spearman r=0.32) upon M(IL-4+IL-13) activation was - even though statistically
highly significant (both p<0.0001) - therefore very low (Mukaka, 2012).

This may be partly due to the fact that — globally — histone marks changed
much more moderately upon M(IL-4+IL-13) activation than did gene expression. When
plotting the frequency of observed gene expression, H3K4me3 and H4ac changes (M(IL-
4+1L-13) vs M(0) upon activation) as density distributions, gene expression showed a clear
right shift (Figure 39 B). Thus, the magnitude of changes is much higher for gene expression

than for histone marks for most of the M(IL-4+IL-13) signature genes.
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Comparison of the two histone marks with each other also revealed only a

low positive correlation (Spearman r=0.41; p<0.0001) (Figure 39 Q).
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Figure 38. H3K4me3 and H4ac histone modification of M(IL-4+IL-13) signature genes. BMDM were

activated as before. A: ChIP-seq signature tracks of H3K4me3 and H4ac histone marks are shown spanning 2kb

upstream and downstream around the annotated transcription start site (TSS) of the respective gene. Mean

counts are indicated for each track. B: Bar graphs show gene expression levels for M(0) and M(IL-4+IL-13) cells

as determined by microarray.
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Figure 39. Correlation of expression and histone marks upon M(IL-4+IL-13) activation. A: Gene expression
changes (expressed as M(IL-4+IL-13)/M(0) ratio) upon M(IL-3+IL-13) activation are plotted against the
corresponding changes in H3K4me3 (left panel) or H4ac (right panel) for each of the 807 induced M(IL-4+IL-
13) signature genes. Histone modification counts used to calculate M(IL-4+IL-13)/M(0) ratios span 2kb
upstream and downstream of the annotated transcription start site. The dotted red line indicates the
expression fold change cut off (1.3). Spearman r=0.41 (left panel) and 0.32 (right panel); p<0.0001 (both). B:
Distribution of gene expression (red), H3K4me3 (black) and H4ac (blue) changes (expressed as M(IL-4+IL-
13)/M(0) ratio) upon M(IL-4+1L-13) activation are plotted as density. Dashed black line: [x=1]. 92% of all 807
induced M(IL-4+IL-13) signature genes are covered by an X-axis FC limit of 4. C: H3K4me3 changes (expressed
as M(IL-4+IL-13)/M(0) ratio) upon M(IL-4+IL-13) activation plotted against the corresponding H4ac changes for
all 807 induced M(IL-4+IL-13) signature genes. Spearman r = 0.41; p<0.0001.

3.2.2. Adding salt to the genome-wide analysis of M(IL-4+IL-13) activation

The previous section summarizes my identification of a set of genes with differentially
induced expression upon activation from M(0) to M(IL-4+IL-13). My next aim was to analyse
the effect of high salt on this gene set. To this end, | compared the expression levels of M(IL-
4+IL-13) signature genes in the absence and presence of an additional 40mM NaCl using
microarray data. For all 807 M(IL-4+IL-13) signature genes, ratios were calculated for M(IL-
4+1L-13)+40mM NaCl vs M(IL-4+1L-13) microarray signal intensities and the top 50 (by M(IL-
4+IL-13) vs M(IL-4+IL-13) expression FC) salt-sensitive M(IL-4+1L-13) signature genes are
presented in Table 5 and Table 6 (see appendix 5.1) for
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further increased or decreased genes, respectively. The global effect of high salt on all 807
M(IL-4+IL-13) signature genes is presented in Figure 40 A by plotting microarray signal
intensities detected after M(IL-4+1L-13) activation for 24 hours with or without salt. The most
salt-sensitive and the previously described M(IL-4+1L-13) marker genes Arg1, Fizz1, Mrcland
YmT are highlighted. Gene expression levels for highlighted genes are shown in Figure 40
B. Here, using the microarray data, the blunting effect of high salt on the expression of Arg7,
Fizz1 and MrcT as determined by qPCR earlier was not detectable, while Ym7, Mgl? and
Slamf1 showed a trend to have blunted expression with high salt. Unsurprisingly, a gene
mediating the uptake of compatible osmolytes (5/c6a72) was the most upregulated with
activation in high salt. Stearoyl CoA desaturase 1 (Scd'7) — a second highly increased salt-
sensitive gene - is the rate-limiting enzyme in the synthesis of monounsaturated fatty acids
(Nakaya et al., 2013). It has also been connected to inflammation and cellular stress in

macrophages (Liu et al,, 2011).
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Figure 40. The effect of high salt on the expression of M(IL-4+IL-13) signature genes. BMDM were
activated with IL-4+1L-13 (M(IL-4+IL-13)) in the absence (none) or presence of an additional 40mM NaCl for 24
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hours. Unstimulated macrophages (M(0)) were treated similarly. A: The effect of high salt on M(IL-4+IL13)
signhature gene expression as determined by microarray is shown. Highly salt-sensitive genes are indicated
(grey dots with gene names). B: Bar graphs show the expression level of genes highlighted in (A) as determined

by microarray.

The trend for salt having a strong blunting effect on the expression of the two M(IL-4+IL-13)
signature genes Mg/2 and S/amf7 (Figure 40 B) was independently confirmed by gqPCR
analysis of /n vitro activated BMDM (Figure 41 A). Of note, the blunted expression of both
Mgl2 and Slamfl1 was independent of tonicity (Figure 41 B) and signaling molecules
mediating the salt effect on pro-inflammatory T cells and M(LPS) macrophages (Figure 41 C)
as described earlier for other M(IL-4+IL-13) marker genes. S/lamfT is particularly interesting
as its expression level was reduced by high salt in M(IL-4+IL-13) macrophages while high salt
at the same time boosted S/amf7 expression in M(LPS) activated macrophages (not shown).
Additionally, Cc/24and Cc/77- two typical M2 chemotactic molecules (Murray et al., 2014)
—and PD-L2 (Pdcd7/g2) were among the top 50 salt-reduced M(IL-4+IL-13) signature genes
(Table 6, see 5.1; for PD-L2 see also Figure 35); Ccl24 induces eosinophilia, a typical functional
feature of M2 macrophages (White et al., 1997) while PD-L2 - as described earlier — is a major

M2 surface effector molecule to restrict T cell proliferation (Huber et al., 2010).
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Figure 41. High salt blunts the expression of additional M(IL-4+IL-13) signature genes. BMDM were
activated with IL-4+IL-13 (M(IL-4+IL-13) in the absence (none) or presence of an additional 40mM Nacl for 24
hours. Unstimulated macrophages (M(0)) were treated similarly. A: Gene expression was determined by gPCR.
*p<0.05 vs M(0); #p<0.05 vs M(IL-4+IL-13) none. B: BMDM were activated as in (A) or in the presence of an
additional 80mM urea or mannitol as tonicity controls before analysing gene expression by qPCR. *p<0.05 vs
M(0); #p<0.05 vs M(IL-4+IL-13) none and M(IL4+IL-13)+mannitol; tp<0.05 vs M(IL-4+IL-13)+urea. C: BMDM
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were generated from the bone marrow of Nfat5 myeloid-specific knockout mice (left panel) or Sgk7 total
knockout mice (right panel), and activated as in (A). The expression of M(IL-4+IL-13) signhature genes was

determined by qPCR. *p<0.05 vs M(0); #p<0.05 vs M(IL-4+IL-13) none.

The effect of high salt on the histone modification levels of all 807 M(IL-4-+IL-
13) signature genes was also analyzed. The global effect on H3K4me3 and H4ac is presented
in Figure 42 and Figure 43, respectively. Genes with high salt sensitivity in the previous gene
expression analysis and the M(IL-4+1L-13) marker genes Arg]l, Fizz1, Mrcl and Ym7 are also
indicated. According to the weak salt effect on Arg7, Fizz7 and Mrc7 expression (Figure 40),
H3K4mes3 levels around their respective transcription start sites were marginally affected by
salt; only Fizz7showed a mild reduction (Figure 42 B). As mentioned before, H3K4me3 levels
were generally very low for ¥m7and also not affected by salt. The remaining salt-sensitive
genes showed clear (S/lamf1, Slc6a12) or mild (Mg/l2, Scd7) concordant changes for H3K4me3
modification and gene expression levels. For H4ac, Scd'7, Slamf1, Slc6a712and Ym7 showed
a mild salt effect that mirrored microarray gene expression changes of M(IL-4+IL-13)
activated macrophages in the absence or presence of an additional 40mM NaCl. For Arg7,
Fizz1, Mgl2 and Mrci, H4ac levels were unchanged or even slightly increased (Figure 43 B).
Collectively, the data presented here do not justify — as initially hypothesized - to conclude
that high salt was affecting M(IL-4+IL-13) activation and function via H3K4me3 or H4ac
histone modifications as a general mechanism.

As no significant changes in chromatin modifications were identified, a more
detailed analysis of salt-induced changes in the transcriptional program was performed,
with the aim to eventually identify disturbances in pathways or individual genes which may
account for the salt-blunted activation observed before. Of all 807 M(IL-4+IL-13) signature
genes, the expression of 136 genes was further increased (FC>1.2) while the expression of
166 genes was decreased (FC>1.2) by salt (Figure 44 A). GO term analysis was performed
using these 302 salt-sensitive M(IL-4+IL-13) signature genes as input. Results (FDR<0.1) were

summarized using REVIGO as before and are presented in Figure 44 B.
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Figure 42. The effect of high salt on H3K4me3 levels of M(IL-4+IL-13) signature genes. BMDM were
activated as before. Histone modification levels were determined by ChIP-seq spanning 4kb around the
annotated transcription start site (TSS) A: The effect of high salt on H3K4me3 levels of all 807 M(IL-4+IL-13)
signature genes is shown. Individual genes from Figure 40 are indicated (grey). B: Representative H3K4me3

signature tracks for highlighted genes from (A) are shown. Mean counts are indicated for each track.

Many terms related to immune cell activation and proliferation as well as
response to wounding were identified as being affected upon activation in the presence of
high salt (Figure 44 B) (note that 7 cel/ proliferation was also identified (FDR<0.05) (not
shown)). Changes in these terms therefore supports the functional results presented earlier
(sections 3.1.4; 3.1.5).
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Figure 43. The effect of high salt on H4mac levels of M(IL-4+IL-13) signature genes. BMDM were activated
as before. Histone modification levels were determined by ChIP-seq spanning 4kb around the annotated
transcription start site (TSS) A: The effect of high salt on H4ac levels of all 807 M(IL-4+IL-13) signature genes is
shown. Individual genes from Figure 40 are indicated (grey). B: Representative H3K4me3 signature tracks for

highlighted genes from (A) are shown. Mean counts are indicated for each track.

Additionally, several terms related to cellular metabolism were identified
(metabolic process, single-organism metabolic and negative requlation of mitochondrion
organization). Adaption of cellular metabolism is a hallmark of immune cell activation
(Pearce and Pearce, 2013; Tan et al., 2015). Many cells substantially re-wire their metabolic
programs upon activation and show a strong commitment towards primarily using either
glycolysis or oxidative phosphorylation. This is also the case for macrophages: while M(LPS)

macrophages use glycolysis to meet their energetic needs, M(IL-4+IL-13) macrophages
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predominantly rely on oxidative phosphorylation using fatty acids as their main source of
energy (Huang et al., 2014a). According to the genome-wide analysis presented above, |
next hypothesized that high salt may affect M(IL-4+IL-13) activation via cellular metabolism
(Figure 45).
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Figure 44. The functional effect of high salt on M(IL-4+IL-13) signature gene expression. BMDM were
activated as before. A: The effect of high salt on the expression of all 807 M(IL-4+IL-13) signature genes was
determined by microarray. Bars represent the number of genes that differ (FC>1.2) in their expression whether
or not an additional 40mM NaCl was present during activation. B: Gene ontology (GO) analysis of genes from
(A) was performed. GO terms (FDR<0.1) were summarized using REVIGO (Supek et al., 2011). Proc.: processing;

pres.: presentation. Red line indicates FDR cut off of 0.1.
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Figure 45. Scheme of metabolism hypothesis of the salt effect on M(IL-4+IL-13). Full M(IL-4+IL-13)
activation relies on a re-wiring of cellular metabolism leading to increased oxidative phosphorylation using
fatty acids as a main substrate to meet the energetic needs of activated M(IL-4+IL-13) macrophages. As
aberrant metabolic adaption leads to impaired M2 polarization, metabolism was identified as a possible
working point for high salt to blunt M(IL-4+IL-13) activation according to the previous analysis of salt-sensitive

M(IL-4+IL-13) signature genes.
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3.2.3. Salt modulates M(IL-4+IL13) cellular metabolism via Akt and mTOR

Extracellular flux analyses were conducted to test the effect of high salt on
M(IL-4+IL-13) macrophage metabolism. First, BMDM were activated to M(IL-4+IL-13) in the
presence or absence of an additional 40mM NaCl for 24 hours. The oxygen consumption
rate (OCR) was then monitored over time, in the absence of interleukins or salt, for 150
minutes. To test mitochondrial function, cells were sequentially treated with oligomycin (to
inhibit mitochondrial respiration (Penefsky, 1985)),  carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) (to detect maximal respiration by uncoupling
mitochondria (Heytler and Prichard, 1962)) and rotenone plus antimycin A (Rot+A) (to
determine non-mitochondrial respiration) (Figure 46 A). In agreement with the earlier
described metabolic adaptions of M(IL-4) macrophages (Huang et al., 2014a), the basal OCR
was increased upon M(IL-4+IL-13) activation. However, in the presence of an additional
40mM NaCl, the spare respiratory capacity (SRC), which provides information as to the
maximal mitochondrial respiration of the cell, was significantly reduced. This indicated that
NaClindeed blunted the metabolic capacity of mitochondria of M(IL-4+IL-13) macrophages.
Interestingly, when unstimulated M(0) macrophages were incubated with high salt, their
SRC was instead increased. Activation of BMDM to M(IL4+IL-13) also increased the basal
extracellular acidification rate (ECAR), a surrogate for lactate-dependent acidification of the
cell culture medium by glycolysis. No salt effect on ECAR was obvious under these basal

conditions (Figure 46 B).
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Figure 46. Salt affects mitochondrial and metabolic function of M(IL-4+IL-3) cells. A: Oxygen consumption
rate (OCR) of unstimulated (M(0)) or M(IL-4+IL-13) activated macrophages without (none) or with high salt for
24 hours, followed by sequential treatment with cligomycin (to inhibit mitochondrial respiration), FCCP (to
elucidate maximal respiration), and rotenone plus antimycin A (Rot+A) (to measure non-mitochondrial
respiration). The basal OCR and spare respiratory capacity (SRC) are also shown. *p<0.05 vs M(0); #p<0.05 vs
M(IL-4+IL-13). B: BMDM were activated as in (A) and the basal extracellular acidification rate (ECAR) was
determined by flux analysis. *p<0.05 vs M(0).
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The observed changes in OXPHOS could be due to a functional impairment
of mitochondria or a general reduction in mitochondrial content after activation with salt
for 24 hours. To address this question, | next tested whether salt decreased the
mitochondrial content of M(IL-4+IL-13) macrophages activated in the presence of an
additional 40mM NaCl. Two independent experimental approaches, one taking advantage
of a mitochondrial dye and one relying on nucleic acid analysis, showed that the changes
observed with salt were, however, not associated with a decreased mitochondrial content (
Figure 47 A and B). Quantification of mitochondrial content by qPCR of mitochondrial (mt)
DNA suggested a slight reduction for M(IL-4+1L-13) cells versus M(0) which was, however,
not statistically significant (Figure 47 B).
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Figure 47. The effect of high salt on M(IL-4+IL-13) mitochondrial content. BMDM were activated as before.
A: Mitochondrial mass was quantified by staining cells with Mitotracker red and analysis by flow cytometry. A
representative flow cytometry plot (left panel) and the quantification of flow cytometry data (right panel) are

shown. B: Mitochondrial content was measured by the ratio of mitochondrial (mt) DNA to nuclear (n) DNA.

The significant increase in ECAR (Figure 46 B) indicated that M(IL-4+IL-13)
activated macrophages had increased rates of glycolysis under the activation conditions
applied here. Therefore, | next explored in greater detail whether glycolysis was similarly
affected by high salt. Extracellular flux analyses were again performed of M(0) and M(IL-4+IL-
13) macrophages activated for 24 hours in the absence or presence of an additional 40mM
NaCl. Before performing the measurements, macrophages were exchanged into glucose-
free media and then the maximal response of the cells upon re-addition of glucose was used
as a measure of the rate of glycolysis (Figure 48 A). Activation with IL-4+IL-13 under isotonic
conditions was again associated with a significant increase in glycolytic flux in comparison

to M(0), indicating that M(IL-4+1L-13) macrophages are
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generally more glycolytically active than resting cells. M(IL-4+IL-13) cells activated with an
additional 40mM NaCl had a decreased rate of glycolysis. High saltincreased the SRC of M(0)
macrophages before (Figure 46 A). Similarly, high salt increased the rate of glycolysis of M(0)
cells (Figure 48 A). This opposing effect of high salt on the SRC and the rate of glycolysis of
unstimulated or M(IL-4+1L-13) macrophages argues for a very specific effect of high salt on

different activation phenotypes.
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Figure 48. The effect of salt on the glycolytic flux of M(IL-4+IL13) cells. A: Extracellular acidification rate
(ECAR) of unstimulated (M(0)) or M(IL-4+IL-13) activated macrophages without (none) or with high salt for 24
hours, followed by sequential treatment with glucose (to initiate glycolysis), oligomycin (to inhibit
mitochondrial respiration), and 2-deoxy glucose (DG) (to inhibit glycolysis). The rate of glycolysis was
calculated based on the difference between basal ECAR and the maximal ECAR following glucose stimulation.
*p<0.05 vs M(0); #p<0.05 vs M(IL-4+IL-13). B: Glucose uptake of macrophages activated as in (A), followed by

incubation of the cells with 2-NBDG for one hour, and analysis by flow cytometry. *p<0.05 vs M(0) none.

The decrease in glycolytic flux in M(IL-4+IL-13) cells with salt could be due to
a salt-impaired uptake of glucose. Therefore, | analyzed glucose uptake of M(IL-4+1L-13) cells
activated in high salt for 24 hours vs isotonic conditions by incubation with the fluorescent
D-glucose derivate 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-
NBDG) (Yamada et al.,, 2007; Yoshioka et al., 1996) for one hour and subsequent flow
cytometric analysis (Figure 48 B). In line with the salt-blunted glycolytic flux observed
previously, M(IL-4+IL-13) cells activated with an additional 40mM NaCl took up significantly
less 2-NBDG . Surprisingly, glucose uptake was similarly impaired in M(0) cells incubated
with high salt albeit glycolysis vs M(0) none was increased in these cells previously (Figure
48 A). Collectively, the metabolic analyses presented here indicate that high NaCl blunts the
increase in OXPHOS and glycolysis necessary for full M(IL-4+IL-13) activation.
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As both the analysis of gene expression data and the extracellular flux
experiments revealed that high salt affects M(IL-4+IL-13) cellular metabolism, |
hypothesized that this might be viaaberrant Akt/mTOR signaling. These signaling pathways
are known to be important for nutrient sensing and orchestrating the metabolic re-wiring
associated with immune cell activation and fate decisions (Chi, 2012; Palmer et al., 2015;
Zeng et al., 2013). Of note, mTOR has recently been identified to regulate the inflammatory
response of innate immune cells such as macrophages and dendritic cells (Weichhart et al.,
2008; Weichhart and Saemann, 2008). Akt signaling, which is itself upstream of mTOR (Hay
and Sonenberg, 2004), was shown to synergize with STAT6 to induce full M2 macrophage
activation (Byles et al., 2013). To investigate this, BMDM were pretreated in isotonic media
or high salt for five minutes before stimulation with IL-4+1L-13 for 15, 30 and 60 minutes and
detection by western blotting of the phosphorylation of Akt>”® and p70S6K™®, a
downstream target of mTOR signaling (Hay and Sonenberg, 2004), which is itself
downstream of pAkt signaling. Despite serum starvation, BMDM showed considerable
phosphorylation of Akt, which was further increased upon stimulation with IL-4+IL-13
(Figure 49 A). Pre-incubation of BMDM with an additional 40mM NaCl significantly blunted
interleukin-induced Akt phosphorylation at all times analyzed. Basal phosphorylation of
p70S6K was low and strongly increased by IL-4+IL-13 stimulation over time (Figure 49 B).
This increase was almost completely abrogated with high salt pre-treatment. To corroborate
the importance of Akt signaling for M(IL-4+1L-13) activation, BMDM were activated with IL-
4+1L-14 for 24 hours while Akt signaling was chemically inhibited. Inhibition of Akt signaling
with the small molecule LY294002 blunted the expression of M(IL-4+IL-13) signature genes
significantly (not shown). This result was similar to that observed previously with M(IL-4)
macrophages (Byles et al., 2013) and mimicked the effect of high salt. Collectively, the results
suggested that high salt affects M(IL-4+1L-13) activation and metabolism via its effect on
Akt/mTOR signaling.
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Figure 49. The effect of high salt on IL-4+IL-13-induced Akt and mTOR signaling. BMDM were serum-
starved overnight and then pre-treated with 40mM NaCl for 5 minutes, prior to stimulation with IL-4+IL-13. A:
phospho-Akt (pAkt) levels were determined by western blotting after 15, 30 or 60 minutes. The levels of total
Akt were determined in a separate blot with B-actin as a loading control. Bar graphs show the quantification
of pAkt/total Akt levels normalized to t=0. *p<0.05 vs M(IL-4+IL13) none by 2-way-ANOVA. B: BMDM were
treated as in (A). phospho-p70S6K levels were determined by western blotting after 15, 30 or 60 minutes. The

levels of total p70S6K were determined in a separate blot with -actin as loading control.

If the effect of high salt on M(IL-4+IL-13) activation was mechanistically due
to the effect of salt on Akt signaling described previously, experimental restoration of Akt
signaling during M(IL-4+IL-13) activation in the presence of high salt might attenuate the
salt phenotype. To test this hypothesis, BMDM were generated from transgenic mice which
express a constitutively active Akt isoform (caAkt) to test whether this would rescue the
blunting-effect of high salt on M(IL-4+IL-13) activation. In this model, caAkt expression is
inducible by Cre recombinase. Bone marrow cells were first differentiated into BMDM in the
absence of Cre to ensure normal differentiation (caAktatve). After differentiation,
recombinant TAT-Cre was added to induce caAkt expression (caAkt*¢). WT BMDM were
treated similarly as controls (Figure 50 A). WT BMDM treated with TAT-Cre showed
detectable Akt phosphorylation (Figure 50 B). Importantly, Akt phosphorylation was highly
increased in caAkt BMDM after TAT-Cre treatment as expected. Adherent caAkt*e and WT
BMDM were then left unstimulated, or stimulated with IL-4+1L-13 alone or with an additional
40mM NaCl for 24 hours. Next, the expression of M(IL-4+IL-13) signature genes was
measured by qPCR. As before, WT BMDM revealed a significantly reduced induction of the
genes Mrcl, Ym17and Mg/2when stimulated with IL-4+1L-13 in the presence of an additional
40mM NaCl. This blunted expression by high salt was rescued in caAkt*** BMDM (Figure 50
Q). Interestingly, Arg7 expression, which unexpectedly was also salt sensitive in this case,

was further enhanced by high salt in caAkt**"e cells.
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Figure 50. Constitutively active (ca) Akt rescues the salt effect on M(IL-4+1L-13) cells. A: Schematic for the
generation of BMDM with caAkt (NH(2)-terminally myristoylation signal-attached Akt). After differentiation of
caAktntive o WT BMDM from the respective bone marrow cells (BMC), macrophages were incubated with TAT-
Cre to induce caAkt expression (caAkt*e) or as controls. B: Western blot of phospho-Akt shows a robust
induction of phosphorylated Akt after treatment of BMDM caAkt macrophages with TAT-Cre for 2 days (lanes
5-7). WT macrophages treated with TAT-Cre similarly are also shown (lanes 2-4). C: WT and caAkt**¥¢ BMDM
were stimulated with IL-4+IL-13 in the absence (none) or with an additional 40mM NaCl for 24 hours and

signature gene expression was analyzed by qPCR. *p<0.05; **p<0.01; ***p<0.001 by 2-way ANOVA.

In summary, these results support the view that high salt blunts Akt signaling
and thereby affects other downstream signaling molecules (mTOR) and, ultimately, the
necessary metabolic adaptions of M(IL-4+IL-13) macrophages. An effect of high salt on
cellular metabolism was also identified by the genome-wide expression analysis (Figure 44
B). This therefore suggests a novel mechanism by which high salt might affect immune cell

activation and function.

3.3. The effect of high salt on M(LPS) macrophages: genome wide analysis

An effect of high salt on pro-inflammatory M(LPS) macrophage activation and
function was demonstrated recently (Jantsch et al, 2015). Here, high salt boosted the
expression of inflammatory mediators and bactericidal effector molecules leading to an
increased killing of L. major /n vitro and /n vivo. In contrast to M(IL-4+IL-13) activation, the
effect of high salt on M(LPS) macrophages was mediated via Nfat5. To elucidate additional

mechanisms and to increase our understanding of how high salt affects the activation of
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pro-inflammatory macrophages, | used genome-wide approaches to characterize M(LPS)
macrophage activation in the absence or presence of an additional 40mM NaCl. The

approach described was performed as per my previous M(IL-4+IL-13) analysis (see 3.2).

3.3.1. /n vitro activation of pro-inflammatory macrophages

To characterize the /in vitro generation of pro-inflammatory macrophages,
BMDM were allowed to attach and then activated with 10ng/ml LPS for 24 hours. Again,
three data sets were generated: one with differentially expressed genes, one set with
differential H3K4me3 genes and one set with differential H4ac genes upon M(LPS) activation
of BMDM for 24 hours. Analysing all three gene sets together, a total of 7030 genes were
differential (FDR<0.05) upon activation to M(LPS) in normal, isotonic media. The expression,
H3K4me3 and H4ac gene sets comprised 4029, 3099 and 2783 differential genes,
respectively. As previously for M(IL-4+IL-13), the overlap between the three gene sets was
low (Figure 51). For the reasons discussed previously (see 3.2.1), all further analyses were
based on genes with differential expression upon M(LPS) activation, followed by the

integration of ChlP-seq data.

H3K4me3
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Figure 51. A de novo M(LPS) gene set defined by expression, H3K4me3 and H4ac. Differential genes
(FDR<0.05) upon M(LPS) activation of BMDM for 24 hours in isotonic media were determined for gene
expression, H3K4me3 and H4ac. In total, a set of 7030 de novo M(LPS) genes was identified. The overlap
between the three individual gene sets (expression: 4029 genes, yellow; H3K4me3: 3099 genes, blue; H4ac:

2783 genes, red) is shown as a Venn diagram.

Upon M(LPS) activation, 1235 of the 4029 differential M(LPS) expression
genes (FDR<0.05) were induced more than 1.3-fold, while the expression of 1325 genes was
downregulated more than 1.3-fold compared to unstimulated M(0) macrophages (Figure 52

A). The top 50 up- and downregulated genes (by expression FC) upon M(LPS) activation
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are shown in Table 7 and Table 8 (see appendix 5.1), respectively. To characterize cellular
functions associated with the 1235 upregulated and 1325 downregulated M(LPS) genes, GO
term analysis was performed and significant results (FDR<0.05) are shown. For the 1235
upregulated M(LPS) genes (Figure 52 B), terms related to the immune response and cellular
metabolism, specifically ce/lular carbohydrate catabolic processwere significantly enriched.
Hexose catabolic process, glucose catabolic process and glycolytic process were also
detected (FDR<0.05) (not shown). Terms related to apoptosis and cell death are also shown.
Additional features of pro-inflammatory activation were identified and are listed in Table 2.
For the 1325 downregulated M(LPS) genes (Figure 52 C), terms related to cell division and

metabolism were identified.
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Figure 52. Global gene expression analysis of in vitro M(LPS) activation. BMDM were activated with LPS
for 24 hours M(LPS) or unstimulated (M(0)). A: Global gene expression changes were determined by microarray.
The bars represent the number of induced (yellow) and reduced (blue) M(LPS) genes (FDR < 0.05) with a fold
change (FC)>1.3. B+C: Gene ontology (GO) term analysis of induced (B) and reduced (C) M(LPS) genes from (A)
was performed to identify pathways and/or cellular programs induced (B) or reduced (C) upon M(LPS)
activation. Significant (FDR<0.05) GO terms were summarized using REVIGO (Supek et al., 2011); all terms with
a dispensability<0.1 are shown. Red lines in (B+C) indicate FDR cut off of 0.05.
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Table 2. Additional GO terms (FDR<0.05} for 1235 upregulated (FC>1.3) M(LPS) genes.

GOtermID Description -logie (FDR
GO0:0071222  cellular response to lipopolysaccharide 3.3244
G0:0071356  cellular response to tumor necrosis factor 1.7967
GO0:0016570 histone modification 1.5466
GO0:0031349 positive regulation of defense response 1.6043
G0:0043123 positive regulation of I-kappaB kinase/NF-kappaB signaling 36103
G0:1900745 positive regulation of p38MAPK cascade 1.6429
GO0:0001666 response to hypoxia 22717
GO:0070555 response to interleukin-1 3.7356

In line with the approach used for M(IL-4+IL-13) macrophages, my further
analysis was focused only on genes which were induced (FC>1.3) upon M(LPS) activation
and this set of genes will be hereafter be referred to as “M(LPS) signature genes”. Of note,
the GO term hAistone modification was also significantly (FDR<0.05) enriched for these
M(LPS) signature genes (Table 2). Histone methyltransferases (Dot 7)), demethylases (Kdm17a,
Kdm3a, Kdméb), deacetylases (Hdac4, Hdac’) and members of the polycomb silencing
complex (PcgfT) were among the genes identified (not shown). This corroborated earlier
reports by others showing the importance of histone modifications to regulate M1
macrophage activation (Nicodeme et al., 2010). Both genes for metabolic adaption (enolase
2 (Eno2)) and pro-inflammatory mediators (chemokine (C-C) ligand 5 (Cc/5) and interleukin
1 alpha (/73)) were among the top 50 induced M(LPS) gene hits (Table 7; appendix 5.1). The
silver medalist of the list, lipocalin 2 (Lcn2) is routinely used as a kidney damage marker in
the clinic (Bennett et al., 2008). Here, however, it is probably simply part of a conserved
antibacterial defense program due to its ability to sequester iron necessary for bacterial
growth (Flo et al,, 2004; Schmidt-Ott et al., 2007). Suppressor of cytokine signaling 3 (Socs3)
was among the top hits likewise. This might again indicate activation of negative feedback
loops upon continuous LPS-signaling to restrict — under physiological conditions -
overshooting inflammation (Song and Shuai, 1998; Yoshimura et al., 2005). Negative
feedback signaling via SOCS proteins may also explain why Cd'74, a major component of the
cellular LPS recognition machinery (Lacroix et al., 1998), and the surface pattern recognition
receptor toll-like receptor 2 (7/r2) (Liu et al., 2014; Yoshida et al., 2009) are among the top 50
downregulated genes upon M(LPS) activation (Table 8; appendix 5.1).
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Again, parallel analysis of H3K4me3 and H4ac histone marks by ChIP-seq
revealed a strong association between the abundance of activating histone modifications
and gene expression levels for some M(LPS) signature genes. For //7a, Cc/5and Lcn2, histone
modification (Figure 53 A) and gene expression (Figure 53 B) changes upon M(LPS)
activation are shown. Similar to M(IL-4+1L-13) activation, this association was weak when
looking at all M(LPS) signature genes and the overall statistical correlation between

expression and histone modification changes was negligible (not shown).
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Figure 53. H3K4me3 and H4ac histone modifications of M(LPS) signature genes. BMDM were activated as
before. A: ChIP-seq signature tracks of H3K4me3 and H4ac histone marks are shown spanning 2kb upstream
and downstream around the annotated transcription start site (TSS). Mean counts are indicated for each track.

B: Bar graphs show gene expression levels for M(0) and M(LPS) as determined by microarray.

3.3.2. Adding salt to the genome-wide analysis of M(LPS) activation

After establishing a reference dataset of 1235 genes induced upon M(LPS)
activation, my next aim was, again, to characterize the effect of high salt on gene expression
and histone modification levels. Therefore, the expression of the 1235 M(LPS) signature

genes as determined previously was compared to their respective expression
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levels when M(LPS) cells were activated in the presence of an additional 40mM NaCl using
microarray data. The top 50 (by expression FC) salt-sensitive M(LPS) signature genes are
presented in Table 9 and Table 10 (see appendix 5.1) for further increased and decreased
genes, respectively, and the expression levels with or without salt is presented in Figure 54
as a scatter plot. Some of the most salt-sensitive genes are highlighted in Figure 54. Genes
mediating the adaption to osmotic stress such as compatible osmolyte channels (5/c6a72)
and heat shock proteins (Hspala, Hsphl) were increased further by high salt. M(LPS)
immune effector genes (Nos2), regulators of the immune answer (Socs3) and genes involved
in glucose metabolism (5/c2a7) also expressed at higher levels in the presence of high salt.
(tsk, a cysteine protease which participates in fighting infection by its ability to activate TLR
signaling (Abou Fakher et al.,, 2009; Asagiri et al., 2008; Blum and Cresswell, 1988; Manoury,
2013) was increased, while the expression of protease inhibitor (Cst/), bona fide lactate
channel (S/c716a6) (Bonen et al., 2006; Hugo et al., 2012) and cell cycle (Ccng7) genes was
decreased. Further immune mediators (/79, Cc/2) and Malt7, an important regulator of NF-
KB signaling (Afonina et al,, 2015; Wegener and Krappmann, 2007), were also boosted by
high salt (Table 9; see appendix 5.1).
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Figure 54. The effect of high salt on the expression of M(LPS)-induced signature genes. BMDM were
activated with LPS (M(LPS)) in the absence (none) or presence of an additional 40mM NaCl for 24 hours.
Unstimulated macrophages (M(0)) were treated similarly. A: The effect of high salt on M(LPS) signature gene
expression as determined by microarray is shown. Highly salt-sensitive genes are indicated (grey dots with

gene names). B: Bar graphs show the expression level of genes highlighted in (A) by microarray.

Next, the effect of high salt H3K4me3 and H4ac modification levels was
analyzed (Figure 55 A and Figure 56 A, respectively). Genes that showed salt sensitivity in
the previous gene expression analysis (Figure 54) are indicated on the plots. Especially, Cst/,
Ctsk, Slamf1, Slc6a12 and Socs3 showed changes in H3K4me3 levels concordant to gene
expression (Figure 55 B). For H4ac, Hspala, Hsphl, Slc2al, Slc6al? and Socs3 showed
increased modification when macrophages were activated with LPS in the presence of an
additional 40mM NaCl. Interestingly, a considerable increase of H4ac was detected around
the TSS of S/c76a6 even though its expression was decreased in the presence of high salt

(Figure 56 B).
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Figure 55. The effect of high salt on H3K4me3 levels of M(LPS) signature genes. BMDM were activated as
before. Histone modification levels were determined by ChIP-seq spanning 4kb around the annotated
transcription start site (TSS) A: The effect of high salt on H3K4me3 levels of M(LPS) signature genes is shown.
Individual genes from Figure 54 are indicated (grey). B: Representative H3K4me3 signature tracks for

highlighted genes from (A) are shown. Mean counts are indicated for each track.

The induction of Nos2 and NO production constitutes an important murine
M(LPS) macrophage effector mechanism (Bogdan et al., 2000; MacMicking et al., 1997).
Activation in the presence of high salt significantly increased both Nos2 gene expression
(Figure 18 A; Figure 57 A) and NO production (Figure 18 B). This led to increased killing of
intracellular pathogens (Jantsch et al., 2015). The effect of high salt on activating histone
marks (H3K4me3) around the ANos2 TSS was tested by ChlIP-seq and qPCR of immune-
precipitated DNA. By ChIP-seq, increased H3K4me3 modification levels were visible around
the Nos2 TSS (Figure 57 B). The same trend was obvious using qPCR even though the

number of replicates (N=3) was not sufficient to show significance (Figure 57 C).
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Figure 56. The effect of high salt on H4ac levels of M(LPS) signature genes. BMDM were activated and
histone modification levels determined as before. A: The effect of high salt on H4ac levels of M(LPS) signature
genes is shown. Individual genes from Figure 54 are indicated (grey). B: Representative H4ac signature tracks

for highlighted genes from (A) are shown. Mean counts are indicated for each track.
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Figure 57. High salt increases H3K4me3 at the Nos2 promoter. BMDM were activated as before. A: Bar
graphs show Nos2gene expression levels as determined by microarray. B: Representative H3K4me3 signature
tracks by Chip-seq around the Nos2transcription start site (TSS) are shown. Mean counts are indicated for each
track. C: Bar graphs show H3K4me3 levels at the Mos2 promoter determined by qPCR of immuno-precipitated
DNA.
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The effect of high salt on M(LPS) signature genes was determined using a
similar approach as for M(IL-4+1L-13). Out of the 1235 M(LPS) signature genes, 343 genes
increased (FC>1.2) with high salt while 89 genes were decreased (FC>1.2) (Figure 58 A). GO
term analysis was then performed using these 432 salt- sensitive genes as the input.
Significant results (FDR<0.05) are shown in Figure 58 B. Under high salt conditions, apoptotic
process and death were again identified, indicating that salt further modifies these
processes which were already present in the M(LPS) dataset. In agreement with the
observed increase in NO production by high salt (Figure 18 B; (Jantsch et al,, 2015)), arginine
metabolic processwas also identified to be affected by salt. Most interestingly, the GO term
analysis results suggested that high salt also affected cellular metabolism of M(LPS)
macrophages, a result similar to M(IL-4+IL-13) (Figure 44 and section 3.2.3). Especially, high
salt seemed to affect the glycolytic breakdown of glucose (hexose catabolic process,

metabolic process) which is a hallmark of inflammatory macrophages (Cramer et al., 2003).
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Figure 58. The functional effect of high salt on M(LPS) signature gene expression. BMDM were activated
as before. A: The effect of high salt on the expression of all 1235 M(LPS) signature genes was determined by
microarray. Bars represent the number of genes that differ (FC > 1.2) in their expression whether or notan
additional 40mM NaCl was present during M(LPS) activation. B: Gene ontology (GO) analysis of genes from
(A) was performed. Significant (FDR < 0.05) GO terms were summarized using REVIGO (Supek et al., 2011); all
terms with a dispensability < 0.2 are shown. Red line indicates FDR cut off of 0.05.
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The genes within the GO term glycolytic processwere analyzed in more detail
(Figure 59). The expression of glycolytic process genes were found to be further increased
by the presence of an additional 40mM NaCl, compared to M(LPS) activation alone. This
increase was mostly accompanied with concordant changes in H3K4me3 and H4ac
modifications (Figure 59). Collectively, these data suggest that high salt promotes the
expression of metabolic genes which mediate the metabolic changes associated with pro-

inflammatory macrophage activation.
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Figure 59. The effect of high salt on GO glycolytic process M(LPS) signature genes. BMDM were activated
as previously. Mean gene expression (microarray), H3K4me3 and H4ac (both Chip-seq) data for genes
annotated with GO:0006096 glycolytic process of all 1235 M(LPS) signature genes are presented as heatmaps.

Data were scaled and centered around 0 row-wise.

3.3.3. High salt increases the glycolytic capacity of M(LPS) macrophages

As the bioinformatics results suggested that high salt increased the glycolytic
flux of M(LPS) macrophages, | tested this hypothesis by a series of wet-lab approaches, i.e.
determination of the expression of glycolysis genes by gPCR and measurement of lactate
production of M(LPS) cells activated in the absence or presence of an additional 40mM NaCl.
First, the boost in expression by high salt of the glycolysis genes hexokinase 2 (Hk2),
phosphoglycerate mutase 1 (Pgam]), lactate dehydrogenase A (Ldha) and the glucose
transporter GLUT-1 (5/c2a7) was confirmed by qPCR (Figure 60 A+B). The expression of all
four genes was significantly enhanced by high salt. Next, glycolytic activity was determined
by measuring lactate levels. BMDM were activated with LPS for 24 hours in the absence or
presence of an additional 40mM NaCl. Intracellular lactate was then measured from cell

lysates (Figure 60 C upper panel). To determine glycolytic flux
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after LPS-activation +/-40mM NaCl, macrophages were washed free of LPS+/-40mM NaCl
and lactate was determined in one-hour cell culture supernatants (extracellular; Figure 60 C
lower panel). In both cases, activation of macrophages with LPS led to a significant increase
in lactate production compared to unstimulated macrophages. High salt additionally
boosted lactate production of M(LPS) cells. Taking together the bioinformatics, gPCR results
and lactate measurements, high salt seems to induce an increased glycolytic flux in M(LPS)
macrophages. As metabolic switching towards glycolysis is essential for pro-inflammatory
macrophage activation and to survive in hostile NO-loaded environments (Everts et al.,
2012), this salt-induced increase of glycolysis likely constitutes an additional mechanism by
which high salt mediates the previously described boost of M(LPS) activation (Jantsch et al.,
2015).
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Figure 60. High salt increases glycolysis of M(LPS) macrophages. Macrophages were stimulated with LPS
(M(LPS)) in the absence (none) or with an additional 40mM NaCl for 24 hours. Unstimulated (M(0))
macrophages were treated similarly. A: The expression of glycolysis genes was determined by qPCR. *p<0.05
vs M(0); #p<0.05 vs M(LPS). B: Schematic of the glycolysis pathway. Steps, which showed enhanced gene
expression in (A) are indicated in green (faithfully adapted from
https://upload.wikimedia.org/wikipedia/commons/thumb/0/0b/Glycolysis_metabolic_pathway.svg/2000px-
Glycolysis_metabolic_pathway.svg.png as of 14th Sep 2015). C: Bar graphs show intracellular (upper panel)
and extracellular (lower panel) lactate levels after activation. Values were normalized to total protein. *p<0.05

vs M(0); #p<0.05 vs M(LPS).
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4, Discussion

The continued imbalance of host-destructive immune effector, and host-
protective regulatory immune mechanisms, is a major threat to human health and
contributes to a variety of autoimmune disorders which constitute a serious health burden
(Dejaco et al., 2006; Doherty, 2015; Rosenblum et al., 2015). Other common and costly
disease entities such as cardiovascular disease are similarly associated with altered immune
function (McMaster et al, 2015; Schiffrin, 2014; Spirig et al., 2012). Thus, a better
understanding of factors which influence immune homeostasis will be essential in order to
develop novel strategies for disease prevention and treatment.

The data presented here showed a significant blunting of M(IL-4+IL-13)
activation by a modest and physiologically relevant (Jantsch etal,, 2015; Machnik et al., 2010;
Wiig et al., 2013) increase in salt (NaCl). The salt-induced blunting of M(IL-4+IL-13) activation
caused a similar functional impairment of M(IL-4+1L-13) macrophages /n vitroand /n vivo. In
stark contrast to previous studies with pro-inflammatory M(LPS) macrophages (Jantsch et
al,, 2015) or Th17 cells (Kleinewietfeld et al., 2013; Wu et al,, 2013), this effect was not
mediated via Nfat5 or Sgk1.

Histone modifications are crucial for macrophage activation (Ishii et al., 2009;
Satoh et al,, 2010). The histone modifications analysed here (H3K4me3 and H4ac), were only
mildly affected by salt upon stimulation with IL-4+IL-13 or LPS. However, genome-wide
analysis of gene expression data suggested a marked influence of high salt on the cellular
metabolism of unstimulated (M(0)), M(IL-4+1L-13) and M(LPS) macrophages. As cellular
metabolism controls the activation and effector functions of various other immune cells
(Chang et al., 2013; Everts et al.,, 2014), the effect of salt on M(IL-4+IL-13) and M(LPS)
macrophage metabolism was further analysed.

Indeed, high salt blunted the metabolic activation and increase in oxidative
phosphorylation of M(IL-4+IL-13) cells. This was associated with aberrant Akt and mTOR
signalling and likely contributed to the phenotypic and functional alterations of M(IL-4+IL-
13) activation observed with high salt. In contrast, high salt increased glycolysis in M(LPS)
macrophages which may account for the boosting effect of high salt on pro-inflammatory
macrophage activation (in addition to the previously identified mechanisms via Nfat5

signalling (Jantsch et al., 2015)).
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Collectively, these data suggested cellular metabolism as a novel mechanism
by which high salt affects macrophage activation. Interestingly, as similarly observed for
gene expression and function, the effect of salt on macrophage cellular metabolism was not
uniform, but differential according to the stimuli used to activate macrophages, i.e. IL-4+IL-
13 or LPS. By reducing non-inflammatory (M(IL-4+IL-13) and augmenting pro-inflammatory
(M(LPS)) macrophage activation (Figure 61), | hypothesize that high salt might considerably
influence immune balance /n vivo and possibly aggravate autoimmune and cardiovascular

diseases.
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Figure 61. Summary of the effect of high NaCl on the activation of macrophages. In the presence of non-
inflammatory signals (e.g. IL-4 and IL-13), NaCl reduces macrophage activation (this thesis). In contrast, with a
pro-inflammatory stimuli (e.g. LPS), salt augments macrophage activation ((Jantsch et al., 2015) and this thesis).
Furthermore, without a stimulus, M(0) macrophages exhibit an altered homeostasis (Ip and Medzhitov, 2015).
Together, NaCl does not seem to have a general and non-specific effect on macrophages homeostasis, but
rather, its effect is orchestrated by differentially modulating specific signaling pathways and cellular processes

essential for macrophage activation.

4.1. Exploring the mechanisms by which high salt affects M(IL-4+IL-13)

activation

In this study, high salt significantly blunted the activation of murine M(IL-
4+1L-13) macrophages, as determined by the gene and protein expression of a typical set of
signature genes (Murray et al., 2014; Raes et al., 2002; Raes et al., 2005) of M(IL-4+IL-13). The
boosted activation of M(LPS) macrophages (Jantsch et al., 2015) was corroborated, and LPS-
induced genes involved in bacterial killing (S/amf7) (Berger et al., 2010) were newly
identified to be augmented by salt. Similar to recent studies addressing the effect of salt on

pro-inflammatory Th17 cells (Kleinewietfeld et al., 2013) or M(LPS) (Jantsch et al., 2015), the
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blunted activation of M(IL-4+IL-13) cells with salt was not mimicked by tonicity control
experiments. This indicates that sodium chloride may affect cells via very specific
mechanisms independent of the general osmotic stress response. First, the hypothesis that

high salt may affect M(IL-4+IL-13) activation via histone modifications was explored.

4.1.1. Histone modifications

Differential modification of histones is an established epigenetic mechanism
reqgulating gene expression and immune cell activation (Chang et al., 2014; Kouzarides,
2007). Histone modifications, particularly acetylation and methylation marks on histone
tails, are crucial to regulate the activation of both alternatively activated M2 (Ishii et al., 2009;
Mullican et al,, 2011; Satoh et al., 2010) and pro-inflammatory M1 macrophages (Grabiec et
al.,, 2010; Nicodeme et al., 2010). Our understanding of how environmental factors such as
air pollution, smoking, toxins, engineered nanoparticles, drugs and diet affect cellular
functions and ultimately health and disease via different epigenetic mechanisms is
constantly increasing (Alegria-Torres et al., 2011; Barnes et al,, 2005; Cooney et al., 2002; Dik
et al., 2012; Edwards and Myers, 2007; Jirtle and Skinner, 2007; Smolkova et al., 2014).
Furthermore, deliberate interference with epigenetic mechanisms is currently investigated
in preclinical and clinical studies (Asangani et al., 2014; Bandukwala et al., 2012; Boi et al.,,
2015; Herait et al., 2015; Lochrin et al., 2014; Mele et al., 2013; Schones and Zhao, 2008). The
effect of high salt on two activating histone marks (H3K4me3 and H4ac) upon stimulation of
BMDM with IL-4+IL-13 or LPS was therefore examined using ChIP-seq (with parallel gene
expression analysis by microarray) to elucidate, if high salt affected macrophage activation
via epigenetic mechanisms. For both M(IL-4+IL-13) and M(LPS) macrophages the induction
of several highly regulated signature genes was found to be associated with a marked
increase in H3K4me3 and/or H4ac, corroborating the established function of these two
histone marks for active gene expression (Kouzarides, 2007; Pokholok et al., 2005). On the
other hand, a number of induced genes showed no substantial induction, or even a slight
reduction, in H3K4me3 and/or Ha4c. This finding may indicate other histone modifications
not analyzed here, such as H3K27me3 (Satoh et al., 2010), are important for regulating gene
expression at these /oci. Alternatively, this may simply reflect the dynamic nature of histone
modifications (Clayton et al., 2006; Greer and Shi, 2012; Katan-Khaykovich and Struhl, 2002;
Shi and Whetstine, 2007). A number of
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recent studies suggested that histone marks at promoters and enhancers establish
epigenetic landscapes, which foreshadow how cells are poised to respond to future stimuli.
Alternatively, these marks depict past activation states (Lara-Astiaso et al., 2014; Lavin et al.,
2014; Schones and Zhao, 2008; Winter and Amit, 2014). This fact may explain some of the
discrepancies identified when comparing gene expression and H3K4me3/H4ac
modification levels at a single time point: genes that were marked with H3K4me3/H4ac early
after stimulation with IL-4+IL-13 or LPS, may maintain these histone modifications for a
sustained period, whilst contrastingly, gene expression may have decreased and/or ceased.
Activated macrophages might also initiate late gene expression programs, for example
those which are initiated by negative feedback loops (Alexander and Hilton, 2004; Alexander
et al.,, 1999; Cheng et al., 2014a; Song and Shuai, 1998; Yoshimura et al., 2005), and thus
poised genes are established, which have modified histones but are not expressed (yet).
Recent studies showing that posttranslational histone modifications can propagate across
the cell cycle (Alabert et al,, 2015), and how H3K4me3 mark breadth influences epigenetic
regulation (Benayoun et al., 2014; Mukhopadhyay et al., 2014), emphasize both the
relevance and complexity of the matter. Thus, additional and time-resolved studies are
proposed to derive a fully comprehensive picture of the role of histone modifications during
macrophage activation. Moreover, the study of additional histone marks, such as H3K4me1
or H3K27me3, demarcating gene enhancers or suppressed genes (Heintzman et al., 2007;
Satoh et al,, 2010; Schones and Zhao, 2008), respectively, is desirable to further clarify the
contribution of epigenetic mechanisms on the effect of high salt on macrophage activation.

In this study, H3K4me3 and/or H4ac levels of M(IL-4+IL-13) signature genes
were only mildly affected by salt even though salt significantly blunted the expression of
these genes. The picture was similar for M(LPS) macrophages where most salt sensitive
signature genes showed only a moderate modulation of H3K4me3/H4ac levels by salt.
However, H3K4me3/H4ac levels of highly induced tonicity response genes were
substantially increased in both M(IL-4+IL-13) and M(LPS) macrophages, and a number of
significantly induced (expression) glycolysis genes in M(LPS) cells. Interestingly, the
establishment of a highly glycolytic cellular metabolic state via histone maodifications of
glycolytic genes has recently been identified as one molecular mechanism of “trained
immunity”, i.e. the memory-like ability of innate immune cells to mount a stronger immune

response upon reinfection (Cheng et al., 2014b; Netea, 2013; Quintin et al., 2012; Topfer et
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al.,, 2015). The priming or silencing of specific gene sets during endotoxin tolerance, i.e. the
refractory state of innate immune cells upon secondary endotoxin challenge, is also
achieved viahistone modifications (Biswas and Lopez-Collazo, 2009; Foster et al., 2007). The
increase of histone marks of M(LPS) metabolic and effector genes observed here is therefore
highly likely to contribute to the mechanisms by which high salt boosts M(LPS) activation
(Jantsch et al., 2015).

4.1.2. Sgk1-Nfat5 signaling

Sgk1-Nfat5 signaling mediated the effect of high salt on pro-inflammatory
Th17 cells and M(LPS) macrophages (Jantsch et al., 2015; Kleinewietfeld et al., 2013; Wu et
al.,, 2013). In stark contrast, using genetic knock out models, signaling via Nfat5 or Sgk1 was
not essential to mediate the effect of high salt on M(IL-4+IL-13) macrophage activation.
Osmotic stress triggers signaling via the MAP kinase p38 (Denkert et al., 1998; Han et al,,
1994), and both Sgk1 and Nfat5 are subsequently activated downstream of p38 to
orchestrate the cellular response to hypertonicity (Aramburu et al., 2006; Kleinewietfeld et
al., 2013; Kiper et al., 2007; Lang et al., 2006; Meng et al., 2005; Zarubin and Han, 2005).
Signaling via p38 is also activated in response to pathogen-associated bacterial infection
and promotes inflammation (Han et al, 1994; Schieven, 2005; Schindler et al., 2007).
Similarly, pro-inflammatory stimuli trigger Sgk1 and Nfat5 signaling independent of osmotic
stress (Weintz et al.,, 2010; Wu et al,, 2013) and there is substantial overlap between pro-
inflammatory and osmotic stress signaling pathways. Indeed, hyperosmotic stress by high
salt alone induced pro-inflammatory cytokine production in human peripheral blood
mononuclear cells via p38 /n vitro (Shapiro and Dinarello, 1995, 1997). For murine
macrophages, it has recently been shown that increased tonicity by high salt is sufficient to
induce a modest pro-inflammatory phenotype viap38 (Zhang et al., 2015) or inflammasome
activation (Ip and Medzhitov, 2015) in the absence of additional pro-inflammatory signals.
The previously described boosting of pro-inflammatory M(LPS) macrophages (Jantsch et al.,
2015; Zhang et al,, 2015) or T cells (Kleinewietfeld et al., 2013; Wu et al,, 2013) by high salt
further corroborated this interweaving of tonicity and inflammatory signaling. The
contribution of hyperosmotic stress to inflammation and human disease is therefore
intensively debated (Brocker et al, 2012; Dinarello, 2009; Neuhofer, 2010) and novel

strategies to modulate inflammation via p38 and Nfat TF
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signaling are currently explored for therapeutic use (Escolano et al., 2014; Schultze, 2014). In
contrast, M(IL-4+1L-13) macrophages are not considered to be pro-inflammatory and
signaling upon IL-4+IL-13 stimulation activates completely different pathways (Gordon,
2003; Murray et al.,, 2014). In a murine macrophage cell line, pre-activation with IL-4 even
suppressed p38 activation in response to LPS (Hunt et al., 2002). The opposite (blunting)
effect of high salt on the non-inflammatory immune cell type described here and by (Zhang
etal,, 2015) is therefore not surprising. Interestingly, two other recent studies addressing the
effect of high salt on non-inflammatory immune cells concluded that Sgk1 was essential to
mediate their blunted activation by salt (Hernandez et al., 2015; Safa et al., 2015). However,
these studies investigated the effect of salt on regulatory T cells. While both regulatory T
cells and M(IL-4+IL-13) activated macrophages are considered to be non-inflammatory and
to possess immune regulatory properties (Huber et al, 2010; Sakaguchi et al., 2009;
Yamaguchi et al.,, 2011), there is considerable morphological and functional differences
between these cell types, which also employ discrete activation signaling pathways (Antov
et al,, 2003; Levine et al., 2014). Taking together the findings by (Hernandez et al.,, 2015;
Jantsch et al., 2015; Kleinewietfeld et al., 2013) and the contributions made by the present
study, a picture is emerging where high salt as one environmental factor could bias the
immune system towards pro-inflammatory responses while the activation of non-
inflammatory and regulatory cells is dampened. This would have significant implications for

the development and treatment of a variety of diseases.

4.1.3. STAT6 signaling

STAT6 is a master TF of M2 macrophage activation downstream of the IL-4
receptor /n vitro and /n vivo (Burgis and Gessner, 2007; Gordon and Martinez, 2010; Mishra
etal., 2011). Upon receptor activation by IL-4, STAT6 becomes phosphorylated, accumulates
in the nucleus (Chen and Reich, 2010) and orchestrates the M2 transcriptional program. No
effect of high salt on early STAT6 phosphorylation was detected in this thesis, while late
phosphorylation was significantly blunted. STAT6 phosphorylation is sustained upon
continuous IL-4 signaling /n vitroand /n vivo(Comfort and Haugh, 2008; Hanson et al., 2003;
Perona-Wright et al., 2010). Similar to the results presented here, Zhang et al. have shown
that high salt at a concentration similar to the one used here significantly blunted late STAT6

phosphorylation in murine BMDM activated with IL-4 (Zhang et al,, 2015). In
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their study, reconstitution of STAT6 signaling rescued the salt-blunted activation of M(IL-4)
macrophages. Taken together, the results presented here and by Zhang et al. suggest a so
far underappreciated role for sustained STAT6 signaling, which is vulnerable to osmotic
stress by high salt, to support full M2 macrophage activation.

While Zhang et al. found an Erk1/2-STAT6 signaling cascade to mediate the
salt effect on M(IL-4) macrophage activation (Zhang et al., 2015), additional signaling
pathways by which high salt affects M(IL-4+1L-13) cell activation were identified in this study.
IL-4 receptor downstream signaling via Akt synergizes with STAT6 to acquire full M2
macrophage activation /n vitro and in vivo, and a significantly blunted M2 activation was
observed upon experimental inhibition of Akt signaling (Byles et al., 2013; Ruckerl et al.,
2012). Byles et al. identified mTOR, a downstream target of Akt signaling, as an additional
regulator of IL-4-induced macrophage activation (Byles et al., 2013). In the experiments
conducted for this thesis, high salt significantly blunted both Akt and mTOR activation of
BMDM upon IL-4+IL-13 activation. Importantly, experimental reconstitution of Akt signaling
upon stimulation with salt rescued the salt effect. Collectively, these data suggest that the
impairment of Akt-mTOR signaling by salt constitutes a major and novel mechanism by
which high salt may affect M(IL-4+1L-13) activation. Similar to these data, a pro-inflammatory
shift was observed in monocytes, macrophages and dendritic cells with experimental
inhibition of MTOR, which was reversible upon reconstitution of mTOR activity (Weichhart
et al., 2008; Weichhart and Saemann, 2008). Of note, the salt-dependent blunting of mTOR
signaling and M(IL-4+IL-13) activation in murine macrophages described in this thesis are in
line with a study addressing the effect of prolonged rapamycin, an inhibitor of mTOR
activation, treatment in humans where M2 macrophage activation was similarly decreased

in favor of an M1 phenotypical bias (Mercalli et al., 2013).

4.2. The effect of high salt on macrophage metabolism

Since Akt-mTOR signaling is a known regulator of the cellular responses to
changes in nutrient and energy availability (Byles et al., 2013; Haissaguerre et al., 2014;
Schmelzle and Hall, 2000) and the gene expression analysis also indicated an effect of high
salt on metabolic pathways, it was next analyzed whether the blunted signaling observed
with high salt translated to changes in cellular metabolism. Different activation states of

immune cells are characterized by bold differences in cellular metabolism (Haschemi et al.,
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2012; O'Neill and Hardie, 2013; Rodriguez-Prados et al.,, 2010; Tan et al., 2015). Upon
activation, M2 macrophages considerably increase their rate of OXPHOS using initially
glucose (Tan etal., 2015) and later predominantly PPARy-induced fatty acid oxidation to fuel
mitochondrial respiration (Huang et al,, 2014b; Odegaard et al., 2007; Vats et al., 2006).
Importantly, M2 activation was also associated with enhanced mitochondrial metabolismin
a murine helminth infection model /n vivo(Thomas et al., 2012). Human primary monocytes
were similarly primed into a non-inflammatory M2-like phenotype by PPARy activation
(Bouhlel et al., 2007; Charo, 2007), even though the precise contribution of fatty acid
oxidation is less well understood for human M2 macrophages (Namgaladze and Brune,
2014). Similar to previous studies with M(IL-4) cells (Huang et al., 2014b), IL-4+IL13 activation
led to increased OXPHOS; additionally glycolysis was significantly induced upon activation
to M(IL-4+IL-13). While high salt did not influence the basal OCR of M(IL-4+IL-13) cells, it
significantly reduced the mitochondrial respiratory reserve, glucose uptake and glycolytic
flux of these cells. Collectively, these findings suggest a reduced energy availability
necessary to support full M(IL-4+IL-13) activation in the presence of high salt. Mimicking
these results, it was previously shown that chemical inhibition of fatty acid oxidation was
shown to inhibit mitochondrial oxidation, marker gene expression and function of M(IL-4)
macrophages (Huang et al., 2014b). This supports the proposed mechanism that high salt
blunts M(IL-4+IL-13) activation by perturbing the metabolic adaptions necessary for full
activation. Interestingly, a second non-inflammatory immune cell type, regulatory T cells,
show decreased activation in the presence of high salt (Hernandez et al., 2015; Safa et al,,
2015) and likewise utilize predominantly OXPHQOS (Barbi et al., 2013; Michalek et al., 2011;
Shi et al., 2011). Analysis of the effect of high salt on the metabolism of regulatory T cells
would determine if this is a general mechanism, or specific to M(IL-4+IL-13) OXPHOS.
Pro-inflammatory M(LPS) macrophages and Th17 cells instead predominantly
utilize glycolysis to meet their energetic needs (Barbi et al, 2013; Cramer et al., 2003;
Garedew and Moncada, 2008; Shi et al., 2011), and, as mentioned before, the activation of
both cell types was boosted by salt (Jantsch et al., 20143; Kleinewietfeld et al., 2013). In this
thesis, M(LPS) showed significantly increased expression of glycolysis genes and glycolytic
flux in the presence of high salt. Thus, in contrast to M(IL-4+IL-13) cells, high salt supported
the cellular adaptions necessary to fulfil the metabolic requirements of pro-inflammatory

M(LPS) macrophages. NO is a major defense molecule of murine M(LPS) cells
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and both Nos2 gene expression and NO production were significantly increased by salt
(Jantsch et al., 2015). Interestingly, excessive NO is thought to induce a state of “functional”
hypoxia (Albina and Mastrofrancesco, 1993; Mateo et al., 1995) by its ability to inhibit the
mitochondrial respiratory chain (Cassina and Radi, 1996; Cleeter et al., 1994; Maneiro et al.,
2005; Moncada, 2000; Yamasaki et al., 2001). It is therefore not surprising that HIF-1a, a TF
induced in response to hypoxia, is a major regulator of the activation of pro-inflammatory
immune cells, such as M(LPS), and their associated metabolic adaptions (Cheng et al., 2014b;
Cramer et al, 2003; Garedew and Moncada, 2008; Shi et al, 2011). Elevated NO
concentrations can be sufficient to induce cell death of the same cells producing this NO,
and/or neighboring cells (Albina et al., 1993; Stuehr and Nathan, 1989; Sveinbjornsson et al.,
1996); this might be reflected by the GO analysis of M(LPS) gene expression analysis using
GO terms where cell death related terms were identified even in the absence of salt. Taking
into account that M(LPS) cells have increased NO production with high salt (Jantsch et al.,
2015), it is possible that the boosted rate of glycolysis shown in this thesis, constitutes a
crucial mechanism for salt-boosted M(LPS) cells to survive within a hostile
microenvironment. Similar to this, glycolysis has recently been shown to sustain survival of
NO-producing murine dendritic cells, which show a comparable glycolytic reprograming
upon TLR activation (Everts et al., 2014; Everts et al,, 2012). Taking into account many recent
publications showing that the proper activation and functions of many different immune
cell types depends on fine-tuned adaptions of cellular metabolism (Chang et al., 2013; Everts
etal,, 2014; Haschemi et al.,, 2012; Huang et al., 2014b; Man et al., 2013; O'Sullivan and Pearce,
2014; O'Sullivan et al., 2014), the results presented here suggest a mechanism by which a
moderate increase in extracellular salt could affect a wide range of immune cells by its effect
on cellular metabolism.

Besides NaCl, a number of additional components of the cellular
environment, such as small metabolites, have been shown to substantially affect the
activation of immune cells that experience this altered environment (Chang et al., 2013;
Colegio et al,, 2014; Tannahill et al., 2013). Macrophages, in particular, have been shown to
be highly sensitive to their local environment and to integrate a wide range of input signals
toyield a plethora of activation states (Ip and Medzhitov, 2015; Kratzet al.,, 2014; Lavin et al.,
2014; Lumeng et al,, 2007; Xue et al,, 2014). The “Western” diet is not only rich in salt but also
fat, protein and sugar (Manzel et al., 2014). It will therefore be essential to study the effect of

different combinations of stimuli that might shape the behavior of a
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given immune cell type in order to develop a more comprehensive picture. Additionally, a
more detailed /n vivo analysis of the electrolyte and metabolite composition of

microenvironments where immune cells reside in would be highly desirable.

4.3. Exploring the functional implications of salt-blunted M(IL-4+IL-13)

activation

To address the functional consequences of the observed salt-blunted M(IL-
4+1L-13) activation, the ability of M(IL-4+IL13) macrophages activated in the absence or
presence of salt to suppress T cell proliferation /n vitro was compared. T effector cell
suppression viaPD-L2 is an established function of M2 activated macrophages (Carter et al,,
2002; Huber et al., 2010; Latchman et al., 2001; Schebesch et al., 1997). Similar to previous
results (Huber et al., 2010), M(IL-4+IL-13) cells dose-dependently suppressed T cell
proliferation. Cells activated in the presence of salt had a significantly reduced ability to
suppress CD4* T cell proliferation. Macrophages activated with IL-4+1L-13 in the absence or
presence of salt additionally suppressed CD8* T cell proliferation as observed earlier (Huber
etal., 2010). The effect of salt on CD8* T cell suppression by M(IL-4+IL-13) macrophages was
not conclusive, however, most likely because CD8* T cell proliferation does not occur
independently under the chosen conditions. Instead, it depends on CD4* T cell proliferation
as a source of IL-2 (D'Souza and Lefrancois, 2003, 2004; Keene and Forman, 1982; Lai et al,,
2009) which was - in contrast to (Huber et al., 2010) - not supplemented in the assays
described here. The importance of the suppressive function of M2 macrophages was
demonstrated in a murine Schistosoma mansoniinfection model (Herbert et al., 2004). Here,
M2 macrophages dampened the initial inflammatory response during acute infection and
the experimental abrogation of M2 macrophages caused 100% early-phase mortality by
uncontrolled inflammation (Herbert et al., 2004). As several mechanisms triggered by worm
infection /n vivoare conserved between rodents and humans (He et al.,, 2008; Marquet et al.,
1996; Peisong et al., 2004; Perrigoue et al., 2008; Thomas et al.,, 2012), it is plausible that high
salt influences anti-helminth immune responses in humans. It is important to emphasize
here that the effect of salt on immune cell activation may not always be adverse. For
example, while the salt-induced boost of pro-inflammatory Th17 cells aggravated
experimental autoimmune encephalomyelitis (Kleinewietfeld et al., 2013), Th17 cells also

possess physiological functions in fighting
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bacterial, fungal and viral infections (Peck and Mellins, 2010; van de Veerdonk et al., 2009),
and thus enhanced activation may prove beneficial under these circumstances. For
macrophages, the salt-augmented activation of M(LPS) was beneficial to combat
experimental L. majorinfection (Jantsch et al., 2015); again evidence for the beneficial effect
of high salt. Furthermore, it was shown that patients with infected tissue had an
accumulation of sodium at these sites, and thus salt loading might represent a mechanism
to increase the barrier function of the skin via increased activation of pro-inflammatory
immune cells (Jantsch et al., 2015).

To test the relevance of salt-blunted M(IL-4+IL-13) activation /n vivo, the
effect of an experimental high salt diet (HSD) on a chitin-induced peritoneal M2 activation
model and on dermal wound healing was tested. Chitin is found in both infectious worms
and their egg shells (Perrigoue et al., 2008), and it was shown that the injection of
homogenized chitin into the peritoneal cavity induces M2 macrophage activation in an IL-
4-dependent manner (Reese et al.,, 2007). Several recent publications used this model to
study M2 macrophage activation /n vivo (Byles et al.,, 2013; Satoh et al., 2010). In line with the
in vitro observations, prolonged (14 day) HSD prior to chitin injection significantly blunted
the expression of M2-associated marker genes specifically in peritoneal macrophages, while
the general composition of the peritoneal immune exudate upon chitin administration was
not affected by dietary salt intake. This indicates that high salt attenuates M2 activation /in
vivo. The question remains, however, whether dietary salt affects peritoneal macrophages
directly or indirectly. It is plausible to assume that a prolonged HSD might affect other
immune cell types and physiological processes /in vivo. Eosinophils are of special interest
here. Whilst M2 activated macrophages are known to recruit this innate immune cell type
(Kreider et al., 2007; Reese et al., 2007; Voehringer et al.,, 2007), eosinophils in turn have been
shown to sustain resident M2 macrophages in tissues and to constitute a major source of
tissue IL-4 (Wu et al,, 2011). This complex interplay makes it a very interesting question to
examine whether and how high salt would affect this innate immune cell type. Considering
the fundamental role of IL-4/IL-13 signaling in shaping Th2 immunity /n vivo(Shimoda et al.,
1996), with substantial implications for host protection against helminth infection and for
the development of allergies (O'Shea et al, 2002; Paul and Zhu, 2010), additional
experiments to test the effect of high salt on other IL-4+IL-13-activated immune cell types is

necessary. This will
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especially help to establish if the molecular mechanism elucidated in this thesis for M(IL-
4+1L-13) macrophages holds true for other IL-4+IL-13-activated cells.

Wound healing is a complex process requiring different cell types and
functions at different times to resolve initial inflammation and to repair the injured tissue
(Agaiby and Dyson, 1999; Martin, 1997). Wound healing has been described as a major
effector function of M2 macrophages and they are believed to contribute to the resolution
of inflammation (Deonarine et al,, 2007; Mosser and Edwards, 2008), even though it is now
known that they are not solely responsible (Martin et al., 2003; Stout, 2010). To test the effect
of high salt on this process, two cutaneous back wounds were inflicted to wildtype mice.
Mice were then fed a HSD or normal salt diet (NSD) and monitored for 14 days. While initially
dietary salt intake did not affect wound closure, mice on HSD had significantly delayed
wound healing during later stages. Importantly, while incomplete wound healing after 14
days was very rare in mice on NSD (1/13), nearly half of the wounds (6/13) of the mice on
HSD were not completely healed after 14 days. These findings are very similar to a recent
study where M2 activation was perturbed by a macrophage-specific knockout of K74 (Liao
et al, 2011). Collectively, the data presented here demonstrate that HSD delays cutaneous
wound healing to a similar extent as that observed in macrophage-specific genetic models
of impaired M2 activation. As HSD additionally reduced the expression of M2 signature
genes in wound samples, it is plausible to assume that HSD may affect wound healing via
impaired activation of M2 macrophages /in vivo. However, wound healing is accomplished
by the complex interplay of many different cell types (Agaiby and Dyson, 1999; Havran and
Jameson, 2010; Sasaki et al., 2008; Toulon et al., 2009). Moreover, the extracellular matrix
plays a pivotal role during wound healing (Olczyk et al., 2014; Raghow, 1994; Wong et al,,
2012) and high dietary sodium has been hypothesized to be stored there in the skin (Farber,
1960; Farber et al., 1957; Ivanova et al., 1978; Jantsch et al.,, 2015; Machnik et al., 2009; Wiig
et al, 2013). This extra sodium may cause alterations of the mechanical or functional
properties of the extracellular matrix. It is therefore not possible to exclude that high salt
may, in addition to its effect on M2 macrophages, cause the observed delay in wound
healing partly by non-specific actions on other cell types or the tissue itself. Thus, to further
establish the effect of high salt on M2 activation /in vivo, it is proposed to study additional

functional M2 models, such as Schistosoma mansoniinfection (Herbert et al., 2004).
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4.4, Concluding remarks and outlook

The salt-induced blunting of M(IL-4+IL-13) macrophage activation and
function described in this thesis contributes to our current understanding of how and by
which mechanisms environmental cues shape immune cell activation. Taking together the
findings presented here and other recent studies, it is tempting to speculate that high salt
modulates the two arms of the immune system differentially: there is increased activation
of pro-inflammatory Th17 cells (Kleinewietfeld et al., 2013; Wu et al., 2013) and innate M(LPS)
macrophages (Jantsch et al., 2015), while the activation of regulatory T cells (Hernandez et
al., 2015; Safa et al., 2015) and non-inflammatory M(IL-4+IL-13) macrophages (this thesis) is
blunted. This notion constitutes a putative link between high dietary salt intake and
impaired immune homeostasis, leading to the increasing epidemic of human autoimmune
and pro-inflammatory disorders with the “western lifestyle” (Lucca and Hafler, 2015; Manzel
etal, 2014).

The relevance of the findings presented here is emphasized by the fact that
salt storage also occurs in vivo. Hypertonic salt-loaded environments are found in
experimental animals on HSD, especially in the skin interstitium, where residing
macrophages act to regulate and restore interstitial electrolyte balance (Go et al., 2004;
Machnik et al., 2009; Szabo and Magyar, 1982; Wiig et al,, 2013). As immune cells often enter
the interstitium, for example upon tissue damage or infection, it is therefore plausible to
hypothesize that under conditions of dietary salt excess, the concentration of sodium that
immune cells are exposed to may be high. In rats, dietary salt restriction can resultin sodium
being removed from these interstitial stores (Schafflhuber et al., 2007). Importantly, salt
storage is also observed in humans during infection, states of perturbed electrolyte
homeostasis, high blood pressure patients or with increasing age (Jantsch et al., 2015; Kopp
et al, 2013b; Kopp et al, 2012a; Kopp et al., 2012b; Rakova et al., 2013). Similar to
experimental animals, salt can again be mobilized from tissue stores (Dahlmann et al., 2015).
First studies linking disease progression of multiple sclerosis (Farez et al., 2015) or the risk to
develop rheumatoid arthritis (Sundstrom et al,, 2015) to high dietary salt intake in patients
hint to a similar role of salt in modulating immune cell function in humans and animals.
However, care should be taken whenever findings made in experimental animals are to be
extrapolated to the human situation, even though animal models are still considered a
useful research tool (Lam-Tse et al., 2002). While basic principles of the immune response

are conserved between humans and experimental animals (He et al.,
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2008), the biology of human immune cells and particularly macrophages is still far less
understood (Martinez et al,, 2006) and may show marked differences in particular cases
(Gross et al., 2014; Namgaladze and Brune, 2014). A strong future focus on research with
human material, healthy volunteers and patients would therefore be highly desirable, to
complement the complex picture evident so far. This may pave the road towards relatively
easy-to-adopt low-sodium dietary regime as a treatment option for diseases associated with

disturbed immune homeostasis.
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5. Appendix
5.1. Tables of gene expression data

Table 3. The top 50 induced M(IL-4+IL-13) activation genes. The top 50 induced M(IL-4+IL-13) vs M(0) genes
are presented according to their expression FC (from high to low). Mean signal intensities (expression) or ChIP-

seq counts 4kb around annotated transcription start sites (H3K4me3 and H4ac) are shown.

Gene symbol Expression Expression H3K4me3 H3K4me3 H4ac H4ac
M(0) M(IL-4+IL-13) M(0) M(IL-4+IL13) M(0) M(IL-4+IL-13)
Ear11 120 55889 12 429 144 705
Retnla 145 61781 6 1070 165 1074
Argl 141 26642 215 1099 453 832
Cldn11 110 6514 33 197 73 196
Ccl24 131 7331 78 642 114 370
Chi3l3 338 14392 5 89 76 635
Cish 215 6452 717 1459 596 584
Socs2 232 6488 483 793 145 351
Ear2 110 2941 17 109 128 171
Ear10 127 3224 165 198 168 270
Bhlhed0 210 4489 1124 1702 460 1002
F10 278 5931 43 101 546 1121
Lipn 190 3779 74 589 237 409
Mgl2 639 9626 149 1207 263 971
Gpcl 741 10985 218 715 82 241
Pdcd1ig2 124 1822 10 559 161 581
Pdlim1 139 1825 334 541 78 230
Apol7c 149 1878 9 259 51 181
Vwf 398 4982 128 79 275 222
AA467197 1064 12020 274 446 258 294
Cclh7 112 1246 39 65 90 107
Egr2 610 6734 704 737 315 552
l131ra 110 1166 11 6 90 139
Ear14 125 1237 9 12 79 512
Hebp2 128 1216 320 596 250 494
KIf9 418 3754 966 1295 544 808
P2ry1 303 2660 880 1463 332 448
Irf4 235 1983 700 1203 373 409
Diras2 209 1618 103 317 245 383
Batf3 500 3790 472 1203 240 485
Aqp9 125 945 59 43 150 186
Snn 440 3266 348 490 212 317
Tarm1 118 853 110 730 331 535
F7 176 1262 75 233 321 766
Flt1 152 1034 357 1028 106 264
Tfrc 4933 31898 865 1298 404 466
Chchd10 468 2946 359 390 249 266
Plekhf1 165 1027 544 1338 387 570
Ppargclb 287 1673 1016 1049 470 476
Ciita 278 1578 148 576 173 200
Msx3 112 629 675 1297 193 1106
Ddhd1 234 1316 967 1098 960 890
Slc27a3 148 824 107 286 137 159
Nfil3 1256 6975 1603 1787 685 1305
Mcf2l 133 727 185 173 157 135
Cd74 8159 40537 436 1117 477 1029
Adipoq 132 658 16 289 200 424
Pdia4 1515 7484 1304 1657 755 906
Tuba8 122 583 67 379 28 81
ler3 2263 10613 1428 1334 738 874
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Table 4. The top 50 reduced M(IL-4+IL-13) activation genes. The top 50 reduced M(IL-4+IL-13) vs M(0) genes
are presented according to their expression FC (from high to low). Mean signal intensities (expression) or ChIP-

seq counts 4kb around annotated transcription start sites (H3K4me3 and H4ac) are shown.

Gene symbol Expression Expression H3K4me3 H3K4me3 H4ac H4ac
M(0) M(IL-4+IL-13) M(0) M(IL-4+IL13) M(0) M(IL-4+IL-13)
Cxcl10 5003 143 730 247 675 263
Ifit3 15477 456 784 302 693 456
Lyéa 20285 644 407 36 422 111
Fpr2 7057 225 358 63 481 203
Rsad2 27153 1141 1552 789 837 802
Ifit2 13588 662 1103 514 1042 816
Irf7 5427 360 1302 679 895 407
Nfkbiz 4005 266 917 658 713 639
Cmpk2 8001 591 1436 837 882 575
Isg15 3968 382 1457 679 1079 666
Fcgri 8912 874 1408 828 1389 621
Slfn1 2319 238 831 246 1357 514
Cdeo 1569 161 815 367 618 405
Mx2 2045 216 1695 868 1326 970
D14Ertd668e 4138 457 1040 475 998 695
Arap3 4746 559 691 273 614 364
b 2072 245 157 33 259 166
Hpgds 2059 261 1448 938 1151 1012
Ifitmé 2522 324 845 140 859 368
Pilrb1 1032 142 238 24 268 53
Oasl2 4839 675 1366 957 1540 946
Fam26f 2844 398 1110 814 1079 810
TIr2 7423 1042 1314 835 866 710
Oas2 7945 1119 1523 841 1482 895
Isg20 955 135 1444 780 1579 1071
Cp 1525 228 746 305 482 341
Oasli 1155 173 1857 764 1532 935
Ly6e 13580 2039 1412 658 892 202
Cd14 29599 4543 1679 1209 1368 1052
Cx3crl 817 127 235 23 192 73
Adrb2 1717 268 1675 981 689 609
St3galé 882 138 333 286 111 112
lgfbp4 6074 961 1462 839 1037 826
Slc40al 7951 1261 960 565 368 355
BC006779 2218 355 1183 675 744 386
Siglec1 7573 1237 1021 429 1549 1069
Slamf9 14645 2403 803 246 717 342
Igtp 7035 1164 1069 638 570 602
Plac8 1058 188 389 84 208 148
Mx1 959 178 1511 806 1376 762
Slc13a3 941 175 112 40 128 74
Ifi47 4610 889 377 168 429 246
Ddx58 2021 391 1384 1008 867 678
Irgm2 7381 1432 1202 755 819 695
Gprié2 742 151 809 257 509 235
Rtp4 1135 235 1603 1278 2154 1285
Abi3 2082 436 1368 623 714 535
Dhx58 7841 1666 1133 853 1047 811
Fnbp1l 5251 1118 1373 908 458 406
Lst1 12820 2750 1621 917 1209 1185
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Table 5. The top 50 salt-sensitive (increased by salt) M(IL-4+IL-13) signature genes. The top 50 salt-
sensitive (increased by high salt) M(IL-4+1L-13) signature genes are presented according to their expression FC
(from high to low M(IL-4+IL-13)+40mM NaCl vs M(IL-4+IL-13)). Mean signal intensities (expression) or ChIP-seq

counts 4kb around annotated transcription start sites (H3K4me3 and H4ac) are shown.

Gene symbol Expression Expression H3K4me3 H3K4me3 H4ac H4ac
M{IL-4+IL- M(L-4+1L-13)  M(IL-4+IL13)  M(IL-4+IL13)  M(IL-4+IL13)  M(IL-4+IL-13)
13) +40mM NaCl +40mM NaCl +40mM NaCl
Slc6al2 342 4759 111 538 259 590
Scd1 649 1805 677 746 272 355
Dut 266 582 748 610 567 590
Adamtsl5 408 817 334 301 181 170
Dnase2a 929 1854 961 966 500 502
Galnt9 290 579 9 6 13 21
Mmp12 3224 6264 302 350 726 1087
Adipoq 658 1264 289 305 424 507
Gpcl 10985 20458 715 767 241 285
Chchd10 2946 5423 390 406 266 275
Hven1 2377 4350 42 43 190 228
Glt25d1 7805 14262 1118 1111 836 901
Slamf8 1712 3117 699 841 657 800
Large 871 1577 952 957 469 493
lgsf3 184 329 174 165 86 124
Hmg20b 1076 1844 732 755 396 405
Ctsz 15786 26879 1534 1604 1383 1483
Ctsk 1358 2295 113 149 1382 1603
Anpep 12169 20471 1372 1431 658 729
Csf2rb2 2300 3860 1378 1416 769 809
Capg 4745 7830 833 922 852 924
Acaca 1587 2614 448 389 367 340
Abcgl 2819 4613 1402 1380 646 829
Bhlhe40 4489 7255 1702 1788 1002 1404
4930471M23Rik 481 777 1570 1558 988 1018
Sgsm3 379 599 415 411 432 363
Micall 375 592 879 885 976 987
Abcb8 538 829 503 538 913 963
Eefla2 269 413 49 58 73 91
Dpp7 12174 18647 1196 1201 382 380
Vatl 8507 12880 1547 1463 748 692
Slc39a11 3800 5748 677 662 614 608
Atf3 5834 8797 1659 1738 1434 1743
Wdr74 858 1288 646 620 725 728
Apbb2 635 954 968 940 441 423
Dher7 322 479 647 596 672 681
Csf2ra 2761 4104 443 445 600 660
Vps18 2999 4442 1071 1045 840 873
Mvd 1827 2705 1317 1277 506 474
Tmem120b 406 601 10 8 95 93
Scgbial 153 226 16 13 147 144
Inpp5a 2291 3364 1084 1135 589 650
Tnfrsf12a 321 469 843 919 344 330
Ryr1 373 545 52 51 58 59
Isynail 935 1365 429 406 302 280
Tafél 306 445 527 506 343 371
Rrp12 899 1291 718 652 715 636
Stac2 661 948 466 499 402 524
Pidka 923 1322 1628 1499 594 469
Fastk 368 528 640 555 493 463

XIX



5. Appendix

Table 6. The top 50 salt-sensitive (decreased by salt) M(IL-4+IL-13) signhature genes. The top 50 salt-
sensitive (decreased by high salt) M(IL-4+IL-13) signature genes are presented according to their expression
FC (from high to low M(IL-4+IL-13)+40mM NaCl vs M(IL-4+IL-13)). Mean signal intensities (expression) or ChIP-

seq counts 4kb around annotated transcription start sites (H3K4me3 and H4ac) are shown.

Gene symbol Expression Expression H3K4me3 H3K4me3 H4ac H4ac
M(IL-4+IL- M(IL-4+IL-13)  M(IL-4+IL13)  M(IL-4+IL13)  M(IL-4+IL13)  M(IL-4+IL-13)
13) +40mM NaCl +40mM NaCl +40mM NaCl
Mgl2 9626 3166 1207 919 971 1097
Lyzl4 1791 709 415 362 433 441
Ccl24 7331 2928 642 542 370 381
Slc39a12 486 204 6 4 56 44
Pdlim1 1825 778 541 385 230 182
Syngr2 3689 1589 770 735 460 417
Apol7c 1878 810 259 100 181 118
Slamf1 379 165 440 122 246 206
Gjal 1020 464 937 796 300 303
Ccl7 3811 1792 776 485 454 470
Cst7 563 265 292 168 494 465
Tarm1 853 427 730 551 535 689
Snx6 6674 3347 1244 1051 653 641
Cclh7 1246 657 65 48 107 164
Msx3 629 334 1297 1090 1106 1295
Ppbp 259 141 12 13 150 140
Uck2 936 514 768 677 337 332
Snn 3266 1817 490 397 317 292
Cbr2 3319 1863 109 73 645 739
Ear2 2941 1654 109 103 171 231
Snx9 1482 836 1422 1174 643 662
Chi3l3 14392 8245 89 87 635 566
Cytip 9395 5393 52 38 286 256
Nrg1 402 233 168 135 54 43
Tesk1 355 210 615 574 374 366
Ear10 3224 1914 198 176 270 282
Galm 1601 953 588 611 1557 1616
Diras2 1618 983 317 237 383 390
5730494M16Rik 1374 842 911 804 598 603
Batf 742 468 632 605 549 582
Socs2 6488 4102 793 754 351 407
Creld2 3373 2146 935 843 414 400
Clec10a 2923 1877 543 491 855 1022
Prkrir 684 441 1382 1229 645 624
Agp9 945 609 43 33 186 197
Etv3 1783 1150 1466 1424 920 1173
Arldc 1862 1206 1150 1167 820 904
Ppp1r3c 376 243 217 193 175 188
Pdcd1lg2 1822 1190 559 510 581 662
Caspé 3495 2286 913 863 549 658
Hfe 2851 1866 853 818 1025 1164
Ear14 1237 812 12 17 512 607
Cenpa 12284 8077 1015 859 855 848
Tuba8 583 384 379 282 81 112
Pdlim4 11594 7677 779 697 607 631
H2-Eb1 7407 4925 500 434 716 978
Pfkp 748 499 1323 1322 864 1028
Eif5a 5641 3769 1083 1120 1005 1127
Cish 6452 4314 1459 1368 584 599
Hebp2 1216 818 596 541 494 547
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Table 7. The top 50 induced M(LPS) activation genes. The top 50 induced M(LPS) vs M(0) genes are
presented according to their expression FC (from high to low). Mean signal intensities (expression) or ChIP-seq

counts 4kb around annotated transcription start sites (H3K4me3 and H4ac) are shown.

Gene symbol Expression Expression H3K4me3 H3K4me3 H4ac H4ac
M(0) M(LPS) M(0) M(LPS) M(0) M(LPS)
Argl 141 9518 215 578 453 683
Lcn2 1029 41778 21 617 219 594
Gdf15 495 14313 434 569 460 705
Cxcl9 362 7789 22 33 108 113
F10 278 4868 43 438 546 1252
Hmox1 1344 21835 1152 1490 537 887
Socs3 767 12399 587 764 185 272
Samds8 250 3915 924 1133 623 823
2310016CO8Rik 598 8638 848 1276 607 973
Hp 229 3187 88 477 325 461
AA467197 1064 13212 274 578 258 327
Gadd45b 674 7266 1446 1443 519 511
Ankrd37 292 2988 812 1225 748 868
Slpi 868 8647 65 64 74 93
Saa3 5678 55580 176 1082 376 660
Ppp1ri5a 489 4647 1278 1452 901 1039
Cd274 4147 39318 1968 2100 1112 1621
Clecde 696 6243 847 1552 689 1361
Ccrl2 332 2952 1295 1839 1025 1662
Mreg 124 1050 261 392 87 167
Gadd45g 797 6610 1273 1281 652 440
Ptges 119 953 681 799 975 1416
Eno2 296 2350 502 730 315 500
Cfb 296 2334 169 1016 305 502
Rhov 145 1105 455 899 302 342
Prss46 130 973 14 26 151 405
Ccl5 7039 52287 141 1213 209 550
Acsli 592 4192 767 1149 589 755
2310044G17Rik 1332 9267 1756 1999 1000 1234
Bzrap1 424 2942 151 301 325 350
Rragd 165 1096 525 454 144 177
IIa 133 848 79 944 156 757
Gm5483 335 2119 9 9 30 54
Gdel 2007 12539 628 1229 716 1127
Gadd45a 477 2960 897 892 495 482
Slc22a4 159 974 820 1463 946 1160
Ppap2b 162 989 607 837 222 287
Ifnb1 175 1066 65 156 257 354
Cst7 186 1124 156 543 439 546
Csrnp1 785 4627 675 1075 952 425
Htr2b 344 2006 217 908 408 767
Id2 265 1519 1998 2108 944 1205
Bhlhe40 210 1190 1124 1370 460 728
Pik3cb 803 4449 1133 1181 600 667
Gpcl 741 3990 218 437 82 129
Nupr1l 2788 14535 458 591 1036 912
Slc2a1 1343 6999 965 1223 719 609
Pim3 582 2977 595 555 536 595
Cpeb2 189 941 1036 881 710 579
Lhfpl2 5453 27158 328 364 118 242
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Table 8. The top 50 reduced M(LPS) activation genes. The top 50 reduced M(LPS) vs M(0) genes are
presented according to their expression FC (from high to low). Mean signal intensities (expression) or ChIP-seq

counts 4kb around annotated transcription start sites (H3K4me3 and H4ac) are shown.

Gene symbol Expression Expression H3K4me3 H3K4me3 H4ac H4ac
M(0) M(LPS) M(0) M(LPS) M(0) M(LPS)
Slco2b1 5925 149 61 24 694 250
Mrc1 15080 773 1751 837 1046 803
Igfbp4 6074 369 1462 896 1037 433
Arap3 4746 291 691 356 614 450
Fcrls 7825 628 610 206 672 210
Cytip 5745 562 47 29 181 205
Cyp27al 7063 716 1905 1037 1243 726
Rnase6 1442 147 647 275 759 305
Tmem176b 9041 961 919 447 612 185
Trf 9391 1008 737 266 893 309
Sepp1 9882 1155 199 154 541 433
Pbk 1006 118 490 351 269 226
Sult1al 1148 146 105 39 727 453
Adrb2 1717 230 1675 1251 689 481
Sesn1 2214 299 1682 1472 650 566
Clec10a 868 128 389 170 732 231
Tfrc 4933 750 865 560 404 306
Rnd3 1164 180 1073 925 405 288
Stégali 10973 1704 1343 1031 835 520
Birc5 1053 166 1134 1044 1054 795
Mcm5 3469 585 759 582 569 516
St3galé 882 149 333 212 111 68
Abcblb 1441 245 787 655 560 525
Fgd2 4989 871 1027 713 501 246
Slc46a3 10815 1892 1046 763 846 574
e 1013 178 10 8 121 74
Lbr 1672 299 998 742 444 245
Gpré5 4511 824 1673 1346 1083 806
$100a9 2443 447 13 14 44 57
Nfkbiz 4005 749 917 988 713 635
Clec4b1 1995 381 412 71 647 231
2810417H13Ri 698 135 639 524 358 391
k
Cdca7 893 174 884 731 483 355
Tir2 7423 1459 1314 1111 866 637
Hpgd 526 104 546 337 453 222
Tmem51 7230 1460 743 511 364 234
Pros1 2860 588 712 503 658 592
Dok2 6178 1271 1110 1004 549 495
Top2a 1077 229 972 843 592 466
Ptpro 1824 412 5 6 27 30
Ephx1 1917 435 11 10 74 55
Witip 828 188 120 42 118 43
Cdc42ep3 1281 296 1188 754 513 213
Prci 2316 535 733 678 408 464
Cyp4f18 1350 315 281 103 888 361
Man1la 584 142 1528 1217 713 572
Smagp 1020 249 759 452 452 292
Rad54b 552 135 522 426 785 843
Cd14 29599 7313 1679 1421 1368 1214
Slc9a9 854 211 1623 1079 1211 913
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Table 9. The top 50 salt-sensitive (increased by salt) M(LPS) signature genes. The top 50 salt-sensitive
(increased by high salt) M(LPS) signature genes are presented according to their expression FC (from high to
low M(LPS)+40mM NaCl vs M(LPS)). Mean signal intensities (expression) or ChIP-seq counts 4kb around

annotated transcription start sites (H3K4me3 and H4ac) are shown.

Gene symbol Expression Expression H3K4me3 H3K4me3 H4ac H4ac
M(LPS) M(LPS) M(LPS) M(LPS) M(LPS) M(LPS)
+40mM NacCl +40mM NacCl +40mM NacCl
Slc6al2 401 4170 136 848 126 562
Hspala 1168 11399 379 493 422 650
Firt3 202 774 686 703 205 241
Hsph1 1666 5345 1128 1274 418 618
1o 211 630 45 83 96 85
Ctsk 744 2191 251 603 2005 1996
1190002H23Ri 593 1718 436 640 264 378
k
Tnfrsf26 303 862 1632 2280 1246 1570
Slamf1 231 650 557 973 217 286
Aqp9 338 945 78 98 262 391
Slc2al 6999 19331 1223 1459 609 909
Nos2 492 1330 1445 1932 955 1418
Tnfsfo 232 626 1409 1903 643 886
Dnmt3l 720 1870 36 31 80 78
Hamp 169 433 48 78 171 304
AC068006.1 1085 2728 8 44 152 454
Pdlim7 322 765 389 566 145 321
Niacr1 206 488 413 706 217 466
Arg2 472 1120 834 1132 368 626
Adamtsl5 619 1411 302 446 139 217
Slc7all 338 746 1020 1232 1302 1277
Gclm 2238 4908 1137 1248 813 828
Cdkn2b 492 1067 655 708 393 335
Dcn 298 639 28 42 92 126
Slpi 8647 18066 64 84 93 131
Gadd45g 6610 13736 1281 1471 440 740
Jdp2 541 1118 1189 1460 378 814
Panx1 1170 2408 813 1053 472 673
Dedd2 621 1275 1502 1803 718 1039
Nlign2 272 558 970 1174 511 524
Hyal1 1311 2689 901 1134 728 1010
Wdr20b 266 543 3 4 32 38
Fzd7 1393 2806 1145 1462 723 856
Hist1h2bk 1587 3197 635 702 248 313
Ankrd37 2988 5994 1225 1301 868 913
Gstm2 772 1545 61 129 257 347
Chchd10 2241 4443 343 427 259 316
Prss46 973 1919 26 54 405 716
Ambp 268 516 17 35 82 140
Mgst2 523 1000 199 315 392 435
Klhi21 673 1287 1025 1171 614 725
Procr 180 342 870 1434 657 909
Malt1 597 1131 1383 1419 1188 1210
Inhba 375 709 447 582 638 628
Ccl2 636 1202 579 891 263 392
Edn1 192 360 1262 1328 262 356
Diras2 442 826 139 185 325 394
Afg3l2 433 806 766 1156 754 919
Sell 1404 2584 376 618 329 298
Batf 806 1468 987 1258 510 635
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Table 10. The top 50 salt-sensitive (decreased by salt) M(LPS} signature genes. The top 50 salt-sensitive
(decreased by high salt) M(LPS) signature genes are presented according to their expression FC (from high to
low M(LPS)+40mM NaCl vs M(LPS)). Mean signal intensities (expression) or ChlIP-seq counts 4kb around

annotated transcription start sites (H3K4me3 and H4ac) are shown.

Gene symbol Expression Expression H3K4me3 H3K4me3 H4ac H4ac
M(LPS) M(LPS) M(LPS) M(LPS) M(LPS) M(LPS)
+40mM NacCl +40mM NacCl +40mM NacCl
Cst7 1124 472 543 377 546 381
Slc16a6 741 367 1086 1108 519 930
Cengl 3067 1557 956 825 1122 1008
Bzrap1 2942 1555 301 422 350 380
Phyhd1 1572 895 870 838 1504 1446
Samd8 3915 2448 1133 1208 823 1085
Aldh1b1 1175 753 941 915 688 644
Tspan33 285 184 281 277 122 125
Plxna2 1557 1053 843 915 384 529
Dera 688 474 671 653 488 514
Xrecl 1776 1231 595 623 925 1064
Dtnb 355 247 509 585 422 518
Ldlrap1 709 494 1153 1262 242 412
Bod1 294 206 214 242 362 399
Gpr157 728 513 939 1011 382 542
Ass1 1602 1134 599 723 215 278
Sertad1 1540 1091 1575 1725 449 699
Rxra 547 394 374 395 156 221
Qasl1 3252 2350 2225 2304 1754 1526
Septin8 1461 1062 708 776 339 474
Mmp14 4713 3460 1018 1144 479 652
Secl3 11592 8540 747 735 1046 887
Psmb1 10359 7641 1804 1684 929 1007
Dnahc2 575 425 71 91 64 88
Adap2 5084 3758 1213 1478 755 957
Rabl3 1612 1198 833 853 1394 1243
Nosip 711 532 1020 1003 1023 931
Mreg 1050 785 392 379 167 248
Rragd 1096 827 454 440 177 268
Ccdc66 245 186 643 629 898 646
Med21 2180 1652 927 970 675 771
3110040N11Ri 1627 1234 970 1005 986 922
k
Tmce3 339 257 332 390 121 123
Gpr35 304 231 815 800 1164 1112
Ppp1r3c 294 224 254 236 172 164
Thcb 5380 4110 798 914 382 516
Lasp1 2034 1559 897 1012 293 458
Tmem65 10489 8051 1197 1186 399 617
Cirl 271 210 340 349 559 636
Cox18 1385 1073 921 895 1016 798
1700026L06Rik 472 368 544 596 427 461
Sarlb 3419 2676 855 851 913 924
Tiam2 170 133 215 267 65 64
Ttcl 3280 2579 733 729 913 827
Smurf1 640 506 517 616 198 321
Staul 1988 1571 1221 1216 691 711
1830077J02Rik 1356 1075 947 895 608 589
Acssl 3338 2648 907 910 554 686
Mdk 232 185 27 34 180 209
Snupn 1002 798 802 777 750 642
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